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Simple Summary: In this article, we outline recent updates in systemic mastocytosis (SM) classifica-
tion, including the bone marrow mastocytosis subtype; and discuss the mast cell leukemia subtype
(acute or chronic), the rare variant of SM known as well-differentiated SM (morphologic variant),
and other diseases involving mast cells (i.e., myelomastocytic leukemia and mast cell activation
syndrome) that may be diagnostically challenging. We also provide a concise clinical update of new
adjusted risk stratification models and overview new treatments that were approved for advanced
SM (midostaurin, avapritinib).

Abstract: Evidence in the recent literature suggests that the presentation spectrum of mast cell neo-
plasms is broad. In this article, we elaborate on recent data pertaining to minor diagnostic criteria
of systemic mastocytosis (SM), including sensitive testing methods for detection of activating mu-
tations in the KIT gene or its variants, and adjusted serum tryptase levels in cases with hereditary
a-tryptasemia. We also summarize entities that require differential diagnosis, such as the recently re-
classified SM subtype named bone marrow mastocytosis, mast cell leukemia (an SM subtype that can
be acute or chronic); the rare morphological variant of all SM subtypes known as well-differentiated
systemic mastocytosis; the extremely rare myelomastocytic leukemia and its differentiating features
from mast cell leukemia; and mast cell activation syndrome. In addition, we provide a concise clinical
update of the latest adjusted risk stratification model incorporating genomic data to define prognosis
in SM and new treatments that were approved for advanced SM (midostaurin, avapritinib).

Keywords: systemic mastocytosis; well-differentiated systemic mastocytosis; myelomastocytic
leukemia; KIT gene; mast cell activation syndrome

1. Introduction

Mast cells were initially reported by Paul Ehrlich in 1879, as multifunctional immune
cells of myeloid lineage with several physiologic and pathologic functions [1]. In 1977,
Kitamura et al. [2], established the hematopoietic origin of adult mast cells. The ubiquitous
tissue distribution, heterogeneity, and plasticity of mast cells places them in an advanta-
geous position to not only guard the immune system but also participate in many biological
processes, including maintaining homeostasis [3]. Mast cells normally constitute < 1% of
marrow elements; however, increased numbers can be detected in the setting of autoim-
mune and allergic reactions. At present, it is acknowledged that mast cells directly or
indirectly regulate innate and adaptive immune responses by communicating with other
cells of the immune system [3]; there is mounting evidence that the local microenvironment
directly affects mast cell maturation, phenotype, function, and ability to respond to various
stimuli by releasing biologically active mediators [4]. Normal mature mast cells demon-
strate a very characteristic immunophenotype with high CD117; intermediate CD9, CD33,
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and CD71; low CD11b and CD38 expression; and negative human leukocyte antigen-DR
isotype (HLA-DR) and CD34 expression. The high affinity IgE receptor (FceR1) is also
constitutively expressed on mast cells.

Systemic mastocytosis (SM) is a highly heterogeneous disease characterized by clonal
(usually KIT mutants) proliferation and accumulation of abnormal mast cells in one or more
extracutaneous organs, for example, the bone marrow, gastrointestinal tract, or liver, with a
plethora of distinct presentations ranging from high mast cell burden to organ infiltration
and failure. The 2017 [5] and 2022 [6] World Health Organization (WHO) classifications
of hematologic malignancies subclassified mastocytosis as cutaneous mastocytosis (CM),
SM, and mast cell sarcoma (MCS). Clinically, SM can be further divided into bone mar-
row mastocytosis (BMM), which was reclassified as a discrete SM subtype in the 2022
WHO classification [6]; indolent; smoldering; and advanced (Table 1). Non-advanced
SM subtypes are by far the most frequent and include BMM, indolent SM (ISM), and
smoldering SM (SSM). Advanced SM comprises aggressive SM, SM with an associated
hematologic neoplasm (SM-AHN), and mast cell leukemia (MCL) (Table 1); advanced SM
subtypes are associated with organ damage and poor overall survival. In a recent study,
Arock et al. proposed a diagnostic algorithm to differentially diagnose SM based on clinical,
histopathologic criteria, and molecular markers [7].

Table 1. 2022 WHO classification of mastocytosis [6,8].

Cutaneous Mastocytosis (CM) *

Systemic Mastocytosis (SM) **
Bone Marrow Mastocytosis (BMM)

Indolent Systemic Mastocytosis (ISM)
Smoldering Systemic Mastocytosis (SSM)
Aggressive Systemic Mastocytosis (ASM)

SM with an Associated Hematologic Neoplasm (SM-AHN)
Mast Cell Leukemia (MCL)

Mast Cell Sarcoma (MCS)

* CM can be further divided into urticaria pigmentosa/maculopapular cutaneous mastocytosis (UP/MCPM) with
monomorphic or polymorphic subtypes; diffuse cutaneous mastocytosis (DCM); and cutaneous mastocytoma
(isolated or multilocalized). ** Well-differentiated (WD) morphology may be observed in any SM subtype (rarely
in BMM, SSM, and MCL).

In this article, we aim to present practical points and updates, supported by recent
literature, to help hematopathologists, hematologists, and oncologists navigate diagnosti-
cally challenging clinical scenarios. We elaborate on the diagnostic criteria of SM reported
in the most recent 2022 World Health Organization (WHO) classification [6] (Table 2),
including sensitive testing methods for detection of activating mutations in the KIT gene
or its variants and the diagnostic importance of serum tryptase levels. We summarize the
recently reclassified SM subtype BMM, the SM subtype MCL (acute or chronic); the rare
morphological variant of SM known as well-differentiated SM (WDSM); myelomastocytic
leukemia (MML) that is distinct from MCL; and mast cell activation syndrome (MCAS),
which is defined as systemic (involving more than one organ system), severe, recurring
mast cell activation. In addition, we present a concise clinical update of the latest adjusted
risk stratification model incorporating genomic data to define prognosis in SM, and new
treatment options currently available for advanced SM.
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Table 2. 2022 WHO diagnostic criteria for systemic mastocytosis (SM) [6,8].

For Diagnosis of SM, at Least One Major and One Minor or Three Minor Criteria Are Required.

Major criterion: Multifocal dense infiltrates of mast cells (>15 mast cells in aggregates) detected in sections of the bone marrow
and/or other extracutaneous organ(s).

Minor criteria

a. >25% of all mast cells are atypical cells (type I or type II) on bone marrow smears or are spindle-shaped in dense and diffuse mast
cell infiltrates in BM or other extracutaneous organ(s).
b. Activating KIT point mutation(s) at codon 816 or in other critical regions of KIT b in the bone marrow or other

extracutaneous organ(s).

c. Mast cells in bone marrow, blood, or other extracutaneous organ(s) aberrantly express one or more of the following antigens:

CD2, CD25, CD30. ¢

d. Baseline serum tryptase concentration > 20 ng/mL in the absence of a myeloid AHN. ¢ In the case of a known H«T, the tryptase

level should be adjusted. ¢

2 In tissue sections, an abnormal mast cell morphology counts in both a dense infiltrate and a diffuse mast cell
infiltrate. In the bone marrow smear, an atypical morphology of mast cells does not count as an SM criterion when
mast cells are located in or adjacent to bone marrow particles. Morphologic criteria of atypical mast cells were
referenced in the consensus proposal [8]. b Any type of KIT mutation is considered a minor SM criterion when
published solid evidence regarding its transforming behavior is available (an overview of potentially activating
KIT mutations was provided in the supplementary material of Reference [8]). © Expression has to be confirmed
by either flow cytometry or immunohistochemistry or by both techniques. 4 Myeloid neoplasms can lead to
increased serum tryptase levels; thus, this criterion does not count in cases of SM-AHN. ¢ A possible method of
adjustment has been proposed for known H«T [8]; the basal tryptase level is divided by 1 plus the extra copy
numbers of the alpha tryptase gene. For example, when the tryptase level is 30 and 1 extra copy of the alpha
tryptase gene is found, the HxT-corrected tryptase level is 15 (30/2 = 15), and therefore, it is not a minor SM
criterion in this case. HaT = hereditary alpha-tryptasemia; SM = systemic mastocytosis.

2. Updates in Diagnosis and Subclassification of Systemic Mastocytosis
2.1. KIT Gene, Hot Spot Mutation (KIT D816V), and Variant Mutations: Current Standards and
Suggested Approach for Testing

The KIT gene is located on chromosome 4q12, comprises 21 exons, and is composed of
four domains (extracellular, transmembrane, juxtamembrane, and an intracellular tyrosine
kinase domain that contains a hydrophilic insert of approximately 80 amino acid residues);
the extracellular domain consists of five immunoglobulin-like subunits, and the protein ki-
nase domain is interrupted by a hydrophilic insert sequence of about 80 amino acids [9-11].
In wild-type KIT, the ligand stem cell factor (SCF) attaches to KIT via the second and third
immunoglobulin domains [12], thereby triggering KIT autophosphorylation and dimer-
ization and downstream activation of several pathways; however, KIT D816V mutations
induce ligand-independent activation of KIT and aberrant mast cell proliferation [13]. The
ligand SCF plays a critical role in the regulation of mast cell proliferation and survival. The
hotspot mutation in codon 816 (KIT D816V) is located in exon 17. KIT D816V is detected
in more than 90% of SM patients (regardless of subtype) and has a primordial importance
because: (1) it is an oncogenic, hallmark “driver” mutation of SM and is considered a minor
diagnostic SM criterion according to the 2017 [5] and 2022 [6] WHO classifications; (2) it
is linked to aberrant expression of antigens CD25 and/or CD2 [14]; (3) the KIT D816V
variant allele burden may have significant prognostic value [15,16] and is correlated with
the SM subtype; and (4) harboring KIT mutations constitutes a decisive factor regarding
diagnosis and targeted drug therapy (tyrosine kinase inhibitors, TKIs) [11,17]. Further-
more, the clinical course of mastocytosis is affected by the presence of KIT mutations in
non-mast cell lineages [7]; the more mast cell lineage-restricted progenitors are affected,
the more indolent the disease. Conversely, the more undifferentiated progenitor cells and
hematopoietic lineages are affected, the more aggressive the disease [18]: The frequency of
KIT D816V-mutated non-mast cell lineages (generally myeloid, but occasionally lymphoid
lineages) appears to be greater in aggressive SM or MCL as compared to ISM [18]. In one
study, multilineage KIT D816V involvement was the most important prognostic criterion
for progression of ISM to the more aggressive SM subtypes [19]. Besides KIT D816V, variant
mutations at codon 816 of KIT within the tyrosine kinase activation loop, including D816F,
D816Y, D816G, and D816I, and mutations at nearby codons, including 1817V, N819Y, L799F,
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D820G, N822L, N822I, InsVI815-816, E839K, S840N, and 5S849I, have also been reported
in SM [6,11,20,21]. In the recent, updated consensus proposal [8] and the 2022 WHO
classification [6], besides the KIT-activating point mutation(s) at codon 816, mutations in
these other critical regions of the KIT gene (detected in either the bone marrow or other
extracutaneous organs) were added to the minor criteria (Table 2). In addition, KIT D816V
mutation with a variant allele frequency (VAF) > 10% in the peripheral blood or bone
marrow leukocytes is useful as it may indicate high mast cell disease burden, with possible
multilineage involvement (B-findings) [8]. Of note, the mutational profile in children who
have CM more often than adults is distinct and frequently involves exons 8 and 9 of the
extracellular KIT domain [20].

Testing methodology: Although currently it is not standard clinical practice to screen
for KIT mutations other than those involving D816V, with the advent of next generation
sequencing (NGS), mutations in KIT are investigated using a pre-designed NGS myeloid
panel. NGS covers the entire coding region of KIT; however, variants at 0.1 to 1% VAF are
at the sensitivity limits, mainly due to sequencing-related background error [21]. Given
that there is a high correlation between detection of KIT mutations (besides the proportion
of neoplastic cells in the specimen) and SM diagnosis, enhancing the sensitivity of detection
methods is extremely valuable to avoid false-negative results [22]. Sensitivity enhancement
can be achieved by enriching for neoplastic mast cells via laser capture microdissection,
magnetic bead-based or flow cytometry-based cell sorting [18,23,24], or application of
highly sensitive polymerase chain reaction (PCR) techniques, including digital droplet PCR
(ddPCR) and allele-specific quantitative PCR (ASO-qPCR), reaching sensitivity as deep as
0.01% VAF [25,26]. Measurement of KIT D816V by ddPCR can be used to assess response to
TKI treatment and disease progression in KIT D816V-mutated ISM or SSM patients [9,27].

SM can be associated with eosinophilia in ~50% of the cases. If no tight clusters of
atypical mast cells are identified, no KIT mutation or its variants are detected by NGS or
other sensitive methods, and only an aberrant mast cell population with expression of
CD25, CD2, and/or CD30 is detected, fluorescence in situ hybridization (FISH) testing
for PDGFRA, PDGFRB, and FGFR1 gene rearrangements is recommended. This testing
rules out myeloid /lymphoid neoplasms with eosinophilia as it is not uncommon to find
aberrant mast cell populations in these neoplasms by flow cytometry [28].

2.2. Serum Tryptase Levels

Tryptase is a serine protease stored and secreted by mast cells during degranulation. A
serum tryptase level that is repeatedly elevated (>20 ng/mL) constitutes a minor diagnostic
criterion of SM (Table 2) according to the 2017 [5] and 2022 [6] WHO classifications. Serum
tryptase levels are elevated in the vast majority of SM patients but can vary widely with
notably elevated serum tryptase levels (>200 ng/mL) seen in aggressive SM and SM-AHN
patients in comparison to ISM [29]. Nevertheless, aggressive SM and other advanced sub-
types can demonstrate variable, weak tryptase expression from immunostaining; however,
true tryptase negativity is rare in untreated SM [28]. In addition, one study revealed that
approximately 20% of ISM patients lack mast cell clusters in the bone marrow, and ~30% of
ISM patients show a serum tryptase level below 20 ng/mL [30]. Of note, serum tryptase
levels are correlated with mast cell activation of all the mast cells in various organs and
do not solely reflect neoplastic mast cell activity [31]. Furthermore, normal mast cells
demonstrate a range of activation, and the biology of the secretory phenotype and mediator
release patterns have not been fully elucidated [32].

Diagnosis of SM in the absence of skin involvement is considerably more challenging.
It was recently proposed to define BMM separately from ISM when B-findings are absent
and the basal tryptase level is below 125 ng/mL [8]; however, if one of the B-findings is
detected, and/or the serum tryptase exceeds 125 ng/mL, the patient should be diagnosed
with ISM and not BMM [8]. In addition, the prevalence of hereditary «-tryptasemia
(HoT), associated with increased basal serum tryptase level and predilection for mast cell
activation, has been shown to be significantly higher in SM patients when compared to
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healthy controls [33]. An adjustment has been proposed in the consensus proposal [8] for
patients with HaT; in this case, the basal tryptase level is divided by 1 plus the extra copy
numbers of the alpha tryptase gene. For example: if the tryptase level is 30 ng/mL and
1 extra copy of the alpha tryptase gene is found in a patient with HaT, the corrected HaxT
tryptase level is 15 (30/2 = 15), and thus, it does not constitute a minor SM criterion in
this patient.

Interestingly, correlation between mast cell mediator levels (including serum tryptase
among others) and the presence of mast cell mediator-release symptoms as well as SM
burden are topics for further investigation. In one study on patients with ISM, mast cell
mediator levels correlated considerably with bone marrow neoplastic mast cell burden
but not mast cell mediator-release symptoms [34]. In contrast, mastocytosis patients with
hereditary a-tryptasemia show considerably higher serum tryptase levels and mast cell
mediator-release symptoms, independent of bone marrow mast cell burden [33].

In addition, serum tryptase levels are elevated in a considerable proportion of cases
with acute myeloid leukemia (AML), chronic myeloid leukemia, and myelodysplastic
syndrome; [35] consequently, in the presence of an associated myeloid neoplasm, this test
has limited diagnostic value and thus, it is not considered a minor diagnostic criterion of
SM in these scenarios. As observed in one series [36], in cases of WDSM (Section 2.3), the
higher levels of cytoplasmic proteases explain both the hypergranulated morphology of
neoplastic bone marrow mast cells and the low serum tryptase levels based on the degree
of bone marrow and skin involvement by mast cells. These findings also reflect a decreased
release of tryptase from mast cells in patients with WDSM, which appears to correlate with
the low frequency of KIT D816V mutation in these patients [36]. Another factor that can
contribute to low serum tryptase levels in patients with WDSM is the decreased number of
perivascular bone marrow mast cell aggregates (versus typical SM) [37], delaying tryptase
release into systemic circulation.

2.3. Well-Differentiated Systemic Mastocytosis (WDSM)

WDSM is a rare and underrecognized variant of SM (~5% of all cases of neoplastic
mast cell proliferation) [19,36]. Morphologically, mast cells in this entity are round-shaped
and have a round nucleus in the center and a well-granulated cytoplasm, rather than being
spindle-shaped, hypogranular, agranular to asymmetrically distributed cytoplasmic granules.

A limited number of WDSM cases have been reported to date [28,31,36,38-43]. Clini-
cally, WDSM has an early onset presentation with familial aggregation, female predom-
inance, and cutaneous involvement. WDSM represents a variant with molecular hetero-
geneity and a highly variable tumor burden, despite its unique morphologic, immunophe-
notypic, and clinical features: mast cells are characterized by a distinct well-differentiated
morphology, usually lack CD2 and CD25 but show CD30 expression, and low frequency of
the typical KIT D816V mutation and other exon 17 KIT mutations [36]. However, other KIT
mutations, such as K509I or F522C, can be detected. Features differentiating WDSM from
the current defining criteria for SM are displayed in Figure 1.

The two recent WHO classifications (2017 [5], 2022 [6]) do not recognize WDSM as a
distinct subtype; rather, WDSM is a morphologic pattern of mast cells that can be observed
in any SM subtype (it is rare in BMM, SSM, and MCL) [6,8]. Many cases of WDSM do not
meet the current diagnostic criteria of SM because they frequently are KIT wild-type or lack
exon 17 KIT mutations. These WDSM cases are CD25-negative, CD2-negative, or low and
usually have low serum tryptase levels (if other SM minor WHO criteria are absent), thus
highlighting the challenges in diagnosing SM with well-differentiated morphology [36].
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[ Well Differentiated Systemic Mastocytosis } ( Systemic Mastocytosis }
Well-differentiated mast cell Atypical/spindle-shaped mast cell
morphology morphology
Few mast cells outside Multifocal dense mast cell
bone marrow particles aggregates (215 mast cells)
Serum tryptase. levels Serum tryptase levels
us.,ually <20 ng./mI._ (if other SM >20 ng/mL
minor WHO criteria are absent)
CD30-positive CD25-, CD2- and/or CD30-
CD25-negative or low positive
CD2-negative or low
Wild type KIT or exon 17 KIT KIT D816V mutation

mutations (low frequency)

Figure 1. Comparison of current diagnostic criteria in systemic mastocytosis and clinical and patho-
logic features detected in well-differentiated systemic mastocytosis.

On the other hand, aberrant CD30 expression appears to be a recurrent/reliable feature
in reported WDSM cases [31]; this raises the question whether CD30 expression should
be implemented as evidence of clonality to mitigate CD2 and CD25 negativity in this
setting. Alvarez-Twose et al. suggested the following minor diagnostic criteria for WDSM:
(1) adult women who started in childhood or with familial aggregation, (2) clustering of
bone marrow mast cells in pairs or triplets, (3) expression of CD30 and over-expression
of tryptase by flow cytometry analysis, and (4) mutations involving any codon in the KIT
gene [36]. Furthermore, in one study, CD30 expression was reported to be preferentially
expressed in aggressive SM and MCL when compared to ISM [44]. However, in another
study, flow cytometry analysis corroborated aberrant CD30 expression on neoplastic mast
cells across SM subtypes with no clear association between CD30 expression levels and
specific clinicopathological characteristics [45]. In congruence with the previous findings,
the 2020 International Working Conference on Mast Cell Disorders, held by experts from
Europe and the United States, supported recognition of aberrant CD30 expression on mast
cells by either flow cytometry or immunohistochemistry or both as an independent minor
criterion of SM besides CD25 and/or CD2 expression (Table 2) [8]. Thus, detection of CD30
on mast cells by either one or both techniques (flow cytometry and immunohistochemistry)
has been added to the minor criteria for SM in the 2022 WHO classification [6].

Since the addition of the KIT-activating point mutation(s) at codon 816 or other critical
regions of the KIT gene to the minor SM criteria [6], the unique WDSM features can be rec-
ognized, especially that a substantial percentage of reported WDSM cases (lack exon 17 KIT
mutations and harbor KIT mutations primarily in exons 8-11) show excellent response
to treatment with imatinib [28,31,36,38—42]. Given that well-differentiated morphology
of mast cells can be detected in all subtypes of SM (rarely observed in BMM, SSM, and
MCL) [6], it has been proposed to add WDSM as a morphologic variant to all classical SM
subtypes, e.g., SSM-WDSM for smoldering SM with well-differentiated morphology [8,36].

2.4. Bone Marrow Mastocytosis

According to Valent et al. [8] and the 2022 WHO classification [6], BMM was reclassified
as a discrete SM subtype (in the 2017 WHO classification, it was considered as a special
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type of ISM [5]) with bone marrow involvement, absence of skin lesions, B-finding(s),
dense SM infiltrates in an extramedullary organ, basal serum tryptase < 125 ng/mL, no
signs/criteria of MCL, and an AHN [34,46-49]. BMM is associated with osteoporosis
and severe anaphylaxis [34,46-49]. Patients with BMM and low disease burden (defined
as absence of B-findings and a tryptase level < 125 ng/mL) have a superior prognosis to
patients with typical ISM or SSM [49]; thus, the importance to accurately diagnose this entity.
Of note, in the absence of skin lesions, if B-findings are present and/or serum tryptase
is over 125 ng/mlL, the disease would be considered ISM and not BMM [8]. For these
reasons, BMM was recognized as a separate SM subtype (Table 1) in the recent consensus
proposal [8] and the 2022 WHO classification [6]. In BMM, the KIT D816V mutation appears
to be restricted to mast cell compartments, and allele burden and mast cell infiltrate in
the BM are low, occasionally with a well-differentiated morphology, which may explain
the indolent course of this entity [48]. Nevertheless, BMM is strongly associated with
potentially life-threatening anaphylactic reactions; thus, recognizing BMM early is of
paramount importance [46].

2.5. Mast Cell Leukemia: Chronic versus Acute

MCL is defined as a leukemic subtype of SM when mast cells are >20% on bone
marrow aspirate smears. These mast cells are immature and atypical with round nuclei
rather than spindle-shaped as seen in SM. In a considerable number of patients with MCL,
the leukemic spread into peripheral blood is less overt or even absent [50]. In this setting,
when mast cells comprise < 10% of all circulating blood leukocytes, the disease is termed
“aleukemic” MCL [50]. MCL is further subdivided into primary MCL (absence of prior SM)
and secondary MCL (progression following a previous established SM). Furthermore, MCL
can be subdivided into acute MCL and chronic MCL when C-findings [8] are present and
absent, respectively [50]. Patients with chronic MCL may respond to KIT-targeting drugs
and have a better prognosis in comparison to acute MCL. Nevertheless, over time, many
patients may progress to acute MCL [51].

Chronic MCL shows similar immunophenotypic patterns to classic cases of MCL,
including expression of CD2 (subset), CD25, CD52, CD30, CD117, and tryptase. However,
it is good to keep in mind that because some cases of chronic MCL seem to develop in
patients with WDSM, neoplastic mast cells in such cases may be CD2- and CD25-negative
in contrast to the general immunophenotypic pattern in MCL [50]. More than half (50-70%)
of the MCL cases harbor KIT D816V. The remainder of MCL cases either harbor other KIT
mutations (not KIT D816V) or lack KIT mutations [52-55], similar to the cases of WDSM,
including germline mutations [40] and somatic mutations reported in childhood ISM [20,56].
Based on these findings, it appears that chronic MCL may occasionally develop from a
more indolent long-lasting pre-phase of SM with onset at childhood or from WDSM.

However, although both chronic MCL and WDSM demonstrate a slow and long-
lasting disease course in the absence of WHO C-findings [8], evidence of long-term history
of mastocytosis in the skin has been reported in a substantial number of patients with
WDSM [36], a finding that has not been reported in chronic MCL, which characteristically
does not affect the skin. Nevertheless, cases of spontaneous regression of skin involvement
in some patients prior to bone marrow involvement in WDSM have been reported [36,57],
suggesting that chronic MCL can potentially have an undiagnosed phase in which the skin
is involved. A key differential diagnosis to chronic MCL is MML, which is discussed in the
next section.

2.6. Myelomastocytic Leukemia (MML)

MML is an extremely rare form of mast cell differentiation in an advanced myeloid
neoplasm, e.g., acute myeloid leukemia (AML) or myelodysplastic syndrome with excess
blasts, without evidence of CM, SM, MCL, or MCS [58,59]. MML should be differentiated
from any SM subtype, including MCL. MML is characterized by >10-19% immature mast
cells/metachromatic blasts in the bone marrow and >5% myeloblasts in the bone marrow
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and/or peripheral blood, wild-type KIT, and CD25 negativity [28,58,59]. Differentiating
features of MML in comparison to MCL are displayed in Figure 2.

[ Myelomastocytic Leukemia } [ Mast Cell Leukemia }

>10-19% Immature mast cells/

>20% Mast cells in bone marrow

metachromatic blasts in the

>5% Myeloblasts in the bone

marrow or peripheral blood @

bone marrow

and >10% in peripheral blood

Round-shaped mast cells

CD25-negative CD25- and CD2-positive
. Positive for KIT D816V mutation
Wild type KIT (50-70% of cases)

Figure 2. Comparison of diagnostic criteria in myelomastocytic leukemia versus mast cell leukemia.

As MML arises from progression of an underlying myeloid neoplasm, it is frequently
associated with a complex karyotype and poor outcome [58,59]. Differential diagnosis
of MML includes wild-type KIT MCL, SM-AML, chronic eosinophilic leukemia (with
increased atypical mast cells), and chronic myeloid leukemia (with increased metachro-
matic basophils).

In one retrospective study that reviewed 40 patients who had AML with t(8;21)(q22;q22.1);
RUNX1-RUNX1T1, 12.5% of the patients were diagnosed with SM or MML when bone
marrow biopsies were tested for the KIT D816V mutation [60]. In light of these results and
to avoid missing an underlying mast cell neoplasm, it is recommended to perform tryptase
immunohistochemical stains in all cases of AML with t(8;21). Of note, pre-diagnostic
cases of MML have been reported in the literature and include data where the mast cell
percentage was in the range 5-9% [58,61,62]. Acute clonal increase in immature atypical
mast cells (metachromatic cells) has been conceptualized as secondary and does not meet
the criteria of SM-AHN, MCL, or MML [58].

2.7. Mast Cell Activation Syndrome (MCAS)

Mast cell activation syndrome (MCAS) is a condition occurring primarily in patients
with IgE-dependent allergies and/or mastocytosis; however, it may also be related to other
conditions [63]. MCAS is characterized by systemic (involving more than one organ), severe,
recurring mast cell activation, typically manifested as severe anaphylaxis (life-threatening
events) [64]. The three diagnostic criteria that should be fulfilled to diagnose MCAS include:
(1) signs of recurrent, systemic (multiorgan) mast cell activation (e.g., recurrent anaphylaxis);
(2) increase in serum mast cell-derived markers of MCAS (tryptase, histamine metabolites,
prostaglandin 2 metabolites, and heparin); and (3) symptoms that respond to treatment [63].
MCAS is further classified into (Figure 3): (1) primary/monoclonal MCAS, established by
the presence of KIT mutations or aberrant expression of monoclonal (often CD25) mast
cells [63] (in these MCAS cases, clonal mast cell expansion is obvious without meeting
the criteria for SM [65]); (2) secondary MCAS is associated with IgE-dependent allergy
or other hypersensitivity reaction but neoplastic mast cells or the KIT D816V mutation
is not detected; and (3) idiopathic MCAS, for which the criteria to diagnose MCAS are
fulfilled; and neither KIT-mutations are detected nor is the disease associated with an
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underlying reactive condition that may explain mast cell activation [64,66]. Treatment with

KIT-targeting agents may partially or fully eradicate the mast cell lineage in patients with
MCAS [67].

Presence of systemic symptoms + Increase serum mast cell mediators + Response to anti-mediator drugs

Evidence of mast cell monoclonality:

Mast Cell Activation (MCA)

KIT D816V mutations or aberrant. 15/ BY B A g dcase
expression of CD25 ying gY, ying
Primary MCAS Secondary MCAS Idiopathic MCAS

3 minor or

1 major + 1 minor SM criteria

SM

1 or 2 minor and no major SM criteria

MIS criteria No MIS
Cutaneous Monoclonal
Mastocytosis MCAS

Figure 3. Systematic approach of cases with MCAS (adapted from “Valent P. et al. Proposed diagnostic
algorithm for patients with suspected Mast Cell Activation Syndrome. | Allergy Clin Immunol Pract.
2019, 7:1125-33 el.”) [63]. Abbreviations MCAS: mast cell activation syndrome; MIS: mastocytosis in
skin; SM: systemic mastocytosis.

Although MCAS is not a morphologic diagnosis, but rather a clinical and serologic
one, pathologists play an important role in investigating evidence of clonality (by detecting
KIT mutations or aberrant CD25 expression). Once the diagnosis of primary or monoclonal
MCAS is established, three entities should be considered and further investigated (Figure 3):
(1) CM, (2) SM, and (3) monoclonal MCAS (defined by two minor SM criteria). Although
patients who have monoclonal MCAS do not meet the criteria for SM, these patients are
considered to have “pre-diagnostic” ISM [68]. Pathologists should be aware of this entity
as it can involve classification dilemmas in patients presenting with mast cell activation
symptoms with slightly elevated tryptase (<20 ng/mL) and aberrant CD25 expression
and/or KIT mutation, with absence of aggregates of atypical mast cells [69].

2.8. Morphologic Variability of Mast Cells

Contrary to normal mast cells, abnormal mast cells display morphologic variability
from round to fusiform, elongated cytoplasmic projections, hypogranular cytoplasm or
unevenly distributed granules, and monocytoid morphology [68]. Rare morphologies
of mast cells have been described, including spindle-shaped (fibrosarcoma-like pattern),
plasmacytoid, epithelioid, histiocytoid, fried-egg like, and anaplastic, rendering their recog-
nition a challenge as these cells are often mistaken for hairy cells, dysplastic eosinophils,
basophils, large granular lymphocytes, or promonocytes among other cells [28]. Of note,
mast cells with anaplastic morphology and positive expression for CD2, CD25 and CD30
should be further evaluated to rule out anaplastic large cell lymphoma [28].
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3. Updates in Prognosis and Treatments for Systemic Mastocytosis

The Mayo Alliance Prognostic System (MAPS) is WHO class-dependent and was
formed by integrating clinical and hybrid clinical-molecular risk models, aiming to ac-
curately prognosticate SM patients [70]. Following MAPS, the development of a WHO-
independent risk model for SM (WHO class-independent MAPS) was based on objec-
tive criteria: age > 60 years (two points), platelet counts < 100 x 10°/L (two points),
hemoglobin levels below the sex-adjusted normal range (two points), increased serum
alkaline phosphatase (one point), and serum albumin < 3.5 g/dL (one point) [71]. Patients
were distributed into five risk groups: low-risk (zero points, median OS not reached),
intermediate-1-risk (1-2 points; median OS = 291 months), intermediate-2-risk (three points,
median OS = 99 months), high-risk (4-6 points, median OS = 38 months), and very high-
risk (7-8 points, median OS = 8 months). The WHO class-independent MAPS model
provides a proof of concept of an achievable WHO class-independent risk categorization
of SM patients. The WHO class-independent MAPS model requires further assessment
and validation of its performance in the setting of new targeted therapies for SM, such as
midostaurin and avapritinib.

The therapeutic approach in ISM patients is primordially directed at anaphylaxis and
prevention/symptom control/therapy for osteoporosis; however, patients with advanced
SM often need MC cytoreductive therapy to improve disease-related organ dysfunction [68].
Patients with advanced SM who were treated with small molecule kinase inhibitors tar-
geting KIT D816V, such as midostaurin [72,73] and avapritinib [74,75], demonstrated high
response rates. These medications have changed the therapeutic landscape of the dis-
ease. Midostaurin is a multi-kinase inhibitor that the FDA approved in 2017 for advanced
SM. Midostaurin targets mutant KIT D816V besides wild-type KIT and other kinases.
Avapritinib, which received regulatory approval in June 2021 for advanced SM, selectively
and potently targets KIT D816V with a tenfold higher potency compared to midostaurin
(IC50 = 0.27 versus 2.9 nM, respectively [74-78]. Avapritinib elicited high overall response
rates (75%) with median response of 2 months and drastically reduced the mast cell burden
(>50%) and KIT D816V VAF in the EXPLORER [79] and PATHFINDER [80] clinical trials,
which supported avapritinib’s regulatory approval for advanced SM. A recent systematic
literature review of the reports on the trials for avapritinib (EXPLORER and PATHFINDER)
and midostaurin (D2201 and A2213 trials), after adjusting for differences in important
features of patients with advanced SM, demonstrated the superior efficacy of avapritinib
versus midostaurin with respect to overall response rates, disease burden, and survival [81].
Bezuclastinib, a highly selective inhibitor of KIT D816V that exhibits minimal penetrance
of the blood-brain barrier is currently being studied in phase 2 clinical trials for ISM, SSM,
and advanced SM [82].

Treatment of aggressive SM with imatinib mesylate (multi-kinase inhibitor) was
approved in 2006. Imatinib’s therapeutic role is limited to SM patients with wild-type
KIT [83,84] and imatinib-sensitive transmembrane (F522C) [57] and juxtamembrane (V560G)
KIT mutations [84,85] as seen in cases of WDSM [86,87]; the kinase domain with KIT D816V
mutation shows intrinsic resistance to imatinib as certain juxtamembrane mutations do
(V559I) [88].

The Mutation-Adjusted Risk Score (MARS) model is a validated, five-parameter,
WHO-independent complementary prognostic tool in advanced SM [89]. Patients from
the German Registry on Disorders of Eosinophils and Mast Cells and other mastocytosis
centers in Europe and the US were included in the study. The MARS model for advanced
SM integrates four objective parameters to predict overall survival, namely age > 60 years,
hemoglobin < 10 g/dL, platelet counts < 100 x 10°/L, and presence of 1 or >2 high-risk
mutations (e.g., SRSF2/ASXL1/RUNXI1 or S/A/R) to identify three risk groups: low-
(median OS not reached), intermediate- (median OS 3.9 years), and high-risk (median
OS 1.9 years) patient groups [89]. The model does not depend on the WHO classifica-
tion and has been validated; and it may provide guidance for treatment selection and
response. For example, the multi-kinase/KIT inhibitor midostaurin demonstrated sus-
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tained responses and more favorable outcomes in patients who did not harbor the high-risk
mutations SRSF2/ASXL1/RUNX1 [72,73,90,91]. Given that most patients are included
in the MARS low-risk cohort, midostaurin may be the preferable treatment for these pa-
tients [89]. Another registry-based data analysis of patients with advanced SM, based on
the MARS parameters and KIT D618V VAF, demonstrated the superiority of midostaurin
versus cladribine regarding OS and leukemia-free survival [92]. Other studies showed that
cytoreduction with cladribine successfully reduced the bone marrow mast cell burden and
serum tryptase levels [93-98], particularly in patients with KIT D816V. A single institution
study of 42 patients with advanced SM recently demonstrated that lack of KIT D816V
mutation was an indication of cladribine resistance [93].

Management of SM-AHN predominantly targets the AHN component, especially if
an aggressive disease such as AML is present [77]. Allogeneic stem cell transplant may be
suggested in patients with relapsed/refractory advanced SM [68].

4. Concluding Remarks

Classification of SM and other diseases involving mast cells has evolved in the last few
years given accumulating clinical experience and diagnostic tools to characterize a range of
biochemical and genetic features. In this review, we present the SM subtypes BMM and
MCL (acute and chronic); the rare morphological variant of SM known as WDSM,; the very
rare entity named MML that is distinct from MCL; and MCAS.

Pathologists should be aware of the entities discussed in this review as their diagnoses
can be challenging in some cases. WDSM has also been linked to mastocytosis in skin, which
suggests that it might represent the evolution of several biologically distinct underlying
neoplastic mast cell proliferations. BMM is characterized by bone marrow involvement and
no skin lesions and B-findings among other features of SM; for this reason, it was reclassified
as a discrete SM subtype (Table 1) in the 2022 WHO classification [6]. Although BMM is
associated with an indolent clinical course, it has been strongly linked with potentially
life-threatening anaphylactic reactions. MCL cases with >20% mast cells in bone marrow
aspirate with a mature morphology and more indolent clinical course are better classified
as chronic MCL as they show biologic divergence from the more aggressive typical cases
of acute MCL. A key differential diagnosis to chronic MCL is MML. In MML, the criteria
for SM are not fulfilled and the neoplastic mast cells (>10-19% in BM by definition) are
thought to be derived from a neoplastic stem cell precursor of an underlying myeloid
neoplasm with >5% myeloblasts in the bone marrow or peripheral blood [58]. Finally,
to avoid the diagnostic pitfall of SM, FISH testing for PDGFRA, PDFGRB, and FGFR1
gene rearrangements is recommended to exclude myeloid/lymphoid neoplasms with
eosinophilia, as it is not uncommon to find aberrant mast cell populations (with expression
of CD2 and/or CD25) in these neoplasms with flow cytometry.

Largely due to sequencing-related background error, sensitivity of KIT mutation
analysis using NGS is limited to VAFs in the range 0.1-1%. Enriching for neoplastic mast
cells or use of highly sensitive ddPCR may enhance the sensitivity of the screening method,
reaching VAFs as deep as 0.01% [25,26].

New additions to SM minor diagnostic criteria in the consensus proposal [8] and
the 2022 WHO classification [6] include the following (Table 2): (a) activating KIT point
mutation(s) at codon 816 or in other critical regions of KIT; (b) aberrant expression of CD30
by mast cells in the bone marrow, blood, or other extracutaneous organ(s) in addition
to CD2 and/or CD25; (c) adjustment of serum tryptase levels > 20 ng/mL in cases of a
known H«T.

The WHO class-independent SM prognostic model MARS [89] has been confirmed in
an independent validation cohort; this model may provide guidance to select and predict
treatment responses in advanced SM. Finally, high response rates were recorded with the
small molecule kinase inhibitors midostaurin and avapritinib that target the mutant KIT
D816V receptor and wild-type KIT and other kinases (for midostaurin) and were approved
for advanced SM. Imatinib mesylate is an efficacious treatment for SM and is limited to
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patients with wild-type KIT and imatinib-sensitive KIT mutations in exons 8-11, as seen
in WDSM.

Author Contributions: S.E.H. and B.T. wrote the manuscript. H.T.C. thoroughly reviewed and
substantively revised the article for important intellectual content. S.V. and ].D.K. reviewed the article
for important intellectual content. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Conflicts of Interest: All authors declare no conflicts of interest.

References

1.

S

10.

11.

12.

13.

14.

15.

16.

17.
18.

Valent, P; Akin, C.; Hartmann, K.; Nilsson, G.; Reiter, A.; Hermine, O.; Sotlar, K.; Sperr, W.R.; Escribano, L.; George, T.L; 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]

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]

da Silva, E.Z.; Jamur, M.C; Oliver, C. Mast cell function: A new vision of an old cell. J. Histochem. Cytochem. 2014, 62, 698-738.
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] [PubMed]

Horny, H.P,; Akin, C.; Arber, D.A.; Peterson, L.C.; Tefferi, A.; Metcalfe, D.D.; Bennett, ].M.; Bain, B.J.; Escribano, L.; Valent, P.
Mastocytosis. In WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues; Swerdlow, S.H., Campo, E., Harris, N.L.,
Jaffe, E.S., Pileri, S.A., Stein, H., Thiele, J., Eds.; Revised 4th ed.; IARC: Lyon, France, 2017; pp. 61-69.

Khoury, ].D.; Solary, E.; Abla, O.; Akkari, Y.; Alaggio, R.; Apperley, ].E; Hochhaus, A. The 5th Edition of the World Health
Organization Classification of Haematolymphoid Tumours: Myeloid and Histiocytic/Dendritic Neoplasms. Leukemia 2022, 36,
1703-1719. [CrossRef] [PubMed]

Arock, M.; Hoermann, G.; Sotlar, K.; Hermine, O.; Sperr, WR.,; Hartmann, K.; Brockow, K.; Akin, C.; Triggiani, M.;
Broesby-Olsen, S.; et al. Clinical impact and proposed application of molecular markers, genetic variants, and cytogenetic
analysis in mast cell neoplasms: Status 2022. J. Allergy Clin. Immunol. 2022, 149, 1855-1865. [CrossRef]

Valent, P.; Akin, C.; Hartmann, K.; Alvarez-Twose, I.; Brockow, K.; Hermine, O.; Niedoszytko, M.; Schwaab, J.; Lyons, ]J.J.;
Carter, M.C,; et al. Updated Diagnostic Criteria and Classification of Mast Cell Disorders: A Consensus Proposal. HemaSphere
2021, 5, e646. [CrossRef]

Hoermann, G.; Sotlar, K.; Jawhar, M.; Kristensen, T.; Bachelot, G.; Nedoszytko, B.; Carter, M.C.; Horny, H.P.; Bonadonna, P,;
Sperr, W.R; et al. Standards of Genetic Testing in the Diagnosis and Prognostication of Systemic Mastocytosis in 2022: Recom-
mendations of the EU-US Cooperative Group. J. Allergy Clin. Immunol. Pract. 2022. [CrossRef]

Cruse, G.; Metcalfe, D.D.; Olivera, A. Functional deregulation of KIT: Link to mast cell proliferative diseases and other neoplasms.
Immunol. Allergy Clin. N. Am. 2014, 34, 219-237. [CrossRef]

Kristensen, T.; Vestergaard, H.; Bindslev-Jensen, C.; Moller, M.B.; Broesby-Olsen, S.; Mastocytosis Centre Odense University
Hospital (MastOUH). Sensitive KIT D816V mutation analysis of blood as a diagnostic test in mastocytosis. Am. J. Hematol. 2014,
89, 493-498. [CrossRef]

Roskoski, R., Jr. Structure and regulation of Kit protein-tyrosine kinase-the stem cell factor receptor. Biochem. Biophys. Res.
Commun. 2005, 338, 1307-1315. [CrossRef] [PubMed]

Verstovsek, S. Advanced systemic mastocytosis: The impact of KIT mutations in diagnosis, treatment, and progression. Eur. ].
Haematol. 2013, 90, 89-98. [CrossRef] [PubMed]

Metcalfe, D.D.; Mekori, Y.A. Pathogenesis and Pathology of Mastocytosis. Ann. Rev. Pathol. 2017, 12, 487-514. [CrossRef]
[PubMed]

Erben, P; Schwaab, J.; Metzgeroth, G.; Horny, H.P; Jawhar, M.; Sotlar, K.; Fabarius, A.; Teichmann, M.; Schneider, S.; Ernst, T.; et al.
The KIT D816V expressed allele burden for diagnosis and disease monitoring of systemic mastocytosis. Ann. Hematol. 2014, 93,
81-88. [CrossRef] [PubMed]

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]

Falchi, L.; Verstovsek, S. Kit Mutations: New insights and diagnostic value. Immunol. Allergy Clin. N. Am. 2018, 38, 411-428.
Garcia-Montero, A.C.; Jara-Acevedo, M.; Teodosio, C.; Sanchez, M.L.; Nunez, R.; Prados, A.; Aldanondo, I.; Sanchez, L.;
Dominguez, M.; Botana, L.M.; et al. KIT mutation in mast cells and other bone marrow hematopoietic cell lineages in systemic
mast cell disorders: A prospective study of the Spanish Network on Mastocytosis (REMA) in a series of 113 patients. Blood 2006,
108, 2366-2372. [CrossRef]


http://doi.org/10.7150/thno.46719
http://www.ncbi.nlm.nih.gov/pubmed/32929378
http://doi.org/10.1182/blood.V52.2.447.447
http://doi.org/10.1038/ni.2109
http://www.ncbi.nlm.nih.gov/pubmed/22012443
http://doi.org/10.1038/s41375-022-01613-1
http://www.ncbi.nlm.nih.gov/pubmed/35732831
http://doi.org/10.1016/j.jaci.2022.04.004
http://doi.org/10.1097/HS9.0000000000000646
http://doi.org/10.1016/j.jaip.2022.03.001
http://doi.org/10.1016/j.iac.2014.01.002
http://doi.org/10.1002/ajh.23672
http://doi.org/10.1016/j.bbrc.2005.09.150
http://www.ncbi.nlm.nih.gov/pubmed/16226710
http://doi.org/10.1111/ejh.12043
http://www.ncbi.nlm.nih.gov/pubmed/23181448
http://doi.org/10.1146/annurev-pathol-052016-100312
http://www.ncbi.nlm.nih.gov/pubmed/28135563
http://doi.org/10.1007/s00277-013-1964-1
http://www.ncbi.nlm.nih.gov/pubmed/24281161
http://doi.org/10.1111/all.12409
http://doi.org/10.1182/blood-2006-04-015545

Cancers 2022, 14, 3474 13 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Escribano, L.; Alvarez-Twose, 1.; Sanchez-Munoz, L.; Garcia-Montero, A.; Nunez, R.; Almeida, J.; Jara-Acevedo, M.; Teodosio, C.;
Garcia-Cosio, M.; Bellas, C.; et al. Prognosis in adult indolent systemic mastocytosis: A long-term study of the Spanish Network
on Mastocytosis in a series of 145 patients. . Allergy Clin. Immunol. 2009, 124, 514-521. [CrossRef]

Bodemer, C.; Hermine, O.; Palmerini, F; Yang, Y., Grandpeix-Guyodo, C.; Leventhal, P.S.; Hadj-Rabia, S.; Nasca, L.;
Georgin-Lavialle, S.; Cohen-Akenine, A.; et al. Pediatric mastocytosis is a clonal disease associated with D816V and other
activating ¢-KIT mutations. J. Investig. Dermatol. 2010, 130, 804-815. [CrossRef]

Glenn, T.C. Field guide to next-generation DNA sequencers. Mol. Ecol. Resour. 2011, 11, 759-769. [CrossRef]

Akin, C. Molecular diagnosis of mast cell disorders: A paper from the 2005 William Beaumont Hospital Symposium on Molecular
Pathology. J. Mol. Diagn. 2006, 8, 412—419. [CrossRef] [PubMed]

Sotlar, K.; Fridrich, C.; Mall, A.; Jaussi, R.; Bultmann, B.; Valent, P.; Horny, H.P. Detection of c-kit point mutation Asp-816 — Val
in microdissected pooled single mast cells and leukemic cells in a patient with systemic mastocytosis and concomitant chronic
myelomonocytic leukemia. Leuk. Res. 2002, 26, 979-984. [CrossRef]

Yavuz, A.S.; Lipsky, PE.; Yavuz, S.; Metcalfe, D.D.; Akin, C. Evidence for the involvement of a hematopoietic progenitor cell in
systemic mastocytosis from single-cell analysis of mutations in the c-kit gene. Blood 2002, 100, 661-665. [CrossRef]

Sotlar, K.; Escribano, L.; Landt, O.; Mohrle, S.; Herrero, S.; Torrelo, A.; Lass, U.; Horny, H.P; Bultmann, B. One-step detection of
c-kit point mutations using peptide nucleic acid-mediated polymerase chain reaction clamping and hybridization probes. Am. J.
Pathol. 2003, 162, 737-746. [CrossRef]

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] [PubMed]

Greiner, G.; Gurbisz, M.; Ratzinger, F; Witzeneder, N.; Class, S.V.; Eisenwort, G.; Simonitsch-Klupp, I.; Esterbauer, H.;
Mayerhofer, M.; Mullauer, 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] [PubMed]

Tzankov, A.; Duncavage, E.; Craig, F.E.; Kelemen, K.; King, R.L.; Orazi, A.; Quintanilla-Martinez, L.; Reichard, K.K.; Rimsza, L.M.;
Wang, S.A; et al. Mastocytosis. Am. J. Clin. Pathol. 2021, 155, 239-266. [CrossRef]

Lim, K.H.; Tefferi, A.; Lasho, T.L.; Finke, C.; Patnaik, M.; Butterfield, ].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]
Sanchez-Munoz, L.; Alvarez-Twose, 1.; Garcia-Montero, A.C.; Teodosio, C.; Jara-Acevedo, M.; Pedreira, C.E.; Matito, A.;
Morgado, ].M.; Sanchez, M.L.; Mollejo, M.; et al. Evaluation of the WHO criteria for the classification of patients with mastocytosis.
Mod. Pathol. 2011, 24, 1157-1168. [CrossRef]

Huang, L.; Wang, S.A,; Konoplev, S.; Bueso-Ramos, C.E.; Thakral, B.; Miranda, R.N.; Jabbour, E.; Medeiros, L],
Kanagal-Shamanna, R. Well-differentiated systemic mastocytosis showed excellent clinical response to imatinib in the
absence of known molecular genetic abnormalities: A case report. Medicine 2016, 95, e4934. [CrossRef]

Galli, S.J.; Kalesnikoff, J.; Grimbaldeston, M.A; Piliponsky, A.M.; Williams, C.M.; Tsai, M. Mast cells as “tunable” effector and
immunoregulatory cells: Recent advances. Annu. Rev. Immunol. 2005, 23, 749-786. [CrossRef] [PubMed]

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] [PubMed]

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]

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. ]. Clin. Investig. 2009, 39, 914-923. [CrossRef]

Alvarez-Twose, L; Jara-Acevedo, M.; Morgado, ] M.; Garcia-Montero, A.; Sanchez-Munoz, L.; Teodosio, C.; Matito, A.; Mayado, A;
Caldas, C.; Mollejo, M.; et al. Clinical, immunophenotypic, and molecular characteristics of well-differentiated systemic
mastocytosis. J. Allergy Clin. Immunol. 2016, 137, 168-178. [CrossRef] [PubMed]

Parker, R.I. Hematologic aspects of mastocytosis: I: Bone marrow pathology in adult and pediatric systemic mast cell disease. J.
Investig. Dermatol. 1991, 96, 475-51S. [CrossRef] [PubMed]

Akin, C.; Escribano, L.; Nufiez, R.; Garcia-Montero, A.; Angulo, M.; Orfao, A.; Metcalfe, D.D. Well-differentiated systemic
mastocytosis: A new disease variant with mature mast cell phenotype and lack of codon 816 c-Kit mutations. J. Allergy Clin.
Immunol. 2004, 113, S327. [CrossRef]

de Melo Campos, P.; Machado-Neto, J.A.; Scopim-Ribeiro, R.; Visconte, V.; Tabarroki, A.; Duarte, A.S.; Barra, EE,; Vassalo, J.;
Rogers, H.].; Lorand-Metze, I; et al. Familial systemic mastocytosis with germline KIT K509I mutation is sensitive to treatment
with imatinib, dasatinib and PKC412. Leuk. Res. 2014, 38, 1245-1251. [CrossRef]

Chan, E.C.; Bai, Y.; Kirshenbaum, A.S.; Fischer, E.R.; Simakova, O.; Bandara, G.; Scott, L.M.; Wisch, L.B.; Cantave, D.;
Carter, M.C; et al. Mastocytosis associated with a rare germline KIT K509I mutation displays a well-differentiated mast cell
phenotype. . Allergy Clin. Immunol. 2014, 134, 178-187. [CrossRef]


http://doi.org/10.1016/j.jaci.2009.05.003
http://doi.org/10.1038/jid.2009.281
http://doi.org/10.1111/j.1755-0998.2011.03024.x
http://doi.org/10.2353/jmoldx.2006.060022
http://www.ncbi.nlm.nih.gov/pubmed/16931579
http://doi.org/10.1016/S0145-2126(02)00041-3
http://doi.org/10.1182/blood-2002-01-0203
http://doi.org/10.1016/S0002-9440(10)63870-9
http://doi.org/10.1038/leu.2015.24
http://www.ncbi.nlm.nih.gov/pubmed/25650093
http://doi.org/10.3324/haematol.2019.217950
http://www.ncbi.nlm.nih.gov/pubmed/31018976
http://doi.org/10.1093/ajcp/aqaa183
http://doi.org/10.1182/blood-2009-02-205237
http://doi.org/10.1038/modpathol.2011.84
http://doi.org/10.1097/MD.0000000000004934
http://doi.org/10.1146/annurev.immunol.21.120601.141025
http://www.ncbi.nlm.nih.gov/pubmed/15771585
http://doi.org/10.1182/blood.2020006157
http://www.ncbi.nlm.nih.gov/pubmed/32777817
http://doi.org/10.1182/blood-2009-10-249979
http://doi.org/10.1111/j.1365-2362.2009.02184.x
http://doi.org/10.1016/j.jaci.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26100086
http://doi.org/10.1111/1523-1747.ep12469034
http://www.ncbi.nlm.nih.gov/pubmed/16799609
http://doi.org/10.1016/j.jaci.2004.01.683
http://doi.org/10.1016/j.leukres.2014.07.010
http://doi.org/10.1016/j.jaci.2013.12.1090

Cancers 2022, 14, 3474 14 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zhang, L.Y,; Smith, M.L.; Schultheis, B.; Fitzgibbon, J.; Lister, T.A.; Melo, J.V.; Cross, N.C.; Cavenagh, ].D. A novel K509 mutation
of KIT identified in familial mastocytosis-in vitro and in vivo responsiveness to imatinib therapy. Leuk. Res. 2006, 30, 373-378.
[CrossRef]

Alvarez-Twose, 1.; Gonzalez, P; Morgado, J.M.; Jara-Acevedo, M.; Sanchez-Mufioz, L.; Matito, A.; Mollejo, M.; Orfao, A;
Escribano, L. Complete response after imatinib mesylate therapy in a patient with well-differentiated systemic mastocytosis. J.
Clin. Oncol. 2012, 30, e126—e129. [CrossRef] [PubMed]

El Hussein, S.; Hu, S.; Fang, H.; Garces, S.; Muzzafar, T.; Wang, S.A.; Medeiros, L.J.; Bueso-Ramos, C.; Jelloul, EZ. Well-
differentiated systemic mastocytosis with associated myeloid sarcoma and myelodysplastic syndrome: Diagnostic challenges of
an underrecognized entity. Leuk. Lymphoma 2022, 63, 235-238. [CrossRef]

Sotlar, K.; Cerny-Reiterer, S.; Petat-Dutter, K.; Hessel, H.; Berezowska, S.; Mullauer, L.; Valent, P.; Horny, H.P. Aberrant expression
of CD30 in neoplastic mast cells in high-grade mastocytosis. Mod. Pathol. 2011, 24, 585-595. [CrossRef] [PubMed]

Morgado, ].M.; Perbellini, O.; Johnson, R.C.; Teodosio, C.; Matito, A.; Alvarez-Twose, I.; Bonadonna, P.; Zamo, A.; Jara-Acevedo, M.;
Mayado, A.; et al. CD30 expression by bone marrow mast cells from different diagnostic variants of systemic mastocytosis.
Histopathology 2013, 63, 780-787. [CrossRef]

Zanotti, R.; Tanasi, I.; Bernardelli, A.; Orsolini, G.; Bonadonna, P. Bone Marrow Mastocytosis: A Diagnostic Challenge. J. Clin.
Med. 2021, 10, 1420. [CrossRef] [PubMed]

Arber, D.A ; Orazi, A.; Hasserjian, R.; Thiele, J.; Borowitz, M.].; Le Beau, M.M.; Bloomfield, C.D.; Cazzola, M.; Vardiman, J.W.
The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia. Blood 2016, 127,
2391-2405. [CrossRef] [PubMed]

Zanotti, R.; Bonadonna, P.; Bonifacio, M.; Artuso, A.; Schena, D.; Rossini, M.; Perbellini, O.; Colarossi, S.; Chilosi, M.; Pizzolo, G.
Isolated bone marrow mastocytosis: An underestimated subvariant of indolent systemic mastocytosis. Haematologica 2011, 96,
482-484. [CrossRef] [PubMed]

Zanotti, R.; Bonifacio, M.; Lucchini, G.; Sperr, W.R,; Scaffidi, L.; van Anrooij, B.; Oude Elberink, H.N.; Rossignol, J.; Hermine, O.;
Gorska, A; et al. Refined diagnostic criteria for bone marrow mastocytosis: A proposal of the European competence network on
mastocytosis. Leukemia 2022, 36, 516-524. [CrossRef] [PubMed]

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]

Valent, P; Blatt, K.; Eisenwort, G.; Herrmann, H.; Cerny-Reiterer, S.; Thalhammer, R.; Mullauer, L.; Hoermann, G.; Sadovnik, L;
Schwarzinger, I.; et al. FLAG-induced remission in a patient with acute mast cell leukemia (MCL) exhibiting t(7;10)(q22;q26) and
KIT D816H. Leuk. Res. Rep. 2014, 3, 8-13. [CrossRef]

Mital, A.; Piskorz, A.; Lewandowski, K.; Wasag, B.; Limon, J.; Hellmann, A. A case of mast cell leukaemia with exon 9 KIT
mutation and good response to imatinib. Eur. ]. Haematol. 2011, 86, 531-535. [CrossRef]

Joris, M.; Georgin-Lavialle, S.; Chandesris, M.O.; Lhermitte, L.; Claisse, J.F.; Canioni, D.; Hanssens, K.; Damaj, G.; Hermine, O.;
Hamidou, M. Mast Cell Leukaemia: C-KIT Mutations Are Not Always Positive. Case Rep. Hematol. 2012, 2012, 517546. [CrossRef]
[PubMed]

Georgin-Lavialle, S.; Lhermitte, L.; Suarez, F; Yang, Y.; Letard, S.; Hanssens, K.; Feger, E; Renand, A.; Brouze, C.; Canioni, D.; et al.
Mast cell leukemia: Identification of a new c-Kit mutation, dup(501-502), and response to masitinib, a c-Kit tyrosine kinase
inhibitor. Eur. J. Haematol. 2012, 89, 47-52. [CrossRef] [PubMed]

Arock, M.; Valent, P. Pathogenesis, classification and treatment of mastocytosis: State of the art in 2010 and future perspectives.
Expert. Rev. Hematol. 2010, 3, 497-516. [CrossRef] [PubMed]

Valent, P; Berger, ].; Cerny-Reiterer, S.; Peter, B.; Eisenwort, G.; Hoermann, G.; Mullauer, L.; Mannhalter, C.; Steurer, M.;
Bettelheim, P; et al. Chronic mast cell leukemia (MCL) with KIT S4761: A rare entity defined by leukemic expansion of mature
mast cells and absence of organ damage. Ann. Hematol. 2015, 94, 223-231. [CrossRef]

Akin, C,; Fumo, G.; Yavuz, A.S.; Lipsky, PE.; Neckers, L.; Metcalfe, D.D. A novel form of mastocytosis associated with a
transmembrane c-kit mutation and response to imatinib. Blood 2004, 103, 3222-3225. [CrossRef]

Valent, P; Sotlar, K.; Sperr, W.R.; Escribano, L.; Yavuz, S.; Reiter, A.; George, T.I; Kluin-Nelemans, H.C.; Hermine, O.;
Butterfield, ].H.; et al. Refined diagnostic criteria and classification of mast cell leukemia (MCL) and myelomastocytic leukemia
(MML): A consensus proposal. Ann. Oncol. 2014, 25, 1691-1700. [CrossRef]

Horny, H.P; Sotlar, K.; Reiter, A.; Valent, P. Myelomastocytic leukemia: Histopathological features, diagnostic criteria and
differential diagnosis. Expert. Rev. Hematol. 2014, 7, 431-437. [CrossRef]

Johnson, R.C.; Savage, N.M.; Chiang, T.; Gotlib, ].R.; Cherry, A.M.; Arber, D.A.; George, T.I. Hidden mastocytosis in acute myeloid
leukemia with t(8;21)(q22;q22). Am. J. Clin. Pathol. 2013, 140, 525-535. [CrossRef]

Prokocimer, M.; Polliack, A. Increased bone marrow mast cells in preleukemic syndromes, acute leukemia, and lymphoprolifera-
tive disorders. Am. |. Clin. Pathol. 1981, 75, 34-38. [CrossRef]

Varma, N.; Varma, S.; Wilkins, B. Acute myeloblastic leukaemia with differentiation to myeloblasts and mast cell blasts. Br. J.
Haematol. 2000, 111, 991. [PubMed]

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


http://doi.org/10.1016/j.leukres.2005.08.015
http://doi.org/10.1200/JCO.2011.38.9973
http://www.ncbi.nlm.nih.gov/pubmed/22370312
http://doi.org/10.1080/10428194.2021.1978089
http://doi.org/10.1038/modpathol.2010.224
http://www.ncbi.nlm.nih.gov/pubmed/21186345
http://doi.org/10.1111/his.12221
http://doi.org/10.3390/jcm10071420
http://www.ncbi.nlm.nih.gov/pubmed/33915965
http://doi.org/10.1182/blood-2016-03-643544
http://www.ncbi.nlm.nih.gov/pubmed/27069254
http://doi.org/10.3324/haematol.2010.034553
http://www.ncbi.nlm.nih.gov/pubmed/21193416
http://doi.org/10.1038/s41375-021-01406-y
http://www.ncbi.nlm.nih.gov/pubmed/34545185
http://doi.org/10.1016/j.leukres.2014.09.010
http://doi.org/10.1016/j.lrr.2013.11.001
http://doi.org/10.1111/j.1600-0609.2011.01598.x
http://doi.org/10.1155/2012/517546
http://www.ncbi.nlm.nih.gov/pubmed/22997594
http://doi.org/10.1111/j.1600-0609.2012.01761.x
http://www.ncbi.nlm.nih.gov/pubmed/22324351
http://doi.org/10.1586/ehm.10.42
http://www.ncbi.nlm.nih.gov/pubmed/21083038
http://doi.org/10.1007/s00277-014-2207-9
http://doi.org/10.1182/blood-2003-11-3816
http://doi.org/10.1093/annonc/mdu047
http://doi.org/10.1586/17474086.2014.942280
http://doi.org/10.1309/AJCP1Q0YSXEAHNKK
http://doi.org/10.1093/ajcp/75.1.34
http://www.ncbi.nlm.nih.gov/pubmed/11167732
http://doi.org/10.1016/j.jaip.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30737190

Cancers 2022, 14, 3474 15 of 16

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Valent, P; Hartmann, K.; Bonadonna, P.; Niedoszytko, M.; Triggiani, M.; Arock, M.; Brockow, K. Mast Cell Activation Syndromes:
Collegium Internationale Allergologicum Update 2022. Int. Arch. Allergy Immunol. 2022, 183, 693-705. [CrossRef] [PubMed]
Theoharides, T.C.; Valent, P.; Akin, C. Mast Cells, Mastocytosis, and Related Disorders. N. Engl. ]. Med. 2015, 373, 163-172.
[CrossRef]

Valent, P; Bonadonna, P; Hartmann, K.; Broesby-Olsen, S.; Brockow, K.; Butterfield, ].H.; Triggiani, M.; Lyons, ].J.; Oude Elberink, ] 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]

Valent, P; Akin, C.; Hartmann, K.; Reiter, A.; Gotlib, J.; Sotlar, K.; Sperr, W.R.; Degenfeld-Schonburg, L.; Smiljkovic, D.;
Triggiani, M.; et al. Drug-induced mast cell eradication: A novel approach to treat mast cell activation disorders? J. Allergy Clin.
Immunol. 2022, 149, 1866—1874. [CrossRef]

Pardanani, A. Systemic mastocytosis in adults: 2021 Update on diagnosis, risk stratification and management. Am. J. Hematol.
2021, 96, 508-525. [CrossRef]

Valent, P.; Hartmann, K.; Schwaab, J.; Alvarez-Twose, I.; Brockow, K.; Bonadonna, P.; Hermine, O.; Niedoszytko, M.; Carter, M.C,;
Hoermann, G.; et al. Personalized Management Strategies in Mast Cell Disorders: ECNM-AIM User's Guide for Daily Clinical
Practice. J. Allergy Clin. Immunol. Pract. 2022. [CrossRef]

Pardanani, A.; Shah, S.; Mannelli, F; Elala, Y.C.; Guglielmelli, P.; Lasho, T.L.; Patnaik, M.M.; Gangat, N.; Ketterling, R.P;
Reichard, K.K,; et al. Mayo Alliance Prognostic System for mastocytosis: Clinical and hybrid clinical-molecular models. Blood
Adv. 2018, 2, 2964-2972. [CrossRef]

Pardanani, A.; Lasho, T.L.; Reichard, K.K.; Hanson, C.A.; Tefferi, A. World Health Organization class-independent risk categoriza-
tion in mastocytosis. Blood Cancer J. 2019, 9, 29. [CrossRef]

Gotlib, J.; Kluin-Nelemans, H.C.; George, T.I.; Akin, C.; Sotlar, K.; Hermine, O.; Awan, ET.; Hexner, E; Mauro, M.J,;
Sternberg, D.W,; et al. Efficacy and safety of midostaurin in advanced systemic mastocytosis. N. Engl. ]. Med. 2016, 374,
2530-2541. [CrossRef] [PubMed]

DeAngelo, D.J.; George, T.IL; Linder, A ; Langford, C.; Perkins, C.; Ma, J.; Westervelt, P.; Merker, ].D.; Berube, C.; Coutre, S.; et al.
Efficacy and safety of midostaurin in patients with advanced systemic mastocytosis: 10-year median follow-up of a phase II trial.
Leukemia 2018, 32, 470-478. [CrossRef] [PubMed]

Evans, E.K.; Gardino, A.K.; Kim, J.L.; Hodous, B.L.; Shutes, A.; Davis, A.; Zhu, X.J.; Schmidt-Kittler, O.; Wilson, D.; Wilson, K_; et al.
A precision therapy against cancers driven by KIT/PDGFRA mutations. Sci. Transl. Med. 2017, 9, eaao1690. [CrossRef] [PubMed]
Bose P, Verstovsek S: Avapritinib for Systemic Mastocytosis. Expert. Rev. Hematol. 2021, 14, 687—-696. [CrossRef]

Shomali, W.; Gotlib, ]. The new tool “KIT” in advanced systemic mastocytosis. Hematol. Am. Soc. Hematol. Educ. Program 2018,
2018, 127-136. [CrossRef] [PubMed]

Reiter, A.; George, T.I; Gotlib, J. New developments in diagnosis, prognostication, and treatment of advanced systemic
mastocytosis. Blood 2020, 135, 1365-1376. [CrossRef]

Baird, ].H.; Gotlib, J. Clinical validation of KIT inhibition in advanced systemic mastocytosis. Curr. Hematol. Malig. Rep. 2018, 13,
407-416. [CrossRef]

DeAngelo, D.J.; Radia, D.H.; George, T.I.; Robinson, W.A.; Quiery, A.T.; Drummond, M.W.; Bose, P.; Hexner, E.O.; Winton, E.E;
Horny, H.P; et al. Safety and efficacy of avapritinib in advanced systemic mastocytosis: The phase 1 EXPLORER trial. Nat. Med.
2021, 27, 2183-2191. [CrossRef]

Gotlib, J.; Reiter, A.; Radia, D.H.; Deininger, M.W.; George, T.I; Panse, J.; Vannucchi, A.M.; Platzbecker, U.; Alvarez-Twose, I.;
Mital, A.; et al. Efficacy and safety of avapritinib in advanced systemic mastocytosis: Interim analysis of the phase 2 PATHFINDER
trial. Nat. Med. 2021, 27, 2192-2199. [CrossRef]

Pilkington, H.; Smith, S.; Roskell, N.; Iannazzo, S. Indirect treatment comparisons of avapritinib versus midostaurin for patients
with advanced systemic mastocytosis. Future Oncol. 2022, 18, 1583-1594. [CrossRef]

Siebenhaar, F.; Gotlib, J.; Deininger, M.W.; DeAngelo, D.J.; Payumo, F.; Mensing, G.; George, T.I. A 3-part, phase 2 study of
Bezuclastinib (CGT9486), an oral, selective, and potent KIT D816V inhibitor, in adult patients with nonadvanced systemic
mastocytosis (NonAdvSM). Blood 2021, 138, 3642. [CrossRef]

Zermati, Y.; De Sepulveda, P.; Feger, F; Letard, S.; Kersual, J.; Casteran, N.; Gorochov, G.; Dy, M.; Ribadeau Dumas, A;
Dorgham, K,; et al. Effect of tyrosine kinase inhibitor STI571 on the kinase activity of wild-type and various mutated c-kit
receptors found in mast cell neoplasms. Oncogene 2003, 22, 660—-664. [CrossRef] [PubMed]

Akin, C.; Brockow, K.; D'Ambrosio, C.; Kirshenbaum, A.S.; Ma, Y.; Longley, B.J.; Metcalfe, D.D. Effects of tyrosine kinase inhibitor
STI571 on human mast cells bearing wild-type or mutated c-kit. Exp. Hematol. 2003, 31, 686—-692. [CrossRef]

Ma, Y.; Zeng, S.; Metcalfe, D.D.; Akin, C.; Dimitrijevic, S.; Butterfield, ].H.; McMahon, G.; Longley, B.]. The ¢-KIT mutation
causing human mastocytosis is resistant to STI571 and other KIT kinase inhibitors; kinases with enzymatic site mutations show
different inhibitor sensitivity profiles than wild-type kinases and those with regulatory-type mutations. Blood 2002, 99, 1741-1744.
[CrossRef] [PubMed]

Alvarez-Twose, I.; Matito, A.; Morgado, ].M.; Sanchez-Munoz, L.; Jara-Acevedo, M.; Garcia-Montero, A.; Mayado, A.; Caldas, C,;
Teodosio, C.; Munoz-Gonzalez, ].I; et al. Imatinib in systemic mastocytosis: A phase IV clinical trial in patients lacking exon 17
KIT mutations and review of the literature. Oncotarget 2017, 8, 68950—-68963. [CrossRef]


http://doi.org/10.1159/000524532
http://www.ncbi.nlm.nih.gov/pubmed/35605594
http://doi.org/10.1056/NEJMra1409760
http://doi.org/10.1159/000501079
http://doi.org/10.1016/j.jaci.2022.04.003
http://doi.org/10.1002/ajh.26118
http://doi.org/10.1016/j.jaip.2022.03.007
http://doi.org/10.1182/bloodadvances.2018026245
http://doi.org/10.1038/s41408-019-0189-5
http://doi.org/10.1056/NEJMoa1513098
http://www.ncbi.nlm.nih.gov/pubmed/27355533
http://doi.org/10.1038/leu.2017.234
http://www.ncbi.nlm.nih.gov/pubmed/28744009
http://doi.org/10.1126/scitranslmed.aao1690
http://www.ncbi.nlm.nih.gov/pubmed/29093181
http://doi.org/10.1080/17474086.2021.1959315
http://doi.org/10.1182/asheducation-2018.1.127
http://www.ncbi.nlm.nih.gov/pubmed/30504301
http://doi.org/10.1182/blood.2019000932
http://doi.org/10.1007/s11899-018-0469-3
http://doi.org/10.1038/s41591-021-01538-9
http://doi.org/10.1038/s41591-021-01539-8
http://doi.org/10.2217/fon-2021-1509
http://doi.org/10.1182/blood-2021-147072
http://doi.org/10.1038/sj.onc.1206120
http://www.ncbi.nlm.nih.gov/pubmed/12569358
http://doi.org/10.1016/S0301-472X(03)00112-7
http://doi.org/10.1182/blood.V99.5.1741
http://www.ncbi.nlm.nih.gov/pubmed/11861291
http://doi.org/10.18632/oncotarget.10711

Cancers 2022, 14, 3474 16 of 16

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Piris-Villaespesa, M.; Alvarez-Twose, I. Systemic mastocytosis: Following the tyrosine kinase inhibition roadmap. Front. Pharmacol.
2020, 11, 443. [CrossRef]

Nakagomi, N.; Hirota, S. Juxtamembrane-type c-kit gene mutation found in aggressive systemic mastocytosis induces imatinib-
resistant constitutive KIT activation. Lab. Investig. 2007, 87, 365-371. [CrossRef]

Jawhar, M.; Schwaab, ].; Alvarez-Twose, I.; Shoumariyeh, K.; Naumann, N.; Lubke, J.; Perkins, C.; Munoz-Gonzalez, J.I.;
Meggendorfer, M.; Kennedy, V.; et al. Mutation-Adjusted Risk Score for Advanced Systemic Mastocytosis. J. Clin. Oncol. 2019, 37,
2846-2856. [CrossRef]

Jawhar, M.; Schwaab, J.; Naumann, N.; Horny, H.P; Sotlar, K.; Haferlach, T.; Metzgeroth, G.; Fabarius, A.; Valent, P.;
Hofmann, WK_; et al. Response and progression on midostaurin in advanced systemic mastocytosis: KIT D816V and other
molecular markers. Blood 2017, 130, 137-145. [CrossRef]

Chandesris, M.O.; Damaj, G.; Canioni, D.; Brouzes, C.; Lhermitte, L.; Hanssens, K.; Frenzel, L.; Cherquaoui, Z.; Durieu, I;
Durupt, S.; et al. Midostaurin in advanced systemic mastocytosis. N. Engl. J. Med. 2016, 374, 2605-2607. [CrossRef]

Lubke, J.; Schwaab, J.; Naumann, N.; Horny, H.P.; Weiss, C.; Metzgeroth, G.; Kreil, S.; Cross, N.C.P; Sotlar, K.; Fabarius, A.; et al.
Superior efficacy of midostaurin over cladribine in advanced systemic mastocytosis: A Registry-Based Analysis. J. Clin. Oncol.
2022, 40, 1783-1794. [CrossRef] [PubMed]

Tefferi, A.; Kittur, ].; Farrukh, F,; Begna, K.H.; Patnaik, M.M.; Al-Kali, A.; Elliott, M.A_; Reichard, K.K.; Gangat, N.; Pardanani, A.
Cladribine therapy for advanced and indolent systemic mastocytosis: Mayo Clinic experience in 42 consecutive cases. Br. J.
Haematol. 2022, 196, 975-983. [CrossRef] [PubMed]

Gleixner, K.V.; Mayerhofer, M.; Aichberger, K.J.; Derdak, S.; Sonneck, K.; Bohm, A.; Gruze, A.; Samorapoompichit, P.; Manley, PW.,;
Fabbro, D.; et al. PKC412 inhibits in vitro growth of neoplastic human mast cells expressing the D816V-mutated variant of KIT:
Comparison with AMN107, imatinib, and cladribine (2CdA) and evaluation of cooperative drug effects. Blood 2006, 107, 752-759.
[CrossRef]

Bohm, A.; Sonneck, K.; Gleixner, K.V.; Schuch, K.; Pickl, W.E; Blatt, K.; Peter, B.; Herrmann, H.; Schernthaner, G.H.;
Pehamberger, H.; et al. In vitro and in vivo growth-inhibitory effects of cladribine on neoplastic mast cells exhibiting the
imatinib-resistant KIT mutation D816V. Exp. Hematol. 2010, 38, 744-755. [CrossRef]

Penack, O.; Sotlar, K.; Noack, F.; Horny, H.P,; Thiel, E.; Notter, M. Cladribine therapy in a patient with an aleukemic subvariant of
mast cell leukemia. Ann. Hematol. 2005, 84, 692—693. [CrossRef]

Tefferi, A.; Li, C.Y,; Butterfield, ].H.; Hoagland, H.C. Treatment of systemic mast-cell disease with cladribine. N. Engl. ]. Med. 2001,
344, 307-309. [CrossRef] [PubMed]

Kluin-Nelemans, H.C.; Oldhoff, ].M.; Van Doormaal, ].J.; Van't Wout, ].W.; Verhoef, G.; Gerrits, W.B.; van Dobbenburgh, O.A ;
Pasmans, S.G.; Fijnheer, R. Cladribine therapy for systemic mastocytosis. Blood 2003, 102, 4270-4276. [CrossRef]


http://doi.org/10.3389/fphar.2020.00443
http://doi.org/10.1038/labinvest.3700524
http://doi.org/10.1200/JCO.19.00640
http://doi.org/10.1182/blood-2017-01-764423
http://doi.org/10.1056/NEJMc1515403
http://doi.org/10.1200/JCO.21.01849
http://www.ncbi.nlm.nih.gov/pubmed/35235417
http://doi.org/10.1111/bjh.17932
http://www.ncbi.nlm.nih.gov/pubmed/34729775
http://doi.org/10.1182/blood-2005-07-3022
http://doi.org/10.1016/j.exphem.2010.05.006
http://doi.org/10.1007/s00277-005-1057-x
http://doi.org/10.1056/NEJM200101253440415
http://www.ncbi.nlm.nih.gov/pubmed/11191665
http://doi.org/10.1182/blood-2003-05-1699

	Introduction 
	Updates in Diagnosis and Subclassification of Systemic Mastocytosis 
	KIT Gene, Hot Spot Mutation (KIT D816V), and Variant Mutations: Current Standards and Suggested Approach for Testing 
	Serum Tryptase Levels 
	Well-Differentiated Systemic Mastocytosis (WDSM) 
	Bone Marrow Mastocytosis 
	Mast Cell Leukemia: Chronic versus Acute 
	Myelomastocytic Leukemia (MML) 
	Mast Cell Activation Syndrome (MCAS) 
	Morphologic Variability of Mast Cells 

	Updates in Prognosis and Treatments for Systemic Mastocytosis 
	Concluding Remarks 
	References

