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Abstract: Mastocytosis is a rare hematological neoplasm characterized by the proliferation of ab-
normal clonal mast cells (MCs) in different cutaneous and extracutaneous organs. Its diagnosis is
based on well-defined major and minor criteria, including the pathognomonic dense infiltrate of
MCs detected in bone marrow (BM), elevated serum tryptase level, abnormal MCs CD25 expression,
and the identification of KIT D816V mutation. The World Health Organization (WHO) classifica-
tion subdivides mastocytosis into a cutaneous form (CM) and five systemic variants (SM), namely
indolent/smoldering (ISM/SSM) and advanced SM (AdvSM) including aggressive SM (ASM), SM
associated to hematological neoplasms (SM-AHN), and mast cell leukemia (MCL). More than 80% of
patients with SM carry a somatic point mutation of KIT at codon 816, which may be targeted by kinase
inhibitors. The presence of additional somatic mutations detected by next generation sequencing
analysis may impact prognosis and drive treatment strategy, which ranges from symptomatic drugs
in indolent forms to kinase-inhibitors active on KIT. Allogeneic stem cell transplant (SCT) may be
considered in selected SM cases. Here, we review the clinical, diagnostic, and therapeutic issues of
SM, with special emphasis on the translational implications of SM genetics for a precision medicine
approach in clinical practice.
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1. Introduction

Mastocytosis is a rare hematological neoplasm characterized by heterogenous clinical
manifestations due to the excessive proliferation of abnormal clonal mast cells (MCs) in dif-
ferent cutaneous and extracutaneous sites, such as bone marrow (BM), spleen, lymph nodes,
and the gastrointestinal (GI) tract [1]. Mastocytosis has historically been a diagnostic chal-
lenge due to the constellation of presenting symptoms, thus resulting in underestimation
of disease incidence and prevalence. The estimated prevalence of systemic mastocytosis
(SM) is 1/10,000 adults, and the estimated incidence amounts to 1/100,000 per year [2].

The clinical presentation of mastocytosis is very heterogeneous and ranges from skin-
limited disease in cutaneous mastocytosis (CM), as typically observed in pediatric cases
with a spontaneous regression in puberty, to diffuse extracutaneous involvement with
more aggressive presentations in adult patients, named systemic mastocytosis (SM) with
multiorgan dysfunction and shorter survival [3–5]. The clinical approach to SM requires
multidisciplinary collaboration of hematologists, gastroenterologists, dermatologists, spe-
cialists of bone diseases, and allergogists [6]. The increased knowledge in SM genetics and
the wider availability of molecular diagnostic tests have resulted in an improvement in
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the recognition and treatment of this rare disease. Approximately 90% of mastocytosis is
associated with somatic gain-of-function point mutations in KIT [7]. However, the presence
of additional somatic mutation in different genes, such as SRSF2, ASXL1, RUNX1, EZH2,
and loss of function of SETD2, may impact the disease course, especially in the aggressive
forms of SM, and may drive a personalized therapeutic approach [8–10]. Indeed, adult
SM is managed with a tailored approach ranging from symptomatic treatment aimed at
reducing the release of the MCs mediators and controlling their effects in indolent SM to
target cytoreductive therapy in the aggressive variants of SM.

Historically, SM has been treated with interferon-α (INF-alfa), cladribine, and imatinib
in selected cases; however, the advent of kinase inhibitors targeting the KIT receptor offered
encouraging perspectives [11,12]. Allogeneic stem cell transplantation (SCT) may be an
option in selected SM associated with hematological neoplasms (SM-AHN) [13,14]. Due
to heterogeneous presentation and the unpredictable behavior of the different variants of
SM, correct classification and accurate risk assessments are mandatory in order to offer
the best treatment options to SM patients. Here, we review the clinical, diagnostic, and
therapeutic issues of SM, underlining how the recent impact of molecular biology may
guide the approach of clinicians.

2. Clinical Presentation and Diagnostic Work-Up

According to the 2016 revision of World Health Organization (WHO) classification of
myeloid neoplasm, mastocytosis is considered a distinct entity within myeloproliferative
neoplasms (Table 1) [1]. Clinical presentation is widely heterogenous, and the multisystemic
involvement may require a multidisciplinary diagnostic approach. Clinicians should
conduct comprehensive evaluations of signs and symptoms with special consideration
of triggers of MCs activation and a complete medical history, including the presence
of repeated anaphylactic episodes after Hymenoptera sting. Unexplained osteoporosis,
especially in men, as well as unexplained lymphadenopathy and/or splenomegaly, may
trigger the suspicion of mastocytosis.

Table 1. WHO 2016 classification of mastocytosis.

Cutaneous Mastocytosis (CM)

• Macupapular CM
• Diffuse CM
• Mastocytoma of skin

Systemic Mastocytosis (SM)

• Indolent systemic mastocytosis (ISM) *
• Smoldering systemic mastocytosis (SSM) *
• Systemic mastocytosis with an associated hematological neoplasm (SM-AHN)
• Aggressive systemic mastocytosis (ASM) *
• Mast cell leukemia (MCL)

Mast Cell Sarcoma (MCS)
* Requires additional information regarding B and C finding for accurate diagnosis [15,16]. See Table 3 for details *.

Laboratory tests may evidence eosinophilia, elevated acid uric and lactate dehydroge-
nase (LDH), alteration in liver function tests (LFTs), and increased serum tryptase level,
which is an important indicator of MCs activation. A key point of mastocytosis diagnosis
is represented by the bone marrow aspirate and bone marrow biopsy or biopsy of extracu-
taneous involved organ. Flow cytometry and immunohistochemistry are both mandatory
for diagnosis [17]. On the contrary, molecular testing on peripheral blood (PB) or BM to
detect KIT D816V or other less frequent KIT mutations, as detailed below, by conventional
polymerase chain reaction (PCR) or allele-specific oligonucleotide quantitative PCR (ASO-
qPCR) especially in low MC burden plays a crucial role in diagnostic work-up and also
has therapeutic implications [18,19]. FISH is required in SM-AHN cases. NGS analysis
with a myeloid mutation panel, as detailed below, may increase the information in terms
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of survival [18,20]. A proposed diagnostic framework for mastocytosis is proposed in
Figure 1.
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symptoms. A multidisciplinary approach is useful. Laboratory tests include CBC with manual
differential, serum tryptase level, BM biopsy with IHC for detection of CD25, and flow cytometry for
MCs CD25 and in selected cases of CD30 expression if IHC is not available [21]. Molecular testing
for KIT D816V mutation (in BM, PB, or other lesions) should be performed, as well as for FIP1L1-
PDGFRA if eosinophilia is present. If available, the NGS test may be assessed. Major and minor
criteria should be reached. After the identification of SM, B and C findings should be defined for the
correct identification of SM variants. Abbreviations: MCs, mast cells; CBC, complete blood count;
BM, bone marrow; IHC, immunohistochemistry; PB, peripheral blood; SM, systemic mastocytosis;
NGS, next generation sequencing; MIS, mastocytosis in the skin; SM-AHN, systemic mastocytosis
associated with a hematological neoplasm; ISM, indolent systemic mastocytosis; SSM, smoldering
systemic mastocytosis; ASM, aggressive systemic mastocytosis; MCL, mast cell leukemia.

The WHO has proposed well-defined major and minor criteria for diagnosis (Table 2) [1].
The diagnosis of SM is established when major criteria and at least one of the minor criteria,
or at least three minor criteria, are present. BM is almost always involved in adult mastocy-
tosis, showing clusters of abnormal MCs for morphology (fusiform, with polar cytoplasmic
process and cytoplasmatic hypo-granularity) and phenotypes (abnormal MCs usually
express CD25). In addition, BM examination may allow the identification of an associated
hematologic neoplasm (Figure 2) [22–25]. The abnormal MCs usually express CD25, which
is considered a more representative marker than CD2 [17,26]. Elevated levels of serum
tryptase are virtually detected in all SM cases but are not specific for mastocytosis, since
they may also increase in different myeloid neoplasms, namely acute myeloid leukemia
(AML), chronic myeloid leukemia (CML), and myelodysplastic syndromes (MDS). When
the diagnostic criteria for SM are met, SM is then subclassified by the identification of addi-
tional “B” and “C” findings summarized in Table 3. Based on the aforementioned clinical,
histological, immunophenotypic, and biological aspects, SM is classified into five variants:
indolent systemic mastocytosis (ISM), smoldering systemic mastocytosis (SSM), systemic
mastocytosis with an adjunctive hematological neoplasm (SM-AHN), aggressive systemic
mastocytosis (ASM), and mast cell leukemia (MCL) [27]. ASM, SM-AHN, and MCL have
been defined as “advanced SM” (AdvSM) due to their worse prognosis compared to the
other subtypes [5,27]. A precise identification of the SM subtype is a relevant goal of the
diagnostic framework of mastocytosis due to its implications for the therapeutic approach.

Table 2. Diagnostic Criteria for Systemic Mastocytosis (SM) according to the 2016 WHO classification.

Major criterion Multifocal, dense infiltrate of atypical MCs (≥15 MCs in aggregates)
in BM biopsy and/or in section of other extracutaneous organs

Minor criteria

a. >25% of atypical or spindle shaped MCs in BM sections or
other extracutaneous organs

b. KIT point mutation at codon 816 in BM or PB or other
extracutaneous organs

c. MCs in BM or PB or other extracutaneous organs exhibit CD25
with or without CD2, in flow cytometry and
immunochemistry, if available.

d. Baseline serum tryptase value > 20 ng/mL
Abbreviations: WHO, World Health Organization; SM, systemic mastocytosis; MCs, mast cells; BM, bone marrow;
PB, peripheral blood.

Indolent and Smoldering Systemic Mastocytosis. ISM is the most common variant
of SM and is characterized by a slowly progressive clinical course with life expectancy
comparable to the general population. The diagnosis of ISM meets the criteria of SM in
the absence of the “B or C finding”. ISM has relatively good prognosis in terms of overall
survival (OS) and leukemia-free survival (LFS) compared with ASM and SM-AHN [5,28].
SSM is a new SM category in the WHO classification, previously mentioned as a provisional
subvariant of ISM. Compared to ISM, SSM was associated with older age, as expected
from disease definition, with higher bone marrow MC burden, higher serum tryptase
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level, and higher prevalence of palpable hepatomegaly and splenomegaly. SSM is currently
considered an intermediate variant and is characterized by the presence of ≥ 2 “B findings”,
thus, a high burden of MCs [29]. SSM prognosis is better than AdvSM but worse than
ISM [29–31].
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Figure 2. Bone marrow histology of patient affected by SM. Panel (A): Giemsa; 40×: perivascular
spindle-shaped mast cells with abnormal cytologic features (spindling and hypogranularity). Panel
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Table 3. Definition of B and C findings for Systemic Mastocytosis (SM).

B—Findings

• Hight MCs infiltration in BM: ≥30% in histology and basal serum tryptase level > 200 ng/mL

• BM with sign of dysplasia or myeloproliferation, without substantial cytopenia and without criteria of an associated
hematological neoplasm and without sub

• Organomegaly without impaired organ function: hepatomegaly, palpable splenomegaly, and/or palpable lymphadenopathy
(or on CT or US)

C—Findings

• BM dysfunction: ≥1 cytopenia (ANC < 1. 109/L, Hbg < 10 g/dL, platelet < 100 × 109/L)

• Hepatomegaly and liver disfunction with ascites

• Palpable splenomegaly with hypersplenism

• Skeletal involvement with large size osteolysis with or without pathological fractures *

• Malabsorption with hypoalbuminemia and weight loss

• Live threatening organ damage in other organ systems due to local MCs infiltration

Abbreviations: MCs, mast cells; BM, bone marrow; CT, computerized tomography; US, ultrasound; ANC, absolute neutrophil count.
* Pathological fractures caused by osteoporosis are not C-findings.
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Aggressive Mastocytosis. Aggressive SM is characterized by the presence of “C
findings”. Patients may display constitutional symptoms, hepatosplenomegaly, lym-
phadenopathies, severe anemia and/or thrombocytopenia, leukocytosis, and very high
serum tryptase levels. Due to the massive release of mediators by MCs, clinical mani-
festations may be present in different organs and systems, including the (GI) tract with
abdominal pain, diarrhea, nausea vomiting, peptic ulcer, and GI bleeding [32–34]. De-
pression, musculoskeletal pain, and osteopenia with or without osteoporosis may also
occur [34,35]. In a series of 342 SM patients, the OS of ASM was 41 months [5].

Systemic Mastocytosis with an Associated Hematological Neoplasm (SM-AHN). SM-
AHN displays a more aggressive clinical course versus the other aforementioned variants
and it is frequently observed in older patients [5]. Hematological malignancies mostly
associated with SM include chronic myelomonocytic leukemia (CMML), MDS, myelo-
proliferative neoplasms (MPN), AML, B-cell lymphoma, and plasma cell neoplasms [36].
Among 342 consecutive patents with SM, 123 had an SM-AHN subdivided in SM-MPN
(45%), SM-CMML (29%), SM-MDS (23%), and SM-AL (3%) [37]. After a median follow-
up of 15 months, 90 (73%) deaths were recorded (100% with SM-AL, 89% SM-CMML,
82% SM-MDS, and 56% with SM-MPN). SM-MPN cases had significantly longer median
survival (31 months) compared with SM-CMML, SM-MDS, and SM-AL [37]. Leukemic
transformation is higher in SM-MDS than in SM-CMML [37].

Mast Cell Leukemia. MCL is a rare and extremely aggressive variant of SM and is
characterized by the highest mortality. It is also considered a form of acute leukemia,
defined by the presence of at least 20% neoplastic MCs in the BM and 10% in the PB.
The spread of MCs may affect different organs with typical aggressive manifestations,
such as constitutional symptoms, cytopenia, hepatic malfunction, hypersplenism, and
malabsorption [38,39]. In addition to driver mutation KIT D816V, somatic mutations in
SRF2, ASXL1, RUNX1, TET2, CBL, K/N-RAS, and EZH2 have been identified in MCL
patients, explaining, at least in part, the more aggressive course and poorer survival of
MCL compared to other SM variant [40].

3. Molecular Aspects: KIT and beyond as Biomarkers of the Disease

MCs originate from hematopoietic progenitor cells in the BM and, after a partial
differentiation, are released as precursors in the bloodstream; reach tissues and organs; and
complete their maturation, differentiation, and proliferation [41]. These processes and the
survival of MCs are strongly dependent upon the binding of stem cell factor (SFC) to the
extracellular domain of the KIT receptor [42,43].

The KIT proto-oncogene is located on the long arm of chromosome 4 (4q11–4q13) and
contains 21 exons (Figure 3). KIT encodes a type III tyrosine-kinase (TK) receptor, which is
detailed in Figure 3 [42,44]. In SM, KIT mutations result in the constitutive activation of the
receptor, resulting in MCs proliferation, differentiation, survival, migration, and cytokine
production. Indeed, more than 90% typical ISM and 70% of AdvSM carry an acquired
point mutation in the KIT gene. The most common activating loop mutation of KIT is
D816V, replacing aspartic acid with valine at codon 816 and resulting in its constitutive
activation [45]. Occasionally, other variants targeting the same codon, such as D816Y,
D816F, D816H, and D816I, have been described [46].
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Figure 3. KIT structure and related activation pathway in mastocytosis. The proto-oncogene KIT encodes a type III
tyrosine-kinase (TK) receptor, consisting of an extracellular domain (ECD) with five immunoglobulin-like motives, that
includes the stem cell factor (SCF) binding site, a transmembrane domain (TMD), a juxta membrane domain (JMD), and
two catalytic tyrosine kinase domains with ATP and phosphotransferase domain (PTD) binding site, separated by a kinase
insert [42,44]. In normal conditions, the SCF ties the KIT binding site leading to receptor dimerization, autophosphorylation
and kinase domain activation. Consequentially, it triggers a cascade of multimolecular phosphorylation resulting in different
signal transduction pathways, such as the Janus kinase (JAK) and the signal transducers and activators of transcription
(STAT), the phosphatidylinositol triphosphate kinase (PI3K), the rat sarcoma (RAS), and extracellular signal-regulated
kinase (ERK) pathway [42,47–49]. In SM, KIT is constitutively activated, resulting in MCs proliferation, differentiation,
survival, migration, and cytokine production.

The advent of NGS allowed the deep molecular characterization of SM patients beyond
the sole KIT mutation. Additional somatic mutations (e.g., TET2, SRSF2, ASXL1, EZH2,
CBL, RUNX1, and RAS) have been found in 90% of AdvSM patients, especially in SM-
AHN [50–52]. In a series of 70 patients affected by AdvSM, the most frequently mutated
genes identified by NGS were TET2 (47%), SRSF2 (43%), ASXL1 (29%), RUNX1 (23%),
JAK2V617F (16%), N/KRAS (14%), CBL (13%), and EZH2 (10%). Less frequently mutated
genes were IDH2, ETV6, U2AF1, SF3B1, MLL, NPM1, DNMT3A, and TP53. Sixty percent
of patients harbor two or more mutations, in addition to KIT D816V. Mutations in SRSF2
and ASXL1 are independent predictors that adversely influence OS. A worse OS associates
with the number of concurrent mutations in SRSF2/ASXL1/RUNX1 (S/A/R) that have been
incorporated in the mutation adjusted risk score (MARS) system for SM [52]. A similar
panel of mutated genes has been described by Pardanani et al. in a study of 150 cases of
SM and myeloid diseases. The most frequently mutated genes were TET2 (29%), ASXL1
(17%), and CBL (11%), with a significantly higher mutation frequency in SM-AHN. ASXL1
and RUNX1 mutations were associated with inferior survival in AdvSM [53]. Based on the
impact of mutations on OS, molecular information in addition to KIT D816V identification
has been incorporated into prognostication risk assessment.

Recently, great attention has been given to the SETD2 gene due to its implication in
cancer. The human SETD2 gene is located at cytogenetic band p21.31 of chromosome 3, a
region frequently targeted by copy number loss in various tumors [54]. The SETD2 protein
consists of 2564 amino acids and has a molecular weight of 287.5 KD. SETD2 is responsible
for tri-methylation of lysine 36 on histone H3 (H3K36me3) that is correlated with transcrip-
tional activation and also contributes to DNA double-strand break repair in response to
DNA damage [55,56]. Martinelli et al. reported loss of function mutations of SETD2 in
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a series of 53 SM patients and have suggested that reduced SETD2 expression/absence
and H3K36Me3 deficiency might potentiate the effects of KIT constitutive activation to
determine the phenotype of advanced SM [54].

4. Cytogenetic Information

Cytogenetic analyses are performed at diagnosis in a minority of patients with AdvSM,
and few data are available. Previous data reported similar cytogenetic abnormalities in
SM and in MPN, such as trisomy 8, trisomy 9, and del(20)(q11), suggesting common
pathogenetic pathways in MSc and myeloid disorders [57]. In a study of 34 patients
with either urticaria pigmentosa or systemic mastocytosis, chromosome abnormalities
were found in 41% of the patients in at least one examination [58]. In a retrospective
study of 109 patients with ISM and AdvSM with or without AHN, an aberrant karyotype
was identified in 22% of cases [59]. According to their aberrant karyotype, the patients
were stratified in two different cytogenetic groups. Normal karyotypes and favorable
karyotypes such as del(5q), trisomy 8, del(1q), and del(12p) were classified in the good
risk group, while complex karyotypes defined as ≥3 abnormalities and monosomy 7 were
classified in the poor-risk group (n = 10). The median OS of poor-risk karyotype patients
was significantly shorter than good-risk/normal karyotype patients, and the karyotype
was confirmed as an independent prognostic variable in AdvSM [51,52]. In another large
retrospective study of the Mayo Clinic on 348 consecutive SM, the karyotype was abnormal
in 15% cases, including 6% of ISM, 26% of SM-AHN, 8% of ASM, and 28% of SM-AHN-
myeloid (p < 0.001). No significant associations between abnormal karyotype and presence
of adverse mutations have been demonstrated [60]. In univariate analysis, abnormal
karyotype was associated with inferior survival in ASM and SM-AHN, but this finding
was not confirmed in multivariate analysis. In this study, patients were also screened for
the most common somatic mutations of myeloid disease, and the mutation status was
prognostically more relevant than karyotype. In conclusion, no SM-specific cytogenetic
aberrations have been identified, and information about the incidence and impact of
cytogenetic aberrations in terms of survival is limited.

5. Risk Stratification

The five subgroups of SM identified by the WHO 2016 classification carry relevant
differences in disease presentation and natural history of disease [1]. However, in addition
to the WHO subtype, advanced age, history of weight loss, anemia, thrombocytopenia,
hypoalbuminemia, and presence of BM blasts > 5% impact survival [5]. The advent of
NGS has allowed greater accuracy in terms of prognostic stratification. Different studies
have suggested different prognostic score systems combining clinical and molecular vari-
ables, summarized in Table 4. Pardanani et al. sequenced 27 genes in 150 SM patients
and identified different mutations and variables that integrated into a clinical-molecular
prognostic model allowing deep prognostication of AdvSM patients [53]. Based on these
grounds, the Mayo Clinic group proposed the Mutation-Augmented Prognostic Scoring
System (MAPSS), stratifying AdvSM into three distinct risk groups: low-risk (score 0–1.5),
intermediate-risk (score 2–4.5), and high-risk (score 5–7.5) with median survival of 5, 21,
and 86 months, respectively [61]. Jawhar et al. performed the MARS system for patients
with AdvSM that integrates clinical and mutation characteristics. The study included
383 patients with AdvSM from the German Registry on Disorders of Eosinophils and Mast
Cells as training set and a series from the European Competence Network on Mastocytosis
as the validation set [62]. In multivariable analysis, age > 60 years, hemoglobin less than
10 g/dL, thrombocytopenia (platelets < 100 × 109/L), presence of one high molecular risk
gene mutation (i.e., SRSF2, ASXL1, and/or RUNX1) (S/A/R), and presence of two or more
high molecular risk gene mutations were associated with shorter OS. The presence and
number of gene mutations in the S/A/R panel had a strong adverse impact on OS. Three
risk categories were defined: low risk (median OS, not reached), intermediate risk (median
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OS, 3.9 years), and high risk (median OS, 1.9 years). The MARS system was independent
of the WHO classification type and was confirmed in the independent validation set [63].

Table 4. Different prognostic score risk stratifications for Systemic Mastocytosis (SM).

MARS [64] MAPS [63] IPSS for No AdvSM [65] IPSS for AdvSM

Prognostic Variable and Points

Age > 60 years 1 Age > 60 years 1 Age > 60 years 1 Age > 60 years 1

Hemoglobin < 10 g/dL 1 Advanced SM vs.
ISM/SSM 2 ALP ≥ 100

U/L 1 Tryptase ≥ 125 ng/mL 1

Platelets < 100 × 109/L 1 Platelets < 150 × 109/L 1 Leukocytes ≥ 16 × 109/L 1

One S/A/R (SFRS2,
ASXL, or RUNX1)

mutation
1 Serum ALP > normal range 1 Hemoglobin ≤ 11 g/dL 1

≥2 S/A/R mutation 2 Adverse mutation (ASXL1,
RUNX1 and NRAS) 1 Platelets <150 × 109/L 1

Skin involvement −1

Risk Group and Points

Low 0–1 Low ≤2 Low 0 AdvSM-1 −1 to
0

Intermediate 2 Intermediate- 1 3 Intermediate-1 1 AdvSM-2 1

High 3–5 Intermediate-2 4 Intermediate-2 2 AdvSM-3 2

High ≥5 AdvSM-4 2–3

AdvSM-5 4–5

Abbreviations: MARS, Mutation-Adjusted Risk Score for advanced systemic mastocytosis; MAPS, Mayo Alliance Prognostic System for
mastocytosis; IPSS, International Prognostic Scoring System for non-advanced systemic mastocytosis; S/A/R, presence of SRSF2 and/or
ASXL1 and/or RUNX1 mutation; SRFS2, Serine And Arginine Rich Splicing Factor 2; ASXL1, Additional Sex Combs-Like Transcriptional
Regulator 1; RUNX1, Runt-related transcription factor 1 SM, systemic mastocytosis; ISM, indolent systemic mastocytosis; SSM, smoldering
systemic mastocytosis; ALP, alkaline phosphatase; NRAS, NRAS proto-oncogene; AdvSM, advanced systemic mastocytosis.

Subsequently, the Mayo Alliance Prognostic System (MAPS) was developed; the clini-
cal, cytogenetic, and molecular information of 580 patients, referred to Mayo Clinic from
1968 to 2015, was analyzed [63]. Two complementary risk models were elaborated: a clinical
and a hybrid clinical-molecular model. The clinical model confirmed the independent prog-
nostic contribution of five variables: WHO defined AdvSM type, platelets < 150 × 109/L,
increased ALP, age more than 60 years, and anemia. The hybrid clinical-molecular model
replaced anemia with adverse mutations (i.e., ASXL1, RUNX1, and NRAS) as a risk fac-
tor [63]. Recently, an international study of the registry of the European Competence
Network on Mastocytosis developed the International Prognostic Scoring System of Mas-
tocytosis (IPSM) in a series of 1639 patients with SM [65]. IPSM divided patients with
non-AdvSM into three groups based on age > 60 years and elevated ALP value: low (no
risk factors), intermediate 1 (one risk factor), and intermediate 2 (two risk factors). In
patients with AdvSM, age 60 years or older, a concentration of tryptase ≥ 125 ng/mL, a
leukocyte count ≥ 16 × 109/L, hemoglobin ≤ 11 g/dL or a platelet count ≤ 100 × 109/L,
and skin involvement were prognostic variables. Four risk categories were established
for AdvSM with significantly different outcomes for OS and progression-free survival.
IPSM was confirmed using a validation cohort from the Spanish network Red Española
de Mastocitosis. IPSM is now commonly used to predict survival outcomes and to guide
treatment decisions.

6. Treatment

Treatment of mastocytosis aims to control the symptoms of MCs activation and de-
granulation in indolent forms and to decrease MCs infiltration and reduce organ damage in
the advanced forms. Major advances have occurred in the last 5 years regarding treatment
of SM including new TKIs targeting KIT. Cytoreductive and immunomodulant drugs, such
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as cladribine or interferon, may be other options for disease control, and head-to-head
comparisons with targeted therapies are lacking. A critical issue is whether the patient
is eligible for allogeneic SCT and what might be the appropriate timing for transplant.
Figure 4 summarizes the current available treatment options for SM.
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Inhibition of MC activation and degranulation. Symptoms of SM can be managed by
blocking the mediator receptors (H1 and H2 antihistamines; leukotriene receptor blockade),
inhibiting mediator synthesis (aspirin and zileuton) or release (sodium cromolyn), by anti-
IgE therapy, or by a combination of these approaches [66]. Combinations of baseline anti-
H1 no-sedating medicines (e.g., cetirizine or levocetirizine) with the addition of sedating
medications for breakthrough symptoms or at bedtime (such as diphenhydramine or
hydroxyzine) and an H2 blocker are recommended [66]. H2 and proton pump inhibitors,
such as ranitidine, cimetidine, or famotidine, can also address GI symptoms [66].

Patients with SM often suffer from MCs’ activation syndrome, which is mediated
by clonal MCs, but in most cases the syndrome is also IgE-dependent with a high-risk
of developing severe anaphylactic reactions [67]. Acute episodes of MCs activation re-
quire epinephrine, whereas prolonged episodes may be addressed with corticosteroids.
Omalizumab, an IgE depleting drug, appears to prevent some life-threatening reactions as-
sociated with mastocytosis and may be a good option for treating the associated symptoms,
although its use is supported only by observational and uncontrolled studies including
small numbers of patients [68,69]. Neuropsychiatric symptoms associated with the presence
of elevated MCs mediators, including anxiety or depression, may benefit of antidepressants
and anxiolytic medications [70]. Purely symptomatic treatment may not suffice in some
patients who require a reduction in MCs burden in order to prevent severe symptoms
including anaphylaxis and/or progression to aggressive diseases.

Sarilumab. A phase 2 study to evaluate the safety and efficacy of Sarilumab in
improving the quality of life in ISM is ongoing (NCT03770273). Sarilumab is approved by
the Food and Drug Administration (FDA) for the treatment of rheumatoid arthritis [71].
The binding of sarilumab to the IL-6 receptor inhibits IL-6-associated human mast cell
signaling and proliferation with decreased mediator release. Based on these grounds,
sarilumab may be a rational choice for the treatment of ISM.

Siglec-8 targeting (AK002). In bone marrow aspirates from patients with SM, all
activated mast cells display a robust expression of the Siglec-8 receptor [72]. A novel
humanized monoclonal antibody to Siglec-8 (AK002) demonstrated SM mast cell inhibition
in ex vivo bone marrow aspirates. AK002 also had depleting effects on eosinophils, which
may be valuable to SM patients with associated eosinophilia. These encouraging results
may represent a novel approach for the treatment of SM [72].

KIT inhibitors. The main advances in SM treatment are related to the inhibition of KIT
D816V, which is the primary driver of MCs differentiation, proliferation, and survival in
the overwhelming majority of patients.

Imatinib. KIT D816V is resistant to imatinib due to a conformational change in the
enzymatic pocket that blocks the binding of the drug to the receptor, and nilotinib and
dasatinib also lack significant clinical activity [73,74]. However, imatinib inhibits the
growth of MCs with wild-type KIT or with mutations outside the KIT activation loop
that target the extracellular (e.g., deletion of codon 419 on exon 8 or p.A502_Y503dup in
exon 9), transmembrane (e.g., F522C), or juxtamembrane (e.g., V560G) domains. These
mutations occur in <1% of all AdvSM cases and are enriched in cases of well-differentiated
SM [75]. Imatinib has been approved by the Food and Drug Administration for SM patients
negative for KIT D816V or with unknown KIT mutation status. A recent clinical trial and a
systematic review carried out by the Red Española de Mastocitosis clarified that predictors
of imatinib response in SM are the presence of imatinib-sensitive mutations involving KIT
(e.g., juxtamembrane or transmembrane KIT mutations). Conversely, the sole absence of
KIT D816V does not per se represent a positive predictor of imatinib response [76].

Midostaurin. Midostaurin is an inhibitor of PKC that can also target several clinically
relevant kinases, including KIT, FLT3, PDGFRA, PDGFRB, vascular endothelial growth
factor receptor KDR, and FES, both in their wild type and mutated forms [77]. In vitro,
midostaurin was proven not only to induce apoptosis and growth arrest in KIT mutated cell
lines and in neoplastic MCs from patients with AdvSM but also to suppress IgE-receptor
mediated activation and mediator release in human MCs and blood basophils [78,79].
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In a phase II trial of midostaurin in AdvSM on 89 patients with ASM, SM-AHN, or
MCL, the overall response rate (ORR) was 60%, the median OS was 28.7 months, and the
progression-free survival was 14.1 months [11]. Importantly, a decrease in mastocytosis
related symptoms was observed in responding patients. At the dosage of 100 mg twice
daily in 4-week cycles, the most common side-effects were low-grade nausea, vomiting, and
diarrhea, whereas severe cytopenia occurred in <50% of patients. Of note, most patients
were already cytopenic before treatment [11]. In another phase II trial on 26 patients with
AdvSM and organ damage treated with the same midostaurin schedule, the median OS was
40 months (18.5 months for MCL patients) and the ORR was 69% at the median follow-up
of 10 years, with clinical benefit in all AdvSM variants [12]. A single case report and a
small patients series confirmed these results [80,81]. In patients with slow progression,
treatment with midostaurin can induce major clinical responses with improvement or
disappearance of C-findings, a decrease in MC burden in the BM and other organs, and
a reduction in mediator-related symptoms in a significative number of patients, with
moderate gastroenteric side effects [11,12,82–87]. Midostaurin may be used both as first-line
treatment, especially in MCL patients, as well as salvage therapy in patients progressing
after interferon-α, cladribine, or other cytoreductive therapy. Other possible roles for
midostaurin include maintenance therapy after allogeneic SCT or for control of severe MCs
activation symptoms [18].

Avapritinib (BLU-285). Avapritinib is an oral potent and selective tyrosine kinase
inhibitor of PDGFRA and of the activation-loop mutants of KIT, including KIT D816V [88].
It is highly selective with limited inhibitory activity outside of KIT and PDGFRA kinases
and has shown therapeutic activity in murine models of mastocytosis. A phase 1 trial
(Explorer; NCT02561988) enrolled 52 AdvSM. Rapid antineoplastic activity was assessed
by BM MCs burden, serum tryptase, and KIT D816V mutant allele burden. Among the
52 enrolled patients, only twenty-three were evaluable for response by IWG-MRT-ECNM
criteria [89]. The ORR and the rate of CR plus CR with partial recovery of peripheral
blood counts (CR/CRh) were 83% and 17%, respectively. Responses were obtained also in
patients who experienced intolerance or no response relative to prior midostaurin. Adverse
effects (AEs) were myelosuppression with thrombocytopenia and anemia, periorbital and
peripheral edema, fatigue, nausea, vomiting, diarrhea, and cognitive effects. Treatment
discontinuation occurred because of progession, AEs or inadequate response in 33%, 33%,
and 17%, respectively. The protocol was modified to manage severe thrombocytopenia
with strict dose interruption or reduction. Follow up of the phase 2 study (Pathfinder;
NCT03580655) is ongoing. More data are needed to assess long-term responses and adverse
effects of this novel TKI.

Ripretinib (DCC-2618). DCC-2618 is a new Type II switch pocket control inhibitor that
has shown a potent inhibitory effect on exon 17 KIT mutations and that is resistant to other
TKI [90]. The safety and tolerability of DCC-2618 in patients with advanced malignancies,
including SM, is under study (NCT02571036). At the time of writing, the drug is approved
for GastroIntestinal Stromal Tumors (GIST) by the FDA and European Medicines Agency
(EMA).

Masitinib. In a phase 3 study, 135 patients with ISM or SSM were randomly assigned
masitinib (n = 71) or a placebo (n = 64). By 24 weeks, masitinib was associated with a
cumulative response of 18.7% in the primary endpoint (≥75% improvement from baseline
within weeks 8–24 in at least one severe baseline symptom) compared with 7.4% for the
placebo (p = 0.0076). Frequent severe adverse events included diarrhea (11% vs. 2% in the
masitinib group vs. the placebo group), rash (6% vs. none), and asthenia (6% vs. 2%). The
most frequent serious adverse events included diarrhea (4%) and urticaria (3%), and no life-
threatening toxicities occurred. These findings indicate that masitinib may be an effective
and well tolerated agent for the treatment of severely symptomatic ISM or SSM [91]. A
phase 3 study comparing oral masitinib to placebo for the treatment of SSM or ISSM,
unresponsive to optimal symptomatic treatment, is ongoing (NCT04333108).
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BLU-263 (KIT inhibitor). BLU-263 is an investigational, potent, and selective oral
small-molecule inhibitor of KIT with sub-nanomolar potency on D816V-mutant KIT. A
randomized, double-blind, and placebo-controlled phase 2/3 study comparing the effi-
cacy and safety of BLU-263 + best supportive care (BSC) with placebo + BSC in patients
with ISM whose symptoms are not adequately controlled by BSC is currently recruiting
(NCT04910685).

Bezuclastinib (PLX9486) PLX9486 has selective activity against primary KIT mutations
(exons 9 and 11) and activation loop mutations (exons 17 and 18). Based on the results
of PLX9486 in GIST, a recent interest has focused on the use of this drug on SM [92]. A
phase 2 open-label multicenter clinical study of the safety, efficacy, pharmacokinetic, and
pharmacodynamic profiles of CGT9486 (formally named PLX9486) as a single agent in
patients with AdSM is ongoing (NCT04996875).

6.1. BLC-2 Inhibitors

Obatoclax. Recent data suggest that MCs in AdvSM express several antiapoptotic
members of the Bcl-2 family, including Bcl-2, and myeloid leukemia cell differentiation pro-
tein 1 (Mcl-1) [93,94]. Obatoclax (GX015-070) is a novel BH3 mimetic small molecule
type targeted drug that binds to and blocks the antiapoptotic activity of Mcl-1 and
Bcl-2 [35–37,95]. Based on its activity in preclinical models, obatoclax has been recently
investigated by Peter at al., showing that obatoclax may be an effective drug capable of
suppressing the growth and survival in neoplastic MC in advanced SM [96]. Further
studies are required to define its potential value and in vivo efficacy in advanced SM.

Cladribine. In two large series of SM patients treated with cladribine as single agent,
the ORRs were 50% to 82% in patients with AdvSM and 60% to 92% in patients with ISM,
with significant improvement in multiple symptoms [82,83]. In the study with the longer
follow-up (>10 years), the median duration of response was 3.71 and 2.47 years for indolent
and aggressive M, respectively, with immunosuppression and opportunistic infections as
main toxicities and the latter occurring as grade 3 or 4 in a minority of patients (13%) [82].
Cladribine is active in all SM subtypes, with response rates similar to those reported
with midostaurin, although there is no direct comparison, and the analysis is limited by
small patient numbers. Cladribine may be used as first-line treatment when rapid disease
debulking is needed or as salvage treatment in patients failing treatments [18].

Interferon-α. As reported since 1992, the administration of interferon alpha-2b has
potential benefits in the treatment of mastocytosis [97]. INF-α and INF-α2b can reduce
MCs degranulation and BM infiltration by MCs, can improve the typical cutaneous and
GI signs, and can increase bone density [98–100]. INF-α is effective on all types of SM;
however, the ORR is approximately around 20%, and no fixed dose and duration have
been firmly established. Side effects, including cytopenia, liver toxicity and elevated
transaminases, fatigue, nausea, fever, flu-like syndrome, and psychiatric sequelae, occur
frequently, resulting in treatment discontinuation. To ameliorate tolerability and reduce
discontinuation due to the side effects, INF-α has been administered in combination with
prednisone [101]. In a series of 47 SM patients, INF-α with or without prednisone was
administered. The dosage of INF-α ranged from 0.5 million units (MU) per day to 10 MU
three times a week, and prednisone ranged from 20 mg to 60 mg per day. The ORR of the
40 evaluable cases was 53%, while CR, major response (MR), and PR were obtained in 3%,
15%, and 35% of cases, respectively [83]. The overall median duration of response was
12 months, and the responses were not significantly different between the arms with or
without prednisone.

Allogenic stem cell transplant. In a large cooperative study on 57 patients with SM
who underwent allogeneic SCT, 40 patients (70%) achieved a response at day + 100. Sexteen
patients (28%) achieved CR, including 2 patients who became KIT D816V-negative [13]. All
38 SM-AHN patients achieved a response, whereas half of the MCL patients were primary
refractory. OS at 3 years was 57% for all patients, 74% in AHN group, 43% in AdvSM, and
17% in MCL group. Survival was lower in patients receiving reduced intensity conditioning
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compared with myeloablative conditioning and in patients in progression [13]. Allogeneic
SCT can be considered in patients with associated hematological disease such as AML or in
those with relapsed/refractory AdvSM [14,18]. In the event of a possible transplantation, a
careful evaluation of the induction regiment is mandatory, preferring cladribine or small
molecules to IFN based treatment due the increased risk of acute graft versus host disease
(aGVHD) [14].

6.2. Future Perspectives

Despite many advances in the molecular genetics and precision medicine approach
of SM, several issues deserve to be explored further with respect to this disease. From a
therapeutic standpoint, CD123 is the α-subunit of the interleukin-3 receptor (ILR3) and
represents a potential attractive therapeutic target in systemic mastocytosis (SM) given
its absent expression on normal/reactive mast cells (MCs) and aberrant expression on
neoplastic MCs. A recent study has suggested that targeting CD123 in SM may have
direct and indirect anti-tumor effects [99]. A phase I study is currently investigating the
best dose and side effects of the anti-CD123 flotetuzumab monoclonal antibody for the
treatment of patients with CD123-positive relapsed or refractory hematological disease,
including SM patients (NCT04681105) [100]. Tagraxofusp (SL-401) is a CD123-directed
cytotoxin consisting of human interleukin-3 fused to truncated diphtheria toxin. It has
been investigated in the blastic plasmacytoid dendritic-cell neoplasm (BPDCN), showing
promising results [101], and deserves to be explored also in SM. Given a certain degree
of heterogeneity in CD123 expression in SM, clinical trials based on anti-CD123-targeted
therapy should be coupled with investigations aimed at correlating expression levels and
outcome. As detailed above, the advances in understanding of biology and treatment of
SM have been limited by the rarity of the disease and by the relative low number of MCs
infiltrating the patients’ tissues. To overcome this limitation, Toledo et al. generated the
induced pluripotent stem cells (iPSCs) from patients with aggressive SM, which represents
a new approach for disease modeling and screening for precision medicine. Using these
iPSCs, the authors identified nintedanib, which is a FDA approved angiokinase inhibitor
that targets the vascular endothelial growth factor receptor (EGFR) and fibroblast growth
factor receptor, as a novel KIT D816V inhibitor [102,103]. Table 5 summarizes the main
recruiting clinical trials in SM.

Table 5. Principal recruiting clinical trials involving SM.

Clinicaltrials.Gov
Identifier Intervention Title Primary Outcome Measures

NCT03770273 Sarilimus

A Phase 2 Randomized Double-Blinded
Placebo-Controlled Study to Evaluate the

Safety and Efficacy of Subcutaneous
Sarilumab in Improving the Quality of Life in
Subjects with Indolent Systemic Mastocytosis

Frequency and severity of adverse events
(AEs); mastocytosis Quality of Life

Questionnaire (MC-QoL)

NCT04333108 Masitinib

Phase 3 Study to Compare Oral Masitinib to
Placebo in Treatment of Patients with

Smouldering or Indolent Severe Systemic
Mastocytosis, Unresponsive to Optimal

Symptomatic Treatment

Cumulative response in at least one of three
severe baseline symptoms of mast cell
mediator release (pruritus, flushes, or

depression).

NCT04910685 BLU-263
A Randomized, Double-Blind,

Placebo-Controlled Phase 2/3 Study of
BLU-263 in Indolent Systemic Mastocytosis

Recommended Dose (RD) in patients with
ISM; response rate in patients with ISM;

long-term safety and tolerability of BLU-263
as assessed by the number of adverse events
and serious adverse events; mean change in
Indolent Systemic Mastocytosis, Symptom

Assessment Form (ISM-SAF) Total Symptom
Score (TSS)
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Table 5. Cont.

Clinicaltrials.Gov
Identifier Intervention Title Primary Outcome Measures

NCT03731260 Avapritinib
(BLU-285)

A 3-Part, Randomized, Double-Blind,
Placebo-Controlled Phase 2 Study to Evaluate
Safety and Efficacy of Avapritinib (BLU-285),
a Selective KIT Mutation-Targeted Tyrosine

Kinase Inhibitor, in Indolent and Smoldering
Systemic Mastocytosis With Symptoms
Inadequately Controlled With Standard

Therapy

Recommended Phase 2 dose (RP2D) in
patients with ISM; proportion of responders,
defined as ≥30% reduction in ISM Symptom

Assessment Form

NCT04996875 Bezuclastinib
(CGT9486; PLX9486)

A Phase 2 Open-Label, Multicenter Clinical
Study of the Safety, Efficacy, Pharmacokinetic,
and Pharmacodynamic Profiles of CGT9486
as a Single Agent in Patients With Advanced

Systemic Mastocytosis

Determine the optimal dose of CGT9486 by
safety assessments and response criteria;

objective response rate according to modified
IWG-MRT-ECNM response criteria

NCT03214666 GTB-3550

GTB-3550 (CD16/IL-15/CD33) Tri-Specific
Killer Engager (TriKE™) for the Treatment of

HighRisk Myelodysplastic Syndromes,
Refractory/Relapsed Acute Myeloid
Leukemia and Advanced Systemic

Mastocytosis

Maximum Tolerated Dose (MTD) of
GTB-3550 TriKE™ finding; incidence of
complete and partial remission due to

GTB-3550 TriKE™ treatment

NCT04681105 Flotetuzumab
A Phase 1 Trial to Evaluate the Safety of
Single Agent Flotetuzumab in Advanced

CD123-Positive Hematological Malignancies

Maximum tolerated dose (recommended
phase 2 dose, RP2D) of flotetuzumab;
evaluate the safety and tolerability of

flotetuzumab in CD123-positive advanced
ALL) (Cohort A) and other hematological
malignancies (Cohort B), by evaluation of

toxicities including: type, frequency, severity,
attribution, and duration of the toxicity.

The current scenario of rapidly changing paradigm for hematological malignancies
mandates a systematic collection of patient-reported outcomes (PRO) and quality of life
(QoL) data in both clinical research and in routine care [104]. Quality of life (QoL) and
patient reported outcomes (PROs) have been explored to a limited extent in SM and deserve
to be investigated in detail given the high burden of symptoms of many of these patients.
A recent report has documented a high level of suffering and strong associations between
impairments and symptom-related factors in the disease, pointing to the need of further
addressing this issue [105]. Similarly to other myeloid malignancies, the use of disease
adapted scoring systems for QoL and PROs may result in a better understanding of the
patient’s perspective of symptoms and result in an improvement of disease management
also in SM [106–108].

7. Conclusions

The diagnosis of SM might be challenging, and a multidisciplinary approach is de-
sirable due to a broad variety of signs and symptoms driven by MCs degranulation. The
disease pathogenesis is clearly driven by KIT mutations; however, new molecular tech-
nologies have allowed highlighting new genetic features that are involved in disease
pathogenesis and may contribute to refining diagnostication and prognostication. In partic-
ular, the use of NGS has allowed building different prognostic scores, which may guide
clinicians in terms of patient stratification and treatment choice. Resistance to the first
generation TKI imatinib has resulted in exploring the potential utility of new selective
TKIs, such as midostaurin and avapritinib, which have demonstrated activity against
SM harboring the KIT D816V mutation. Encouraging results of anti-CD123 antibodies in
hematological malignances may be investigated in MCs disease. Large collaborative efforts
are needed to clarify the different open questions related to the diagnosis and treatment
of SM.



Medicina 2021, 57, 1135 16 of 20

Author Contributions: M.N., A.P. and E.C. designed the study and reviewed the scientific literature;
A.A. and R.B. performed and interpreted histology; G.G., A.G. and A.M.M. contributed to study
design. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the AGING Project—Department of Excellence—
DIMET, Università del Piemonte Orientale, Novara, Italy (to G.G. and A.G.); and Digital Microscopy
project, Novara-AIL Onlus, Novara, Italy (to A.P.).

Conflicts of Interest: G.G. declares personal consulting fees from Janssen, Abbvie Astra-Zeneca,
Beigene, and Incyte. A.P. declares personal consulting fees from Ariad, Sanofi, and Takeda.

References
1. Arber, D.A.; Orazi, A.; Hasserjian, R.; Thiele, J.; Borowitz, M.J.; Beau, M.M.; Bloomfield, C.D.; Cazzola, M.; Vardiman, J.M.

The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leuke-mia. Blood 2016, 127,
2391–2405. [CrossRef] [PubMed]

2. Brockow, K. Epidemiology, Prognosis, and Risk Factors in Mastocytosis. Immunol. Allergy Clin. N. Am. 2014, 34, 283–295.
[CrossRef] [PubMed]

3. Caplan, R.M. The Natural Course of Urticaria Pigmentosa. Arch. Dermatol. 1963, 87, 146–157. [CrossRef] [PubMed]
4. Azaña, J.M.; Torrelo, A.; Mediero, I.G.; Zambrano, A. Urticaria Pigmentosa: A Review of 67 Pediatric Cases. Pediatr. Dermatol.

1994, 11, 102–106. [CrossRef]
5. 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]
6. 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]
7. Valent, P.; Spanblöchl, 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]

8. Jawhar, M.; Schwaab, J.; Horny, H.-P.; Sotlar, K.; Naumann, N.; Fabarius, A.; Valent, P.; Cross, N.; Hofmann, W.-K.; Metzgeroth,
G.; et al. Impact of centralized evaluation of bone marrow histology in systemic mastocytosis. Eur. J. Clin. Investig. 2016, 46,
392–397. [CrossRef]

9. Muñoz-González, J.I.; Jara-Acevedo, M.; Alvarez-Twose, I.; Merker, J.D.; Teodosio, C.; Hou, Y.; Henriques, A.; Roskin, K.M.;
Sanchez-Muñoz, L.; Tsai, A.; et al. Impact of somatic and germline mutations on the outcome of systemic mastocytosis. Blood Adv.
2018, 2, 2814–2828. [CrossRef] [PubMed]

10. Martelli, M.; Monaldi, C.; De Santis, S.; Bruno, S.; Mancini, M.; Cavo, M.; Soverini, S. Recent Advances in the Molecular Biology of
Systemic Mastocytosis: Implications for Diagnosis, Prognosis, and Therapy. Int. J. Mol. Sci. 2020, 21, 3987. [CrossRef] [PubMed]

11. Gotlib, J.; Kluin-Nelemans, J.C.; George, T.I.; Akin, C.; Sotlar, K.; Hermine, O.; Awan, F.T.; Hexner, E.; Mauro, M.J.; Sternberg,
D.W.; et al. Efficacy and Safety of Midostaurin in Advanced Systemic Mastocytosis. N. Engl. J. Med. 2016, 374, 2530–2541.
[CrossRef] [PubMed]

12. DeAngelo, D.; George, T.; Linder, A.; Langford, C.; Perkins, C.; Ma, J.; Westervelt, P.; Merker, J.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]

13. Ustun, C.; Reiter, A.; Scott, B.L.; Nakamura, R.; Damaj, G.; Kreil, S.; Shanley, R.; Hogan, W.J.; Perales, M.-A.; Shore, T.; et al.
Hematopoietic Stem-Cell Transplantation for Advanced Systemic Mastocytosis. J. Clin. Oncol. 2014, 32, 3264–3274. [CrossRef]

14. Ustun, C.; Gotlib, J.; Popat, U.; Artz, A.; Litzow, M.; Reiter, A.; Nakamura, R.; Kluin-Nelemans, J.C.; Srdan Verstovsek, M.D.;
Gajewski, J.; et al. Consensus Opinion on Allogeneic Hematopoietic Cell Transplantation in Advanced Systemic Mastocytosis.
Biol. Blood Marrow Transplant. 2016, 22, 1348–1356. [CrossRef] [PubMed]

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

16. González-De-Olano, D.; Alvarez-Twose, I. Insights in Anaphylaxis and Clonal Mast Cell Disorders. Front. Immunol. 2017, 8, 792.
[CrossRef] [PubMed]

17. Escribano, L.; Diaz-Agustin, B.; López, A.; López, R.N.; García-Montero, A.; Almeida, J.; Prados, A.; Angulo, M.; Herrero, S.;
Orfao, A.; et al. Immunophenotypic analysis of mast cells in mastocytosis: When and how to do it. Proposals of the Spanish
Network on Mastocytosis (REMA). Cytom. Part B Clin. Cytom. 2004, 58B, 1–8. [CrossRef]

18. Pardanani, A. Systemic mastocytosis in adults: 2019 update on diagnosis, risk stratification and management. Am. J. Hematol.
2018, 94, 363–377. [CrossRef]

http://doi.org/10.1182/blood-2016-03-643544
http://www.ncbi.nlm.nih.gov/pubmed/27069254
http://doi.org/10.1016/j.iac.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24745674
http://doi.org/10.1001/archderm.1963.01590140008002
http://www.ncbi.nlm.nih.gov/pubmed/14018418
http://doi.org/10.1111/j.1525-1470.1994.tb00560.x
http://doi.org/10.1182/blood-2009-02-205237
http://doi.org/10.3390/ijms20122976
http://doi.org/10.1182/blood.V80.9.2237.2237
http://doi.org/10.1111/eci.12607
http://doi.org/10.1182/bloodadvances.2018020628
http://www.ncbi.nlm.nih.gov/pubmed/30373888
http://doi.org/10.3390/ijms21113987
http://www.ncbi.nlm.nih.gov/pubmed/32498255
http://doi.org/10.1056/NEJMoa1513098
http://www.ncbi.nlm.nih.gov/pubmed/27355533
http://doi.org/10.1038/leu.2017.234
http://doi.org/10.1200/JCO.2014.55.2018
http://doi.org/10.1016/j.bbmt.2016.04.018
http://www.ncbi.nlm.nih.gov/pubmed/27131865
http://doi.org/10.1016/S0145-2126(01)00038-8
http://doi.org/10.3389/fimmu.2017.00792
http://www.ncbi.nlm.nih.gov/pubmed/28740494
http://doi.org/10.1002/cyto.b.10072
http://doi.org/10.1002/ajh.25371


Medicina 2021, 57, 1135 17 of 20

19. Gotlib, J.; Gerds, A.T.; Bose, P.; Castells, M.C.; Deininger, M.W.; Gojo, I.; Gundabolu, K.; Hobbs, G.; Jamieson, C.; McMahon, B.;
et al. Systemic Mastocytosis, Version 2.2019, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2018,
16, 1500–1537. [CrossRef]

20. Scherber, R.M.; Borate, U. How we diagnose and treat systemic mastocytosis in adults. Br. J. Haematol. 2017, 180, 11–23. [CrossRef]
21. Sotlar, K.; Cerny-Reiterer, S.; Petat-Dutter, K.; Hessel, H.; Berezowska, S.; Müllauer, L.; Valent, P.; Horny, H.-P. Aberrant expression

of CD30 in neoplastic mast cells in high-grade mastocytosis. Mod. Pathol. 2010, 24, 585–595. [CrossRef]
22. Horny, H.-P.; Parwaresch, M.; Lennert, K. Bone marrow findings in systemic mastocytosis. Hum. Pathol. 1985, 16, 808–814.

[CrossRef]
23. Horny, H.P.; Sotlar, K.; Sperr, W.R.; Valent, P. Systemic mastocytosis with associated clonal haematological non-mast cell lineage

diseases: A histopatho-logical challenge. J. Clin. Pathol. 2004, 57, 604–608. [CrossRef]
24. Pardanani, A.; Reeder, T.; Li, C.-Y.; Tefferi, A. Eosinophils are derived from the neoplastic clone in patients with systemic

mastocytosis and eosinophil-ia. Leuk. Res. 2003, 27, 883–885. [CrossRef]
25. Taylor, M.L.; Sehgal, D.; Raffeld, M.; Obiakor, H.; Akin, C.; Mage, R.G.; Metcalfe, D.D. Demonstration That Mast Cells, T Cells,

and B Cells Bearing the Activating Kit Mutation D816V Occur in Clusters within the Marrow of Patients with Mastocytosis. J.
Mol. Diagn. 2004, 6, 335–342. [CrossRef]

26. Pardanani, A.; Kimlinger, T.; Reeder, T.; Li, C.-Y.; Tefferi, A. Bone marrow mast cell immunophenotyping in adults with mast cell
disease: A prospective study of 33 patients. Leuk. Res. 2004, 28, 777–783. [CrossRef] [PubMed]

27. 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 Fu-ture. Cancer Res. 2017,
77, 1261–1270. [CrossRef] [PubMed]

28. 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]

29. Tefferi, A.; Shah, S.; Reichard, K.K.; Hanson, C.A.; Pardanani, A. Smoldering mastocytosis: Survival comparisons with indolent
and aggressive mastocytosis. Am. J. Hematol. 2019, 94, E1–E2. [CrossRef] [PubMed]

30. Valent, P. Mast cell leukemia—A rare form of myeloid leukemia. Wien. Klin. Wochenschr. 2002, 114, 173–174.
31. Tefferi, A.; Shah, S.; Lasho, T.L.; Patnaik, M.M.; Reichard, K.K.; Hanson, C.A.; Ketterling, R.P.; Pardanani, A. Practice-relevant

demarcation of systemic mastocytosis associated with another hematologic neoplasm. Am. J. Hematol. 2018, 93, E383–E386.
[CrossRef] [PubMed]

32. De Olano, D.G.; Caballer, B.D.L.H.; López, R.N.; Muñoz, L.S.; Agustín, M.C.; Dieguez, M.C.; Álvarez Twose, I.; Castells, M.C.;
Mora, L.E. Prevalence of allergy and anaphylactic symptoms in 210 adult and pediatric patients with mastocytosis in Spain: A
study of the Spanish network on mastocytosis (REMA). Clin. Exp. Allergy 2007, 37, 1547–1555. [CrossRef]

33. Sokol, H.; Georgin-Lavialle, S.; Canioni, D.; Barete, S.; Damaj, G.; Soucie, E.; Bruneau, J.; Chandesris, M.-O.; Suarez, F.; Launay,
J.-M.; et al. Gastrointestinal manifestations in mastocytosis: A study of 83 patients. J. Allergy Clin. Immunol. 2013, 132, 866–873.e3.
[CrossRef] [PubMed]

34. Moura, D.S.; Georgin-Lavialle, S.; Gaillard, R.; Hermine, O. Neuropsychological Features of Adult Mastocytosis. Immunol. Allergy
Clin. N. Am. 2014, 34, 407–422. [CrossRef]

35. Barete, S.; Assous, N.; de Gennes, C.; Grandpeix, C.; Feger, F.; Palmerini, F.; Dubreuil, P.; Arock, M.; Roux, C.; Launay, J.M.; et al.
Systemic mastocytosis and bone involvement in a cohort of 75 patients. Ann. Rheum. Dis. 2010, 69, 1838–1841. [CrossRef]

36. Wang, S.A.; Hutchinson, L.; Tang, G.; Chen, S.S.; Miron, P.M.; Huh, Y.O.; Jones, D.M.; Bueso-Ramos, C.; Verstovsek, S.; Medeiros,
L.J.; et al. Systemic mastocytosis with associated clonal hematological non-mast cell lineage disease: Clinical signifi-cance and
comparison of chomosomal abnormalities in SM and AHNMD components. Am. J. Hematol. 2013, 88, 219–224. [CrossRef]

37. Pardanani, A.; Lim, K.-H.; Lasho, T.L.; Finke, C.; McClure, R.F.; Li, C.-Y.; Tefferi, A. Prognostically relevant breakdown of 123
patients with systemic mastocytosis associated with other myeloid malignancies. Blood 2009, 114, 3769–3772. [CrossRef] [PubMed]

38. Galura, G.M.; Cherukuri, S.V.; Hakim, N.; Gaur, S.; Orazi, A. Acute aleukemic mast cell leukemia: Report of a case and review of
the literature. Leuk. Res. Rep. 2020, 14, 100230. [CrossRef]

39. Leguit, R.; Hebeda, K.; Kremer, M.; Van Der Walt, J.; Gianelli, U.; Tzankov, A.; Orazi, A. The Spectrum of Aggressive Mastocytosis:
A Workshop Report and Literature Review. Pathobiol. 2019, 87, 2–19. [CrossRef] [PubMed]

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

41. 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. [PubMed]

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

43. Vandenbark, G.R.; DeCastro, C.M.; Taylor, H.; Dew-Knight, S.; Kaufman, R.E. Cloning and structural analysis of the human c-kit
gene. Oncogene 1992, 7, 1259–1266. [PubMed]

44. Giebel, L.B.; Strunk, K.M.; Holmes, S.A.; Spritz, R.A. Organization and nucleotide sequence of the human KIT (mast/stem cell
growth factor receptor) pro-to-oncogene. Oncogene 1992, 7, 2207–2217. [PubMed]

http://doi.org/10.6004/jnccn.2018.0088
http://doi.org/10.1111/bjh.14967
http://doi.org/10.1038/modpathol.2010.224
http://doi.org/10.1016/S0046-8177(85)80252-5
http://doi.org/10.1136/jcp.2003.014860
http://doi.org/10.1016/S0145-2126(03)00065-1
http://doi.org/10.1016/S1525-1578(10)60529-6
http://doi.org/10.1016/j.leukres.2003.10.035
http://www.ncbi.nlm.nih.gov/pubmed/15203275
http://doi.org/10.1158/0008-5472.CAN-16-2234
http://www.ncbi.nlm.nih.gov/pubmed/28254862
http://doi.org/10.1182/blood-2009-10-249979
http://www.ncbi.nlm.nih.gov/pubmed/20056798
http://doi.org/10.1002/ajh.25302
http://www.ncbi.nlm.nih.gov/pubmed/30281840
http://doi.org/10.1002/ajh.25269
http://www.ncbi.nlm.nih.gov/pubmed/30156701
http://doi.org/10.1111/j.1365-2222.2007.02804.x
http://doi.org/10.1016/j.jaci.2013.05.026
http://www.ncbi.nlm.nih.gov/pubmed/23890756
http://doi.org/10.1016/j.iac.2014.02.001
http://doi.org/10.1136/ard.2009.124511
http://doi.org/10.1002/ajh.23380
http://doi.org/10.1182/blood-2009-05-220145
http://www.ncbi.nlm.nih.gov/pubmed/19713463
http://doi.org/10.1016/j.lrr.2020.100230
http://doi.org/10.1159/000504099
http://www.ncbi.nlm.nih.gov/pubmed/31802761
http://doi.org/10.1182/blood.2019000932
http://www.ncbi.nlm.nih.gov/pubmed/1704394
http://doi.org/10.1016/j.iac.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24745671
http://www.ncbi.nlm.nih.gov/pubmed/1377810
http://www.ncbi.nlm.nih.gov/pubmed/1279499


Medicina 2021, 57, 1135 18 of 20

45. 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]

46. Bibi, S.; Langenfeld, F.; Jeanningros, S.; Brenet, F.; Soucie, E.; Hermine, O.; Damaj, G.; Dubreuil, P.; Arock, M. Molecular defects in
mastocytosis: KIT and beyond KIT. Immunol. Allergy Clin. N. Am. 2014, 34, 239–262. [CrossRef]

47. Grinfeld, J.; Nangalia, J.; Baxter, E.J.; Wedge, D.; Angelopoulos, N.; Cantrill, R.; Godfrey, A.L.; Papaemmanuil, E.; Gundem,
G.; MacLean, C.; et al. Classification and Personalized Prognosis in Myeloproliferative Neoplasms. N. Engl. J. Med. 2018, 379,
1416–1430. [CrossRef]

48. Orfao, A.; Garcia-Montero, A.C.; Sanchez, L.; Escribano, L. Recent advances in the understanding of mastocytosis: The role of KIT
mutations. Br. J. Haematol. 2007, 138, 12–30. [CrossRef]

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

50. Schwaab, J.; Schnittger, S.; Sotlar, K.; Walz, C.; Fabarius, A.; Pfirrmann, M.; Kohlmann, A.; Grossmann, V.; Meggendorfer,
M.; Horny, H.-P.; et al. Comprehensive mutational profiling in advanced systemic mastocytosis. Blood 2013, 122, 2460–2466.
[CrossRef]

51. Jawhar, M.; Schwaab, J.; Schnittger, S.; Sotlar, K.; Horny, H.-P.; Metzgeroth, G.; Müller, N.; Schneider, S.; Naumann, N.; Walz, C.;
et al. Molecular profiling of myeloid progenitor cells in multi-mutated advanced systemic mastocytosis identifies KIT D816V as a
distinct and late event. Leukemia 2015, 29, 1115–1122. [CrossRef]

52. Jawhar, M.; Schwaab, J.; Schnittger, S.; Meggendorfer, M.; Pfirrmann, M.; Sotlar, K.; Horny, H.-P.; Metzgeroth, G.; Kluger, S.;
Naumann, N.; et al. Additional mutations in SRSF2, ASXL1 and/or RUNX1 identify a high-risk group of patients with KIT
D816V+ advanced systemic mastocytosis. Leukemia 2016, 30, 136–143. [CrossRef]

53. Pardanani, A.; Lasho, T.; Elala, Y.; Wassie, E.; Finke, C.; Reichard, K.K.; Chen, D.; Hanson, C.A.; Ketterling, R.; Tefferi, A.
Next-generation sequencing in systemic mastocytosis: Derivation of a mutation-augmented clinical prognostic model for survival.
Am. J. Hematol. 2016, 91, 888–893. [CrossRef]

54. Martinelli, G.; Mancini, M.; De Benedittis, C.; Rondoni, M.; Papayannidis, C.; Manfrini, M.; Meggendorfer, M.; Calogero, R.;
Guadagnuolo, V.; Fontana, M.C.; et al. SETD2 and histone H3 lysine 36 methylation deficiency in advanced systemic mastocytosis.
Leukemia 2017, 32, 139–148. [CrossRef] [PubMed]

55. Carvalho, S.; Vítor, A.; Sridhara, S.C.; Martins, F.B.; Raposo, A.C.; Desterro, J.; Ferreira, J.; De Almeida, S.F. SETD2 is required for
DNA double-strand break repair and activation of the p53-mediated checkpoint. eLife 2014, 3, e02482. [CrossRef] [PubMed]

56. Li, F.; Mao, G.; Tong, D.; Huang, J.; Gu, L.; Yang, W.; Li, G.-M. The Histone Mark H3K36me3 Regulates Human DNA Mismatch
Repair through Its Interaction with MutSα. Cell 2013, 153, 590–600. [CrossRef] [PubMed]

57. Swolin, B.; Rödjer, S.; Roupe, G. Cytogenetic Studies in Patients with Mastocytosis. Cancer Genet. Cytogenet. 2000, 120, 131–135.
[CrossRef]

58. Gupta, R.; Bain, B.J.; Knight, C.L. Cytogenetic and Molecular Genetic Abnormalities in Systemic Mastocytosis. Acta Haematol.
2002, 107, 123–128. [CrossRef]

59. Naumann, N.; Jawhar, M.; Schwaab, J.; Kluger, S.; Lübke, J.; Metzgeroth, G.; Popp, H.D.; Khaled, N.; Horny, H.-P.; Sotlar, K.; et al.
Incidence and prognostic impact of cytogenetic aberrations in patients with systemic mastocytosis. Genes Chromosom. Cancer
2018, 57, 252–259. [CrossRef]

60. Shah, S.; Pardanani, A.; Elala, Y.C.; Lasho, T.L.; Patnaik, M.M.; Reichard, K.K.; Hanson, C.A.; Ketterling, R.P.; Tefferi, A.
Cytogenetic abnormalities in systemic mastocytosis: WHO subcategory-specific incidence and prognostic im-pact among 348
informative cases. Am. J. Hematol. 2018, 93, 1461–1466. [CrossRef]

61. 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]

62. Jawhar, M.; Schwaab, J.; Álvarez-Twose, I.; Shoumariyeh, K.; Naumann, N.; Lübke, J.; Perkins, C.; Muñoz-González, J.I.;
Meggendorfer, M.; Kennedy, V.; et al. MARS: Mutation-Adjusted Risk Score for Advanced Systemic Mastocytosis. J. Clin. Oncol.
2019, 37, 2846–2856. [CrossRef]

63. Sperr, W.R.; Kundi, M.; Alvarez-Twose, I.; van Anrooij, B.; Elberink, J.N.G.O.; Górska, 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]

64. Castells, M.; Butterfield, J. Mast Cell Activation Syndrome and Mastocytosis: Initial Treatment Options and Long-Term Man-
agement. J. Allergy Clin. Immunol. Pract. 2019, 7, 1097–1106. [CrossRef] [PubMed]

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

66. Jendoubi, F.; Gaudenzio, N.; Gallini, A.; Negretto, M.; Paul, C.; Livideanu, C.B. Omalizumab in the treatment of adult patients
with mastocytosis: A systematic review. Clin. Exp. Allergy 2020, 50, 654–661. [CrossRef]

67. Distler, M.; Maul, J.-T.; Steiner, U.C.; Jandus, P.; Kolios, A.G.; Murer, C.; Graf, N.; Seebach, J.D.; Pichler, W.J.; Navarini, A.A.; et al.
Efficacy of Omalizumab in Mastocytosis: Allusive Indication Obtained from a Prospective, Double-Blind, Multicenter Study
(XOLMA Study). Dermatology 2020, 236, 529–539. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.92.23.10560
http://doi.org/10.1016/j.iac.2014.01.009
http://doi.org/10.1056/NEJMoa1716614
http://doi.org/10.1111/j.1365-2141.2007.06619.x
http://doi.org/10.1002/ajh.23672
http://doi.org/10.1182/blood-2013-04-496448
http://doi.org/10.1038/leu.2015.4
http://doi.org/10.1038/leu.2015.284
http://doi.org/10.1002/ajh.24426
http://doi.org/10.1038/leu.2017.183
http://www.ncbi.nlm.nih.gov/pubmed/28663576
http://doi.org/10.7554/eLife.02482
http://www.ncbi.nlm.nih.gov/pubmed/24843002
http://doi.org/10.1016/j.cell.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23622243
http://doi.org/10.1016/S0165-4608(99)00256-3
http://doi.org/10.1159/000046642
http://doi.org/10.1002/gcc.22526
http://doi.org/10.1002/ajh.25265
http://doi.org/10.1182/bloodadvances.2018026245
http://doi.org/10.1200/JCO.19.00640
http://doi.org/10.1016/S2352-3026(19)30166-8
http://doi.org/10.1016/j.jaip.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/30961835
http://doi.org/10.1056/NEJMra1409760
http://www.ncbi.nlm.nih.gov/pubmed/26154789
http://doi.org/10.1111/cea.13592
http://doi.org/10.1159/000504842
http://www.ncbi.nlm.nih.gov/pubmed/31958790


Medicina 2021, 57, 1135 19 of 20

68. Jennings, S.V.; Slee, V.M.; Zack, R.M.; Verstovsek, S.; George, T.; Shi, H.; Lee, P.; Castells, M.C. Patient Perceptions in Mast Cell
Disorders. Immunol. Allergy Clin. N. Am. 2018, 38, 505–525. [CrossRef] [PubMed]

69. Lamb, N.Y.; Deeks, E.D. Sarilumab: A Review in Moderate to Severe Rheumatoid Arthritis. Drugs 2018, 78, 929–940. [CrossRef]
[PubMed]

70. Youngblood, B.A.; Brock, E.C.; Leung, J.; Chang, A.T.; Bebbington, C.; Tomasevic, N. AK002, a Novel Humanized Monoclonal
Antibody to Siglec-8, Inhibits Mast Cell Activity and De-pletes Eosinophils in Ex Vivo Bone Marrow Tissue from Patients with
Systemic Mastocytosis. Blood 2018, 132 (Suppl. S1), 1104. [CrossRef]

71. Hochhaus, A.; Baccarani, M.; Giles, F.J.; Le Coutre, P.D.; Müller, M.C.; Reiter, A.; Santanastasio, H.; Leung, M.; Novick, S.;
Kantarjian, H.M. Nilotinib in patients with systemic mastocytosis: Analysis of the phase 2, open-label, single-arm nilotinib
registration study. J. Cancer Res. Clin. Oncol. 2015, 141, 2047–2060. [CrossRef]

72. Verstovsek, S.; Tefferi, A.; Cortes, J.; O’Brien, S.; Garcia-Manero, G.; Pardanani, A.; Akin, C.; Faderl, S.; Manshouri, T.; Thomas,
D.; et al. Phase II Study of Dasatinib in Philadelphia Chromosome–Negative Acute and Chronic Myeloid Diseases, Including
Systemic Mastocytosis. Clin. Cancer Res. 2008, 14, 3906–3915. [CrossRef]

73. Broderick, V.; Waghorn, K.; Langabeer, S.E.; Jeffers, M.; Cross, N.C.; Hayden, P.J. Molecular response to imatinib in KIT
F522C-mutated systemic mastocytosis. Leuk. Res. 2018, 77, 28–29. [CrossRef]

74. Alvarez-Twose, I.; Matito, A.; Morgado, J.M.; Sanchez-Muñoz, L.; Jara-Acevedo, M.; Garcia-Montero, A.C.; Mayado, A.; Caldas,
C.; Teodosio, C.; Muñoz-González, J.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 2016, 8, 68950–68963. [CrossRef] [PubMed]

75. Peter, B.; Winter, G.; Blatt, K.; Bennett, K.L.; Stefanzl, G.; Rix, U.; Eisenwort, G.; Hadzijusufovic, E.; Gridling, M.; Dutreix, C.; et al.
Target interaction profiling of midostaurin and its metabolites in neoplastic mast cells predicts distinct effects on activation and
growth. Leukemia 2016, 30, 464–472. [CrossRef] [PubMed]

76. Gleixner, K.V.; Mayerhofer, M.; Aichberger, K.J.; Derdak, S.; Sonneck, K.; Böhm, A.; Gruze, A.; Samorapoompichit, P.; Manley,
P.W.; 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]

77. 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, 2605–2606. [CrossRef]

78. Grifoni, F.I.; Sciumé, M.; Pravettoni, V.; Ulivieri, F.M.; Muratori, S.; Fracchiolla, N.; Tagliaferri, E.; Gianelli, U.; Migliorini, A.C.;
Cro, L.; et al. A case report of systemic mastocytosis associated with multiple hematologic non–mast cell lineage diseases. Hematol.
Oncol. 2019, 37, 205–211. [CrossRef]

79. Barete, S.; Lortholary, O.; Damaj, G.; Hirsch, I.; Chandesris, M.-O.; Elie, C.; Hamidou, M.; Durieu, I.; Suarez, F.; Grosbois, B.; et al.
Long-term efficacy and safety of cladribine (2-CdA) in adult patients with mastocytosis. Blood 2015, 126, 1009–1016. [CrossRef]

80. Lim, K.H.; Pardanani, A.; Butterfield, J.H.; Li, C.-Y.; Tefferi, A. Cytoreductive therapy in 108 adults with systemic mastocytosis:
Outcome analysis and response prediction during treatment with interferon-alpha, hydroxyurea, imatinib mesylate or 2-
chlorodeoxyadenosine. Am. J. Hematol. 2009, 84, 790–794. [CrossRef]

81. Valent, P.; Akin, C.; Hartmann, K.; George, T.; Sotlar, K.; Peter, B.; Gleixner, K.; Blatt, K.; Sperr, W.; Manley, P.; et al. Midostaurin:
A magic bullet that blocks mast cell expansion and activation. Ann. Oncol. 2017, 28, 2367–2376. [CrossRef]

82. van Anrooij, B.; Elberink, J.N.G.O.; Span, L.F.R.; de Monchy, J.G.R.; Rosati, S.; Mulder, A.B.; Kluin-Nelemans, J.C. Midostaurin
in patients with indolent systemic mastocytosis: An open-label phase 2 trial. J. Allergy Clin. Immunol. 2018, 142, 1006–1008.e7.
[CrossRef] [PubMed]

83. Gotlib, J. Activity of the tyrosine kinase inhibitor PKC412 in a patient with mast cell leukemia with the D816V KIT mutation.
Blood 2005, 106, 2865–2870. [CrossRef] [PubMed]

84. Szudy-Szczyrek, A.; Bachanek-Mitura, O.; Gromek, T.; Chromik, K.; Mital, A.; Szczyrek, M.; Krupski, W.; Szumiło, J.; Kanduła, Z.;
Helbig, G.; et al. Real-World Efficacy of Midostaurin in Aggressive Systemic Mastocytosis. J. Clin. Med. 2021, 10, 1109. [CrossRef]
[PubMed]

85. 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]

86. Gotlib, J.; Pardanani, A.; Akin, C.; Reiter, A.; George, T.; Hermine, O.; Kluin-Nelemans, H.; Hartmann, K.; Sperr, W.R.; Brockow, K.;
et al. International Working Group-Myeloproliferative Neoplasms Research and Treatment (IWG-MRT) & Europe-an Competence
Network on Mastocytosis (ECNM) consensus response criteria in advanced systemic mastocytosis. Blood 2013, 121, 2393–2401.
[PubMed]

87. Smith, B.D.; Kaufman, M.D.; Lu, W.-P.; Gupta, A.; Leary, C.B.; Wise, S.C.; Rutkoski, T.J.; Ahn, Y.M.; Al-Ani, G.; Bulfer, S.L.; et al.
Ripretinib (DCC-2618) Is a Switch Control Kinase Inhibitor of a Broad Spectrum of Oncogenic and Drug-Resistant KIT and
PDGFRA Variants. Cancer Cell 2019, 35, 738–751.e9. [CrossRef]

88. Lortholary, O.; Chandesris, M.O.; Livideanu, C.B.; Paul, C.; Guillet, G.; Jassem, E.; Niedoszytko, M.; Barete, S.; Verstovsek, S.;
Grattan, C.; et al. Masitinib for treatment of severely symptomatic indolent systemic mastocytosis: A randomised, placebo-
controlled, phase 3 study. Lancet 2017, 389, 612–620. [CrossRef]

http://doi.org/10.1016/j.iac.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/30007467
http://doi.org/10.1007/s40265-018-0929-z
http://www.ncbi.nlm.nih.gov/pubmed/29931592
http://doi.org/10.1182/blood-2018-99-119232
http://doi.org/10.1007/s00432-015-1988-0
http://doi.org/10.1158/1078-0432.CCR-08-0366
http://doi.org/10.1016/j.leukres.2018.12.010
http://doi.org/10.18632/oncotarget.10711
http://www.ncbi.nlm.nih.gov/pubmed/28978170
http://doi.org/10.1038/leu.2015.242
http://www.ncbi.nlm.nih.gov/pubmed/26349526
http://doi.org/10.1182/blood-2005-07-3022
http://doi.org/10.1056/NEJMc1515403
http://doi.org/10.1002/hon.2605
http://doi.org/10.1182/blood-2014-12-614743
http://doi.org/10.1002/ajh.21561
http://doi.org/10.1093/annonc/mdx290
http://doi.org/10.1016/j.jaci.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29890238
http://doi.org/10.1182/blood-2005-04-1568
http://www.ncbi.nlm.nih.gov/pubmed/15972446
http://doi.org/10.3390/jcm10051109
http://www.ncbi.nlm.nih.gov/pubmed/33799933
http://doi.org/10.1126/scitranslmed.aao1690
http://www.ncbi.nlm.nih.gov/pubmed/29093181
http://www.ncbi.nlm.nih.gov/pubmed/23325841
http://doi.org/10.1016/j.ccell.2019.04.006
http://doi.org/10.1016/S0140-6736(16)31403-9


Medicina 2021, 57, 1135 20 of 20

89. Kelly, C.M.; Sainz, L.G.; Chi, P. The management of metastatic GIST: Current standard and investigational therapeutics. J. Hematol.
Oncol. 2021, 14, 1–12. [CrossRef]

90. Escribano, L.; Bravo, P.; Herrera, P.; Vargas, M.; Orfao, A.; Cerveró, C.; Miguel, J.S.; Díaz-Agustín, B.; Villarrubia, J.; Garcia-Sanz,
R.; et al. Expression of Bcl-2 by human bone marrow mast cells and its overexpression in mast cell leukemia. Am. J. Hematol. 1999,
60, 191–195. [CrossRef]

91. Aichberger, K.J.; Mayerhofer, M.; Gleixner, K.V.; Krauth, M.-T.; Gruze, A.; Pickl, W.F.; Wacheck, V.; Selzer, E.; Müllauer, L.; Agis,
H.; et al. Identification of MCL1 as a novel target in neoplastic mast cells in systemic mastocytosis: Inhibition of mast cell survival
by MCL1 antisense oligonucleotides and synergism with PKC412. Blood 2007, 109, 3031–3041. [CrossRef] [PubMed]

92. Konopleva, M.; Watt, J.; Contractor, R.; Tsao, T.; Harris, D.; Estrov, Z.; Bornmann, W.; Kantarjian, H.; Viallet, J.; Samudio, I.; et al.
Mechanisms of antileukemic activity of the novel Bcl-2 homology domain-3 mimetic GX15-070 (obato-clax). Cancer Res. 2008, 68,
3413–3420. [CrossRef] [PubMed]

93. Peter, B.; Cerny-Reiterer, S.; Hadzijusufovic, E.; Schuch, K.; Stefanzl, G.; Eisenwort, G.; Gleixner, K.V.; Hoermann, G.; Mayerhofer,
M.; Kundi, M.; et al. The pan-Bcl-2 blocker obatoclax promotes the expression of Puma, Noxa, and Bim mRNA and induces
apoptosis in neoplastic mast cells. J. Leukoc. Biol. 2013, 95, 95–104. [CrossRef] [PubMed]

94. Worobec, A.S.; Kirshenbaum, A.S.; Schwartz, L.B.; Metcalfe, D.D. Treatment of Three Patients with Systemic Mastocytosis with
Interferon Alpha-2b. Leuk. Lymphoma 1996, 22, 501–508. [CrossRef]

95. Weide, R.; Ehlenz, K.; Lorenz, W.; Walthers, E.; Klausmann, M.; Pflüger, K.H. Successful treatment of osteoporosis in systemic
mastocytosis with interferon alpha-2b. Ann. Hematol. 1996, 72, 41–43. [CrossRef]

96. Takasaki, Y.; Tsukasaki, K.; Jubashi, T.; Tomonaga, M.; Kamihira, S.; Makiyama, K. Systemic mastocytosis with extensive polypoid
lesions in the intestines; successful treatment with interfer-on-alpha. Intern. Med. 1998, 37, 484–488. [CrossRef]

97. Hübner, C.; Wedding, U.; Sträter, J.; Limberg, B.; Stremmel, W. Clinical stable systemic mastocytosis with interferon alpha-2b
therapy. J. Intern. Med. 2007, 241, 529–533. [CrossRef]

98. Hauswirth, A.W.; Simonitsch-Klupp, I.; Uffmann, M.; Koller, E.; Sperr, W.R.; Lechner, K.; Valent, P. Response to therapy with
interferon alpha-2b and prednisolone in aggressive systemic mastocytosis: Report of five cases and review of the literature. Leuk.
Res. 2004, 28, 249–257. [CrossRef]

99. Pardanani, A.; Reichard, K.K.; Zblewski, D.; Abdelrahman, R.A.; Wassie, E.A.; Ii, W.G.M.; Brooks, C.L.; Grogg, K.L.; Hanson,
C.A.; Tefferi, A.; et al. CD123 immunostaining patterns in systemic mastocytosis: Differential expression in disease subgroups
and potential prognostic value. Leukemia 2016, 30, 914–918. [CrossRef]

100. Uy, G.L.; Aldoss, I.; Foster, M.C.; Sayre, P.H.; Wieduwilt, M.J.; Advani, A.S.; Godwin, J.E.; Arellano, M.L.; Sweet, K.L.; Emadi, A.;
et al. Flotetuzumab as salvage immunotherapy for refractory acute myeloid leukemia. Blood 2021, 137, 751–762. [CrossRef]

101. Pemmaraju, N.; Lane, A.A.; Sweet, K.L.; Stein, A.S.; Vasu, S.; Blum, W.; Rizzieri, D.A.; Wang, E.S.; Duvic, M.; Sloan, J.M.; et al.
Tagraxofusp in Blastic Plasmacytoid Dendritic-Cell Neoplasm. N. Engl. J. Med. 2019, 380, 1628–1637. [CrossRef] [PubMed]

102. Toledo, M.A.S.; Gatz, M.; Sontag, S.; Gleixner, K.V.; Eisenwort, G.; Feldberg, K.; Hamouda, A.E.I.; Kluge, F.; Guareschi, R.; Rossetti,
G.; et al. Nintedanib targets KIT D816V neoplastic cells derived from induced pluripotent stem cells of systemic mastocytosis.
Blood 2021, 137, 2070–2084. [CrossRef] [PubMed]

103. Dorrance, A. Mastering drug discovery with iPSCs. Blood 2021, 137, 1993–1994. [CrossRef]
104. Efficace, F.; Gaidano, G.; Lo-Coco, F. Patient-reported outcomes in hematology: Is it time to focus more on them in clinical trials

and hematology practice? Blood 2017, 130, 859–866. [CrossRef] [PubMed]
105. Pulfer, S.; Ziehfreund, S.; Winkler, J.; Hindelang, B.; Biedermann, T.; Brockow, K.; Zink, A. Health-related quality of life and

influencing factors in adults with non-advanced mastocytosis - a cross-sectional study and qualitative approach. J. Allergy Clin.
Immunol. Pract. 2021, 9, 3166. [CrossRef]

106. Efficace, F.; Cottone, F.; Oswald, L.B.; Cella, D.; Patriarca, A.; Niscola, P.; Breccia, M.; Platzbecker, U.; Palumbo, G.A.; Caocci,
G.; et al. The IPSS-R more accurately captures fatigue severity of newly diagnosed patients with myelodysplastic syndromes
compared with the IPSS index. Leukemia 2020, 34, 2451–2459. [CrossRef]

107. Efficace, F.; Stagno, F.; Iurlo, A.; Breccia, M.; Cottone, F.; Bonifacio, M.; Abruzzese, E.; Castagnetti, F.; Caocci, G.; Crugnola, M.;
et al. Health-related quality of life of newly diagnosed chronic myeloid leukemia patients treated with first-line dasatinib versus
imatinib therapy. Leukemia 2020, 34, 488–498. [CrossRef]

108. Gamper, E.M.; Cottone, F.; Sommer, K.; Norman, R.; King, M.; Breccia, M.; Caocci, G.; Patriarca, A.; Palumbo, G.A.; Stauder, R.;
et al. The EORTC QLU-C10D was more efficient in detecting clinical known group differences in myelodys-plastic syndromes
than the EQ-5D-3L. J. Clin. Epidemiol. 2021, 137, 31–44. [CrossRef] [PubMed]

http://doi.org/10.1186/s13045-020-01026-6
http://doi.org/10.1002/(sici)1096-8652(199903)60:33.0.co;2-y
http://doi.org/10.1182/blood-2006-07-032714
http://www.ncbi.nlm.nih.gov/pubmed/17110460
http://doi.org/10.1158/0008-5472.CAN-07-1919
http://www.ncbi.nlm.nih.gov/pubmed/18451169
http://doi.org/10.1189/jlb.1112609
http://www.ncbi.nlm.nih.gov/pubmed/24052572
http://doi.org/10.3109/10428199609054789
http://doi.org/10.1007/BF00663015
http://doi.org/10.2169/internalmedicine.37.484
http://doi.org/10.1111/j.1365-2796.1997.tb00013.x
http://doi.org/10.1016/S0145-2126(03)00259-5
http://doi.org/10.1038/leu.2015.348
http://doi.org/10.1182/blood.2020007732
http://doi.org/10.1056/NEJMoa1815105
http://www.ncbi.nlm.nih.gov/pubmed/31018069
http://doi.org/10.1182/blood.2019004509
http://www.ncbi.nlm.nih.gov/pubmed/33512435
http://doi.org/10.1182/blood.2020010456
http://doi.org/10.1182/blood-2017-03-737403
http://www.ncbi.nlm.nih.gov/pubmed/28694324
http://doi.org/10.1016/j.jaip.2021.04.059
http://doi.org/10.1038/s41375-020-0746-8
http://doi.org/10.1038/s41375-019-0563-0
http://doi.org/10.1016/j.jclinepi.2021.03.015
http://www.ncbi.nlm.nih.gov/pubmed/33753228

	Introduction 
	Clinical Presentation and Diagnostic Work-Up 
	Molecular Aspects: KIT and beyond as Biomarkers of the Disease 
	Cytogenetic Information 
	Risk Stratification 
	Treatment 
	BLC-2 Inhibitors 
	Future Perspectives 

	Conclusions 
	References

