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Frequency and prognostic impact of blood-circulating
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Circulating tumor mast cells (CTMCs) have been identified in the blood of a small number
of patients with advanced systemic mastocytosis (SM). However, data are limited about
their frequency and prognostic impact in patients with MC activation syndrome (MCAS),
cutaneous mastocytosis (CM) and nonadvanced SM. We investigated the presence of
CTMCs and MC-committed CD34" precursors in the blood of 214 patients with MCAS,
CM, or SM using highly sensitive next-generation flow cytometry. CTMCs were detected
at progressively lower counts in almost all patients with advanced SM (96%) and smolder-
J ing SM (SSM; 100%), nearly half of the patients (45%) with indolent SM (ISM), and a few

patients (7%) with bone marrow (BM) mastocytosis but were systematically absent in
patients with CM and MCAS (P < .0001). In contrast to CTMC counts, the number of MC-committed CD34" precursors
progressively decreased from MCAS, CM, and BM mastocytosis to ISM, SSM, and advanced SM (P < .0001). Clinically,
the presence (and number) of CTMCs in blood of patients with SM in general and nonadvanced SM (ISM and BM mas-
tocytosis) in particular was associated with more adverse features of the disease, poorer-risk prognostic subgroups as
defined by the International Prognostic Scoring System for advanced SM (P < .0001) and the Global Prognostic Score
for mastocytosis (P < .0001), and a significantly shortened progression-free survival (P < .0001) and overall survival
(P = .01). On the basis of our results, CTMCs emerge as a novel candidate biomarker of disseminated disease in SM

® CTMCs in the blood of
patients with SM are
associated with more
advanced disease,
adverse prognostic
features, and poorer
outcome.

that is strongly associated with advanced SM and poorer prognosis in patients with ISM.

Introduction

Mast cell (MC) disorders encompass a heterogeneous group of
diseases with highly variable clinical behavior and outcome,
among which mastocytosis and (nonclonal) MC activation syn-
drome (MCAS) are the most prevalent entities.'? Mastocytosis
on its own also consists of a heterogeneous disease that may or
may not present with MCAS (eg, primary MCAS).®> Mastocytosis
is typically characterized by the expansion and accumulation of
clonal (eg, KIT-mutated) MCs in 1 or more organ systems, such
as skin, bone marrow (BM), liver, spleen, and/or the gastrointes-
tinal tract.®® The current World Health Organization (WHO)
classification divides mastocytosis into variants restricted to a sin-
gle tissue (ie, cutaneous mastocytosis [CM]) and systemic masto-
cytosis (SM) with simultaneous involvement of 2 or more organ
systems (typically BM and skin) in addition to rare localized forms
of mastocytosis (ie, MC sarcoma).® SM is further subclassified by
WHO into indolent SM (ISM, including the provisional variant of
BM mastocytosis [BMM]), smoldering SM (SSM), and more
advanced forms of SM consisting of aggressive SM, SM associ-
ated with another hematologic neoplasm (SM-AHN), and mast
cell leukemia.” In turn, MCAS includes a subset of mastocytosis
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and other clonal MCASs (ie, primary MCAS), together with a
major group of secondary and idiopathic MCASs in which clonal
MCs are not detected.® Among patients with primary MCAS,
those predominate who present with MCAS and who have the
diagnostic criteria for ISM because of BM involvement by clonal
mast cells (eg, CD25" and KITP8'V*) in the absence of skin
lesions and involvement of other tissues together with other
types of ISM and advanced SM. A small group of patients carry
clonal MCs without fulfilling the diagnostic criteria for mastocy-
tosis. These patients are grouped under the term monoclonal
mast cell activation syndrome (MMAS). Of note, patients with
either BMM or MMAS typically present with a very low clonal
MC burden in BM.?

To reach different tissues and distant sites within a tissue,
BM-derived MC precursors migrate via the blood to distant
sites in BM and other tissues (eg, the skin and the gastroin-
testinal tract).’®"" Thus, circulating CD45™CD34%SSC'®-
Lin"CD117""FceRI™ MC precursors, in the absence of more
mature CD117"CD457CD34 FceRIM MCs, are found at low
counts in the blood of healthy adults.”®™" Likewise, low per-
centages of circulating MC precursors have also been
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Figure 1. Representative bivariate dot plots illustrating the absence or presence of different levels of CTMCs and MC-committed CD34* precursors in blood
of representative CTMC or CTMC " patients. (A-C) Data for whole blood cells are shown. Red dots represent CTMCs; blue dots, CD34* MC precursors; green dots,
other CD34™" cells; gray dots, other nucleated cells. (A) CTMC™ and (B-C) CTMC *patients. APC, allophycocyanin; FITC; fluorescein isothiocyanate; PE, phycoerythrin.

reported in the blood of patients with SM at levels similar to
those identified in healthy adults (median, ~0.005% of all
Ieukocytes).11 In SM, however, MC precursors might coexist
in blood with KIT-mutated circulating tumor MCs (CTMCs) in
at least a subset of patients.'?"3

Thus, CTMCs have long been reported in patients with
advanced SM on the basis of low-sensitive cytomorphologic
and inmunophenotypic approaches, suggesting that the
presence of CTMCs is a unique feature of more advanced
and severe forms of the disease.' "> More recently, Dahlin
et al'® confirmed the presence of CD117"'CD34 FceRI*
CTMCs by flow cytometry in the blood of a limited number
of patients with advanced SM (4 of 4; 2 with aggressive SM
and 2 with SM-AHN); in contrast, they were unable to detect

CIRCULATING TUMOR MAST CELLS IN MASTOCYTOSIS

CTMCs in the blood of 6 patients with ISM. In parallel,
Mayado et al'? have also detected CTMCs in the blood of
~25% of patients with ISM who showed more adverse prog-
nostic features, such as multilineage involvement of BM
hematopoiesis by KITP8'¢Y, greater serum baseline typtase,
and higher MC counts in BM.""2° These findings suggest
that CTMCs might also be present not only in patients with
advanced SM but also in a fraction of patients with ISM in
association with more adverse disease features. However,
the actual frequency of patients with SM who have CTMCs
and the potential impact of CTMCs on disease behavior and
patient outcome still remain to be determined.

Here, we used a highly sensitive next-generation flow cytom-
etry approach to investigate the frequency of CTMCs and
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Figure 2. Distribution of CTMCs in blood of healthy donors and patients with MCAS, CM, or SM. Patients were classified according to (A-C) WHO diagnostic
disease categories and (D) GPSM-PFS and (E) advanced SM (AdvSM)-IPSM risk stratification models. In each panel, boxes extend from the 25th to the 75th percentiles;
the horizontal line in each box corresponds to the median value and vertical lines denote the 5th and 95th percentiles. In addition, the percentage of CTMC* (ie, =10
CTMCs per ml) patients per diagnostic category is shown along the top of each panel. HD, healthy donor; Inter, intermediate; MCL, mast cell leukemia; PB, peripheral
blood.
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Figure 3. Most relevant phenotypic features of BMMCs and blood CTMCs in patients diagnosed with MCAS and distinct diagnostic categories of mastocytosis.
On the basis of their BMMC phenotype, patients were classified as having a normal or reactive (CD25 CD2 CD30~/*CD33"FceRI™") phenotype, a mixed normal
(CD257) and aberrant (CD25%) mature (FceRI™"™) phenotype, an aberrant (CD25") phenotype, or an immature (FceRI™'") and aberrant (CD25%) phenotype. (A) Distribution
of BMMC phenotypes according to diagnosis. (B-G) Levels of expression of distinct phenotypic markers on blood CTMCs expressed as mean fluorescence intensity (MFI)
values (arbitrary units scaled from 0 to 262 144) per diagnostic category of SM are shown.

CD34™ MC precursors in the blood of a large cohort of 214
patients with MCAS (n = 21), CM (n = 13), or SM (n =
180).2" Our ultimate goal was to determine the potential
association between the presence of CTMCs in blood and
the clinical behavior of these MC diseases and patient
outcome.

CIRCULATING TUMOR MAST CELLS IN MASTOCYTOSIS

Patients and methods
Patients and samples

Seven patients with MMAS and 14 patients with nonclonal
MCAS (hereafter both are named MCAS) (57% males; median
age, 53 years [range, 19-80 years]) and 193 patients with
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Figure 4. Distribution of total CD34" HPC and MC-committed CD34" precursors in the blood of patients with MCAS and different diagnostic categories of
mastocytosis according to the absence or presence of CTMCs in blood. (A-C) HPSCs and (D-l) MC-committed CD34" precursors in the blood of patients with
MCAS or different diagnostic categories of mastocytosis, according to the absence or presence of CTMCs in blood. HPSCs, hematopoietic precursor and stem cells.

mastocytosis (51% males; median age, 57 years [range 10-85
years]) were studied in parallel with paired normal BM and
peripheral blood samples from 14 healthy adults (64% men;
median age, 60 years [range, 26-75 years]) who had no past or
present history of allergy. In every patient, diagnosis and classifi-
cation of MCAS were established according to Valent et al® and
diagnosis and classification of mastocytosis were established
according to the WHO criteria.® In SM-AHN, diagnosis of the
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AHN component was based on WHO criteria®?? with the follow-
ing distribution: myelodysplastic syndrome, 3 patients; myelo-
dysplastic syndrome/myeloproliferative disorder, 4 patients;
chronic eosinophilic leukemia/hypereosinophilic syndrome, 2
patients; plasma cell myeloma, 2 patients; and peripheral or
mature T-cell leukemia, 1 patient. Patients were observed at the
reference centers of the Spanish Network on Mastocytosis
(REMA; Mast Cell Unit, Hospital Virgen del Valle, Toledo, Spain,

HENRIQUES et al
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and the Cancer Research Centre, Salamanca, Spain). Before
entering the study, each patient gave their informed consent to
participate according to the Declaration of Helsinki, and the
study was approved by the local institutional ethics committees.
Each patient with SM was further classified at diagnosis into the
risk groups defined by the Global Prognostic Score for Mastocy-
tosis (GPSM)?® for progression-free survival (PFS) and the Inter-
national Prognostic Score for (Advanced) Mastocytosis (IPSM)?*
for overall survival (OS). When this study closed, none of the
patients with MCAS or CM had shown disease progression or
death, whereas 19 patients with SM had progressed to more
advanced forms of SM (supplemental Methods, available at the
Blood Web site) after a median follow-up of 6 years (range, 1-31
years), and 5 patients with SM had died as a result of
SM-related causes after a median follow-up of 7 years (range,
2-12 years). The main clinical, laboratory, and genetic features of
patients with MCAS (n = 21), CM (n = 13), or SM (n = 180) are
provided in supplemental Table 1.

Immunophenotypic studies

Blood and BM samples were separately collected in tubes con-
taining (K3)EDTA and stained fresh (<24 hours after collection)
with a combination of 8 different fluorochrome-conjugated
markers (CD30, CD45, FceRI, CD25, CD33, CD117, CD203c,
and CD34) (supplemental Table 2). Flow cytometry sample
immunophenotyping, data acquisition, and analysis were per-
formed for a total of 1 X 107 peripheral blood and >5 X 10°
BM cells per tube following the recommendations of REMA, as
described in detail in supplemental Methods. The presence of
CTMCs was defined as a homogeneous population of =20 cells
meeting previously established criteria®>2® for aberrant MCs (ie,
SSCMMFSCMMCD25 " CD30/* CD45™CD117"FeeRI™ " CD33*
CD203c™) (Figure 1). In parallel, CD34" hematopoietic precursor
and stem cells (HPSCs) and their subset of MC-committed
CD34*CD117* " FceRITCD203c™ precursors were also identified
(Figure 1; supplemental Figure 1)1112
in supplemental Methods. Individual patients were subclassified
on the basis of the overall phenotypic profile of BM MCs
(BMMCs) into patients with a normal mature FceRI*CD117-
hCcD25- phenotype (n = 36), a mixed (coexisting) normal-mature
FceRITCD117MCD25™ and aberrant (mature and activated) CD25*
phenotype (n = 32), an aberrant mature FceRI"CD1 17"CcD25*
phenotype in the absence of normal BMMCs (n = 82), or an
immature FceRI”'°“CD117*CD25" BMMC phenotype (n = 55)
(supplemental Methods).

and counted as described

Gene mutation analyses

KITP8®Y was investigated in genomic DNA obtained from total
blood and BM leukocytes, as well as fluorescence-activated cell
sorted-purified (ie, >98% purity) populations of BM and blood
MCs, neutrophils, monocytes, CD34" HPSCs, and T cells using
2 previously described?”?® molecular methods (supplemental
Methods) with a detection limit of 0.01%; the percentage of
KITP8'¢Y mutated cells was calculated using the delta-delta Ct
(AACY) method, as previously described.?® On the basis of the
results obtained with both methods, all patients were further
subclassified according to the pattern of involvement of BM
hematopoiesis by the KIT mutation as having either
MC-restricted or multilineal involvement of BM hematopoiesis.
In the former, the KIT mutation was restricted to BMMCs, and in
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the latter, it was also detected in other purified myeloid or mye-
loid plus lymphoid cell populations from BM.

Next-generation  sequencing was performed in whole
BM-derived genomic DNA from a subset of 65 patients with SM
(6 with BMM, 38 with ISM, 5 with SSM, and 16 with advanced
SM) for a total of 18 genes (ASXL1, CBL, CDH11, DNMT3A,
EZH2, EPHA7, ICK, IKZF1, ITGA10, JAK2, KATéB, KRAS,
PIK3CD, ROS1, RUNX1, SF3B1, SRSF2, and TET2). In line with
previous studies, SRSF2, ASXL1, and/or RUNXT (S/A/R) gene
panel, plus DNMT3A and EZH2 gene mutations, which have
been associated with poorer patient outcome'®2?3° were used
for further genetic subclassification of patients with SM. TET2,
the most common gene mutated in SM was excluded from this
subclassification because it showed no prognostic impact in
GM 2930

Statistical methods

Differences between groups were assessed by using the
Kruskal-Wallis and the Mann-Whitney U tests (for continuous var-
iables) or the x? test (for categorical variables), and correlation
between variables was assessed by the two-sided Spearman’s
rho (p) for nonparametric data. PFS and OS curves were plotted
by the Kaplan-Meier method, and the statistical significance of
differences between survival curves was estimated by the log-
rank test. Statistical significance was set at P < .05 (supplemen-
tal Methods).

Results

CTMCs in the blood of patients with MCAS or
mastocytosis

Overall, no CTMCs were detected in any of the healthy adults
(0 [0%] of 14), patients with MCAS (0 [0%] of 21), or patients
with CM (0 [0%] of 13) (Figure 2A). In contrast, CTMCs were
found at relatively low numbers (median, 45 cells per ml) in
almost half (83 [46%)] of 180) of all patients with SM (Figure 2A;
supplemental Table 3A). Among patients with SM, virtually all of
those with advanced SM (24 [96%)] of 25) or SSM (9 [100%] of 9)
showed CTMCs in blood with median counts of 348 cells per
mL and 24 cells per mL (P < .0001), respectively (Figure 2B;
supplemental Table 3A). In turn, CTMCs were less frequently
found in the blood of patients with ISM (47 [45%)] of 105) and
were rarely detected in patients with BMM (3 [7% of 41), where
they were found at significantly (P < .0001) lower median
CTMCs counts: 30 cells per mL in patients with BMM or ISM vs
348 cells per mL in patients with advanced SM (Figure 2C;
supplemental Table 3A).

Of note, a significant association was observed between an
immature BMMC phenotype and the presence of CTMCs in the
blood (Figure 3A). Thus, almost every patient with advanced SM
or SSM, as well as more than half of patients with BMM and
patients with ISM who had CTMCs in the blood showed an
immature (chRI’/IOW) MC phenotype in BM (Figure 3A). In con-
trast, virtually all patients with BMM or ISM who had undetect-
able CTMCs in blood displayed a mature (FceRI") BMMC
phenotype (P < .0001), including a high frequency of patients
with mixed phenotypically normal (CD257) and aberrant (CD25™)
mature MCs (46% and 26% of patients vs 0% in patients with
SSM or advanced SM, respectively) (Figure 3A). In addition,
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Figure 5. Impact of the presence of CTMCs in blood on the outcome of patients with mastocytosis. (A) PFS and (B) OS for the whole cohort of patients with

mastocytosis (n = 193). (C) The impact of the presence of CTMCs on PFS of patients with nonadvanced SM (n = 155). NR, not reached.

BMMCs from patients with MCAS or CM systematically showed
a normal (CD257) mature (FceRI™) immunophenotype (Figure
3A). Conversely, CTMCs with a normal (CD257) phenotype were
not detected in any of the patients or healthy donors we investi-
gated. In line with these findings, progressively lower expression
levels of markers associated with mature MCs (ie, FceRI,
CD203c, and CD33) were detected on the surface membrane of
blood CTMCs from patients with BMM, ISM, or SSM (P = .015,
P> .05, and P = .02, respectively) or advanced SM (P = .008,
P < .0001, and P = .03, respectively) (Figure 3B-D). In contrast,
similar levels of expression of CD117, CD25, and CD30 were
observed on MCs from the distinct groups of SM in BM (data
not shown) and in the blood (Figure 3E-G). Overall, CTMCs con-
sisted of a population of CD34°CD117"CD45" MCs with either
an (chRI"/'OW) immature (CTMC;,m) or (FcaRI”hi) mature
(CTMCpray) but systematically aberrant (CD25) phenotype,
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highly similar to that of BMMCs from the same patient (Figure
3A-G).

Circulating CD34" MC precursors in the blood of
patients with MCAS or mastocytosis

Similar median absolute counts of CD34" precursors were found
in the blood of healthy donors (1345 cells per mL), patients with
MCAS (1155 cells per mL), and in patients with CM (1260 cells
per mL) or SM (1435 cells per mL) (P > .05) (Figure 4A-C). In
contrast, patients with MCAS or CM displayed higher absolute
and relative numbers of MC-committed CD34" precursors in
blood compared with healthy donors (P = .001 and P = .006,
respectively), whereas patients with SM had significantly lower
median counts of MC-committed CD34 precursors in blood
(41 cells per mL) compared with patients with MCAS (113 cells
per mL) or CM (98 cells per mL; P = .004 and P = .02,
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respectively) but not healthy controls (Figure 4D,G). Among
patients with SM, MC-committed CD34" precursors were partic-
ularly decreased toward undetectable levels (median, <0.0001
cells per mL) in SSM and advanced SM compared with BMM
and ISM (60 cells per mL; P = .0003 and P < .0001, respec-
tively) (Figure 4E,H). Likewise, lower absolute counts and percen-
tages of MC-committed CD34" precursors were also found
among patients with BMM (P = .02) or ISM (P < .0001) with
CTMCs in blood vs those who had undetectable CTMCs (Figure
4F ). Altogether, these results translated into an inverse (nonlin-
ear) correlation between the (absolute and relative) number of
CTMCs in the blood of patients with MC-committed CD34"
precursors and CTMCs among patients with MCAS, CM, or SM
(p = -0.57 and p = -0.58; P < .0001, respectively) (supplemen-
tal Figure 2A-B), when the analysis was also restricted to patients
with mastocytosis who presented with multilineage involvement
of BM hematopoiesis by KIT?®'¢Y (P < .0001) (supplemental Fig-
ure 2C-D).

Clinical, laboratory, and genetic features of
patients with SM who presented with CTMCs in
their blood

The presence of CTMCs in the blood of patients with SM was
associated with higher (median) age (62 vs 54 years; P = .0001)
and female sex (58% vs 39%; P = .02), together with a greater
frequency of skin lesions (77% vs 61%; P = .04) and organome-
galies (46% vs 3%; P < .0001) and a lower rate of anaphylaxis
(11% vs 41%; P < .0001; Table 1). In addition, patients with SM
who had CTMCs in their blood also showed significantly lower
(median) platelet counts (196 vs 223 X 10°/L; P = .008) and
hemoglobin levels (133 vs 144 g/L; P < .0001), lower total
serum immunoglobulin E (5.4 vs 25.9 kU/L; P < .0001) and lac-
tate dehydrogenase levels (152 vs 170 IU/L; P = .03), together
with greater concentrations of serum baseline tryptase (108 vs
22.6 pg/L; P < .0001), serum alkaline phosphatase (99 vs
66 1U/L; P < .0001), Bz-microglobulin (2.8 vs 2.0 ng/mL; P <
.0001), and plasma histamine (0.13 vs 0.06 wg/dL; P < .0001)
(Table 1). Of note, the presence of CTMCs in the blood of
patients with SM was also associated with a higher frequency of
diffuse bone sclerosis (15% vs 3%; P = .007) and greater per-
centages of BMMCs by flow cytometry (0.4% vs 0.09%; P <
.0001) (Table 1). In line with this, significant (direct or inverse)
correlations were found between CTMC counts in the blood
and the above-mentioned blood and serum markers, even when
the analysis was restricted to patients with SM who had CTMCs
in their blood (supplemental Figure 3A-I).

From the genetic point of view, patients with SM who showed
CTMCs in their blood more frequently displayed multilineage
involvement of BM hematopoiesis by KIT?®'V (95% vs 31%;
P < .0001), and they had higher KIT allele burden in blood (6.5
vs <0.01; P < .0001) and BM (15 vs <0.01; P < .0001) (Table
1). Interestingly, this translated into a significant (nonlinear) direct
correlation between CTMC counts and the KIT?®™V allele bur-
den in both blood (p = 0.70; P < .0001) and BM (p = 0.70; P <
.0001) (supplemental Figure 4A-D), even when the analysis was
restricted to patients with SM who had CTMCs in their blood
(supplemental Figure 4A-B,D).

In addition to KIT®®'®, the presence of pathogenic mutations
involving the SRSF2, ASXL1, RUNX1, EZH2, and DNMT3A
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(S/A/R/E/D) gene panel were also investigated in a subset of 65
patients with SM, 7 of whom (11%) showed =1 mutations
(range, 1-3 mutations) in these latter genes. These included 5
(31%) of 16 patients with advanced SM (2 with SM-AHN, 2 with
aggressive SM, and 1 with MC leukemia), 1 (20%) of 5 patients
with SSM, and 1 (3%) of 38 patients with ISM. Noteworthy, all 7
(100%) of 7 patients with S/A/R/E/D mutations had CTMCs in
the blood vs 20 (34%) of 59 patients with a wild-type phenotype
(P = .1) (Table 1). Other mutations identified and their associa-
tion with the presence of CTMCs in SM are listed in supplemen-
tal Table 4.

Association between the presence of CTMCs in
the blood and outcome of SM

Although patients with and without CTMCs had been observed
for similar periods of time since diagnosis, disease progression
and deaths occurred only among patients with SM who were
positive for CTMCs (23% and 6% vs 0% [P < .0001] and 0%
[P = .02], respectively) (Table 1). To confirm the association
between the presence of CTMCs in the blood and patient risk,
we subsequently investigated the distribution of patients with
SM who presented with vs without CTMCs in different risk
groups defined by the GPSM-PFS and advanced SM-IPSM mod-
els (Figure 2D-E; supplemental Table 3B). Our results showed
that only a small fraction of patients at low-risk of progression
(22%) as defined by the GPSM-PFS score had CTMCs in the
blood, with the percentage increasing to 55% among
intermediate-risk patients and 95% among high-risk patients
(P < .0001) (Figure 2D; supplemental Table 3B). Similarly, the
frequency of patients with CTMCs in the blood progressively
increased from low-risk (25%) and intermediate-1 risk patients
(41%) to intermediate-2 (86%) and high-risk (100%) patients as
defined by the advanced SM-IPSM model (P < .0001) (Figure
2E; supplemental Table 3B). In parallel, progressively higher
absolute counts of CTMCs (P < .0001) were found in the blood
of low- to intermediate-risk and high-risk patient groups as
defined by the 2 score models (Figure 2D-E).

Survival analysis confirmed that the presence of CTMCs is an
adverse prognostic factor associated with a significantly short-
ened PFS (median 10-year PFS, 80% [95% confidence interval
(Cl), 70%-90%] vs 100% [95% Cl, 99%-100%]; P < .0001) and
OS (median 10-year OS, 93% [95% Cl, 87%-99%] vs 100% [95%
Cl, 99%-100%]; P = .01) (Figure 5A-B) in SM as a whole and
when analysis was restricted to patients with nonadvanced SM
(median 10-year PFS, 93% [95% Cl, 85%-100%] vs 100% [95%
Cl, 99%-100%]; P = .008) (Figure 5C).

Discussion

CD34™ precursor cells in BM consist of a heterogeneous popu-
lation of uncommitted and lineage-committed precursors, which
includes a small fraction of early MC-committed CD34"
precursors.?3132 These CD34" MC precursors migrate via the
blood to different peripheral tissues where they complete
maturation.'®*®  Thus, circulating MC precursors with a
CD34*CD117™"FceRI™ phenotype have been recurrently iden-
tified in the blood of virtually all healthy adults and patients with
mastocytosis by sensitive flow cytometric approaches.'®"32¢ |n
contrast to CD34" MC precursors, early studies showed that the
presence of CTMCs in blood was apparently restricted to
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patients with advanced SM, whereas they are absent in patients
with ISM and in healthy participants.’'¢3* However, a recent
(preliminary) study that used more sensitive flow cytometry tech-
niques revealed CTMCs in the blood of 25% of patients with
ISM who were studied at diagnosis.'® Such apparent discrep-
ancy might be a result of the different phenotypic criteria used
to define MCs and their degree of maturation, the variable sen-
sitivities of the methods used to identify CTMCs in the blood of
healthy donors and patients with SM, and/or the very limited
number of patients investigated, among other reasons.'?'%163>
Thus, the actual frequency and levels of both CTMCs and
MC-committed CD34"% precursors present in the blood of
patients with distinct diagnostic subtypes of mastocytosis and
other MC disorders (eg, MCAS) remain largely unknown, as
does their potential association with the clinical, biological, and
prognostic features of the disease, particularly among patients
with ISM, although they have not been previously investigated
in MCAS and CM.

Here, we used a highly sensitive flow cytometry approach?® to
determine the frequency and (absolute) counts of CTMCs and
MC-committed CD34* precursors in the blood of a large cohort
of patients with MCAS, CM, and both nonadvanced SM (e,
BMM and ISM) and advanced SM. In line with previous observa-
tions by the REMA'? and other groups,’ our results confirmed
that CD34" precursors with an MC-committed (CD117"FceRI™)
phenotype are systematically present in the blood of patients
with  MCAS, CM, or SM and healthy donors. In contrast,
phenotypically aberrant (CD34°CD117"FceRI™/*CD25") CTMCs
were found in the blood of only a fraction of patients
with SM, but they were absent in healthy donors as well as in
all patients with MCAS or CM. Of note, circulating mature
CD34°CD117"FceRITCD25" MCs were undetectable in all
patients with MCAS, CM, and SM and all healthy donors investi-
gated here, including the few patients who had CD25~ MCs in
their BM. Among patients with SM, the frequency and absolute
number of blood CTMCs progressively increased from <10% of
patients with BMM to nearly half of patients with ISM and virtu-
ally all patients with SSM and advanced SM. Altogether, this
accounts for the highest frequency of CTMCs noted so far in
ISM, and to a lesser extent, also in BMM, and it almost doubles
the percentage of patients with ISM who have CTMCs previ-
ously described in the literature.”> The high frequency of
patients with CTMCs might be a result of the greater sensitivity
of the method used here, which allows detection of down to 10
CTMCs per mL of blood compared with the level reached in
previous studies (=430 CTMCs per mL)'%; however, the higher
frequency of multilineage involvement of BM hematopoiesis by
KITP®1%Y found in our ISM series (>50%) vs previous ISM series
(~30%) might also contribute to our reported (increased) fre-
quency of CTMCs in SM."%:20:3¢

In contrast to CTMCs, the number of MC-committed CD34"
precursors in the blood progressively decreased from MCAS,
CM, and BMM to ISM, SSM, and advanced SM, leading to an
inverse correlation with that of CTMCs. Of note, this association
was independent from the total number of CD34" precursors in
the blood, because these latter cells did not show a significant
association with the number of CTMCs and the diagnostic sub-
type of the disease. Altogether these results point out the coex-
istence of inverse migration kinetics in different diagnostic
categories of MC diseases between BM-derived MC precursors
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with a normal phenotype and BM-derived phenotypically aber-
rant CD25% CTMCs. Thus, in more advanced forms of mastocy-
tosis, migration of BM-derived MC precursors to the blood
seems to be progressively replaced by the release of more dif-
ferentiated (tumor) MCs that tend to migrate to the circulation
at disease stages characterized by higher BM infiltration levels,
usually by phenotypically more immature (FceRI”'*%) and aber-
rant (CD25%) MCs. These altered migration kinetics to the blood
of MC precursors and CTMCs observed in SM might help
explain the distinct patterns of tissue involvement that predomi-
nate in ISM (eg, BM and skin) vs advanced SM (eg, BM, blood,
and lymphoid tissues, in the absence of skin lesions). In line with
this hypothesis, patients with SM who had CTMCs in the blood
more frequently showed organomegalies and cytopenias com-
pared with patients with SM who had no CTMCs in the blood.

At present, the biological significance of the presence and levels
of CTMCs and/or MC-committed CD34"% precursors in the
blood of patients diagnosed with mastocytosis or MCAS sitill
remains largely unknown. However, CTMCs identified in the
blood of patients with SM systematically displayed aberrant
CD25 expression in the context of a mature (FceRI™) or imma-
ture (FceRI”®") MC phenotype, highly similar to that of paired
BMMCs. Thus, immature CTMCs were typically found in patients
with advanced SM and SSM who almost systematically pre-
sented with a phenotypically immature (FceRI”'*Y) BMMC phe-
notype, whereas mature CTMCs tended to also predominate in
the blood of those patients with BMM or ISM who also dis-
played an immature MC phenotype in BM associated with multi-
lineal involvement of BM hematopoiesis by the KITP8'¢V
mutation. In contrast, virtually all patients with BMM or ISM who
had undetectable CTMCs in the blood showed a mature
(FceRI™) MC phenotype in BM typically in association with an
MC-restricted KIT mutation.

These observations point to a close relationship between
CTMCs in the blood and tumoral BMMCs. In addition, a direct
(nonlinear) correlation was also observed in our cohort between
the number of CTMCs in the blood of patients with SM and the
percentage of MCs in paired BM samples from the same indi-
vidual. Altogether, these findings suggest a close association
between a higher tumor burden, more immature BM and blood
MC phenotypes, and higher CTMC counts in the blood. This
would also translate to a greater potential for tumor dissemina-
tion, growth, and progression at multiple distant sites in BM and
other (eg, lymphoid) tissues, which contrasts with the tissue
migration profile of normal MC precursors.”’'? In line with this
hypothesis, previous studies have demonstrated that the matu-
ration profile of BMMCs in SM is closely associated with unique
molecular and prognostic subtypes of the disease.?** In this
regard, progressive accumulation of more immature tumor MCs
in the BM of patients with mastocytosis would lead to a progres-
sively higher release of aberrant (mostly immature) MCs and a
parallel inhibition of the production and release of early
MC-committed CD34" precursors to the blood."*?® Such
altered MC kinetics and unique homing patterns of tumor vs
normal MCs in BM and other tissues might contribute to a pref-
erential tissue migration and infiltration by tumor MCs and
thereby to a higher functional impairment of the tumor-
infiltrated organs."®'® In line with this hypothesis, our results
confirm and extend previous observations showing that the
presence of CTMCs in the blood of patients with mastocytosis is
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typically associated with more advanced forms of systemic dis-
ease.'®38 Thus, CTMCs were systematically absent in MCAS (e,
both  MMAS and nonclonal MCAS), whereas progressively
greater CTMC counts were found in the blood of an increasingly
high proportion of patients with BMM or ISM, and virtually all
patients with SSM or advanced SM. This also translated into
more adverse disease features among patients with SM who
presented with CTMCs in the blood, such as a greater frequency
of organomegalies, increased percentages of BMMCs, lower
hemoglobin levels, higher serum levels of Bx-microglobulin,
serum alkaline phosphatase, and serum baseline tryptase, a
greater allele burden for the KIT mutation (in blood and BM), as
well as a greater frequency of multilineage KITP8'¢Y mutation.
This applied when the whole cohort of patients with SM was
considered and also when analysis was restricted to patients
with ISM. In addition, a close association was also observed
between the presence of CTMCs in the blood and the prognos-
tic risk groups of SM as defined by the GPSM-PFS and AdvSM-
IPSM score models and patient outcome. Consequently, the
presence of CTMCs in blood emerged as a powerful prognostic
factor associated with a poorer PFS and OS in SM. Further stud-
ies in larger series of patients with SM with longer follow-up are
required to confirm these findings, including the independent
value of CTMCs to predict patient outcome.
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