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Abstract

Systemic mastocytosis (SM) is characterized by extreme heterogeneity of manifesta-

tions and prognosis. Several disease-related biomarkers, including clinical, hematolog-

ical and molecular variables, have been correlated with prognosis. Although relevant,

the mutation profile closely reflects the WHO classification that has per se prognos-

tic value. High-risk mutations (HRM) are largely confined to advanced forms, and thus

fail in providing information regarding progression and outcome in the not-advanced

variants. In this work, we studied hematopoietic cells by multi-parameter flow cyto-

metry (MFC) in order to highlight dysplastic traits that might provide insights into

outcome. A score previously validated for myelodysplastic syndromes, with high

reproducibility in standard diagnostics, was used. The application of an MFC score to

a cohort of 71 SM cases, concurrently genotyped for configuring a HRM category,

resulted in the identification of two separate patients' categories (MFC+ and MFC-)

characterized by significantly different clinical and laboratory features at presenta-

tion. The extent of dysplasia by MFC tended to parallel WHO-category and

genotype-related stratification. MFC+ patients had shorter survival compared to

MFC- ones, for whom the incidence of progression and/or death was virtually null.

Of note, MFC score remained prognostically informative in unadvanced subsets. Fur-

thermore, the integration of MFC and HRM was an independent predictor for out-

come, also overcoming WHO-categories in multivariate analysis for EFS. Our results

support the use of MFC analysis in the evaluation of patients with SM, alone and in

combination with HRM, for refinement of prognosis assessment.

1 | INTRODUCTION

Systemic mastocytosis (SM) presents unique clinical and biological fea-

tures that led WHO to consider it as a separate entity in the updated

2016 Classification.1 Nevertheless, SM has an extreme heterogeneity of

disease manifestations, courses and prognoses. Selected clinical findings

usually characterize aggressive vs indolent variants, a distinction that

drives therapeutic decisions2; additional patient- and disease-related
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variables, including advanced age, elevated beta-2-microglobulin and

alkaline phosphatase (ALP) levels, correlatewith survival.2,3

Systemic mastocytosis is associated with the driver KIT D816V

mutation in more than 80% of cases, with rare patients harboring other

activating KIT mutations. Mutations of genes usually associated with

“high-risk” features in myeloid neoplasms4,5 are harbored also by a pro-

portion of SM patients, and provide clinically relevant information about

disease course and prognosis. In particular, mutations in SRSF2, ASXL1,

RUNX1 and CBL were shown to be prognostically meaningful,6-9 and

their role was validated recently in our own cohort.10 These mutations

display a markedly different pattern of occurrence across clinical WHO

variants. In indolent (ISM) and smoldering (SSM) systemic mastocytosis,

relatively few patients harbor additional mutations, other than

KITD816V (14%), usually involving TET2 andDNMT3A, commonly found

also in clonal hemopoiesis of indeterminate potential (CHIP).7 At the

opposite, the majority of patients with advanced SM (including those

with an associated hematological neoplasm, SM-AHN) harbor at least

one “high-risk” (HR) mutation.7 Further evidence suggests that multi-

lineage involvement with KIT mutation affects the outcome of SM. In

fact, in cases where KIT mutation is not restricted to the mast cell com-

partment, the disease usually presents a more aggressive course and a

higher risk of progression.11

In advanced myeloid neoplasms and myelodysplastic syndromes

(MDS), evidence of the involvement of hematopoiesis by neoplastic

clone can be obtained through the analysis of myeloid dysplasia, by mor-

phology evaluation of bone marrow (BM) cells. Beyond being key diag-

nostic criterion for recognizing different subtypes of MDS, myeloid

dysplasia provides prognostic information also across non-MDS myeloid

neoplasms, from acute myeloid leukemia12,13 to eosinophilia-related dis-

orders.14 The relevance of this feature is also recognized in SM. In fact,

the presence of hypercellularity or dysmyelopoiesis on morphologic

assessment of BM is one of the findings used to define the smoldering

variant. It is associated with an unfavorable outcome compared to indo-

lent subset.1,2,15-17 Multi-parameter flow cytometry (MFC) represents

an effective tool for characterizing dysplastic features of hematopoiesis.

It overcomes the operator-dependent variability in interpretation of dys-

plastic cell features by morphology only, and provides opportunity for

quantification of the extent of deviation fromnormal.18,19

The aim of current study was to investigate MFC-assessed dysplasia

in a cohort of patients with SM from our Center in order to correlate

immunophenotypic data with clinical and biological characteristics,

including genotype, and prognosis.

2 | METHODS

2.1 | Patients

The enrollment criteria for our studywere a diagnosis of SM, according to

WHO criteria, and the availability of: i) Flow Cytometry Standard (FCS)

files at diagnosis; ii) genotypic characterization for KIT and selected addi-

tional mutations using NGS-target sequencing approach (as specified

below); iii) written informed consent. After approval from the institutional

review board, we interrogated our database in order to identify eligible

patients. Additional cases fulfilling above criteriawere referred fromother

centers, specifically Verona (n, 12), Roma (n, 4) andMilano (n, 1). For these

cases, FCS files were sent to our Center and analyzed centrally for the

study's purposes. Mutation analysis by NGSwas performed in our center

for all samples.

2.2 | Multi-parameter flow cytometry

In order to assess dysplasia byMFC, we used a previously validated score

adopted for MDS20-22 that has high reproducibility and is of easy attain-

ability in standard diagnostic procedures. Bone marrow samples were

handled according to diagnostic standard for SM diagnosis.23 Briefly,

fresh BM aspirate was stained for surface markers using a stain-lyse-

and-then-wash procedure. In acquisition phase, two modalities were

allowed: i) a one-step acquisition of at least 5 × 105 total BM cells; ii) a

two-step acquisition, first of at least 1 × 105 total BM cells, followed by a

second-step with live-gate on mast cells (identified by CD117 intensity

and scatter properties). Infinicyt software (Cytognos SL, Salamanca,

Spain) was used for data analysis. First, MFC files were reviewed for

basic standard requirements, operationally defined as follows: i) a mini-

mum set of monoclonal antibodies in 4-8-color combination, the mini-

mum allowed combination including anti-CD45, CD34, CD117, CD25,

HLA-DR; ii) a cell viability of at least 75% by forward (FSC) and side scat-

ter (SSC) properties; iii) amaximumvalue of 30 for coefficient of variation

(percentage) of time parameter in lymphocytes. Then, after those eligibil-

ity criteria had been verified, an analytical strategy was applied to obtain

MFC score as previously described.22 Briefly, the followingmajor BM cell

compartments were identified based on FSC and SSC characteristics and

their reactivity for CD45 and CD34: i) myeloid CD34+/CD117+ fraction

(myeloblast-related cluster); (ii) CD34+ B-cell progenitors, featured by

HLA-DR-high/CD117- profile with low SSC; (iii) maturing granulocytic

compartment, selected on the basis of CD45+dim/CD34- with high SSC;

iv) mature lymphocytes, defined by their typical CD45-high expression

and low SSC signal.

The four parameters provided by the score were: a) percentage of

cells in the myeloblast-related cluster among all nucleated cells; b) per-

centage of B-progenitor cells among all CD34+ cells; c) the lymphocyte

to myeloblast CD45 MFI ratio; d) the granulocyte to lymphocyte SSC

peak channel ratio. A score of one point was attributed for each variable

according to previously defined and validated criteria.22 The BM samples

from 20 healthy donorswere studied in parallel as a control.

2.3 | Molecular genetics

The cKIT mutation was evaluated by reverse transcriptase polymerase

chain reaction (RT-PCR), as reported. Next-Generation deep amplicon

sequencing with Ion Torrent platform (ThermoFisher Scientific, Waltham,

Massachusetts, USA) was performed to investigate a custom panel of

20 candidate genes: KIT, ETNK1, JAK2, MPL, CALR, EZH2, ASXL1, IDH1,

IDH2, SRSF2, CBL, DNMT3A, KRAS, NRAS, RUNX1, SF3B1, TET2, TP53,

U2AF1 and IKZF1. For geneswith knownmutational hotspots, only those

regions were amplified, otherwise all coding exons were sequenced.

Sequence alignment and filtering was performed using NextGENe
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version 2.4.2.1 (SoftGenetics Pennsylvania, US) (details are reported in

SupplementalMethod section).

2.4 | Statistical analysis

Pair-wise comparison between patients' characteristics was performed

using the Mann-Whitney test or the Kruskal-Wallis test for continuous

variables, and the Pearson's chi-squared test or the Fisher's exact test for

categorical variables. Survival was estimated with the Kaplan Meier

method, and long-term outcomes were compared with the log-rank test.

Events affecting the event-free survival were defined as death or disease

progression (defined as change from indolent/smoldering SM to aggres-

sive SM or mast cell leukemia, or acquisition of AHN). The Cox propor-

tional hazard model was applied to estimate hazard ratios with 95%

confidence intervals (CI) for all survival outcomes (OS and EFS), both in

univariate and multivariate analysis. All P values were two-sided, and a

5% significance level was fixed. Data were processed using R software

(http://cran.r-project.org).

3 | RESULTS

We included seventy-one patients, first referred from2008 to 2018with a

diagnosis of SM, confirmed according to 2016WHO criteria. This was for

those whom mutation information and FCS files at diagnosis were avail-

able; information was last updated in December 2018. The characteristics

of patients are summarized in Table 1. Fifty-seven of 71 patients (80.3%)

were diagnosed with non-advanced forms, 52 (73.2%) indolent (ISM) and

five (7.0%) smoldering (SSM). The 14 advanced cases included five aggres-

sive variants (ASM, 7.0%), 6 SM-AHN (8.5%) and threemast cell leukemias

(MCL, 4.2%). Among SM-AHN, one patient was diagnosed with MDS

with multilineage dysplasia, four with myelodysplastic/myeloproliferative

neoplasms (one unclassifiable and three refractory anemias with ring

sideroblasts associated with thrombocytosis RARS-t), and one with acute

myeloid leukemia.

3.1 | Mutation analysis

Overall, 68 of 71 patients (95.8%) were positive for the KITD816Vmuta-

tion; no other KITmutation was found in the remaining three patients by

NGS whole gene sequencing. As regards additional myeloid mutations,

we found 42 mutations in 23 patients (Figure 1). Mutation details are

reported in Supplement data (Table S1). Based on their relative prognos-

tic significance,5-7 we distinguished high-risk (HR) mutations (namely,

those involving ASXL1, SRSF2, RUNX1, CBL, NRAS, EZH2), from those

occurring in other genes whose prognostic value has not been validated.

HRmutations were observed in 12 patients, of whom 10were advanced

SM forms, specifically two ASM, 5 AHN and 3 MCL. Of the remainder,

one was a case of ISM harboring a mutation of SRSF2, and one a case of

SSM harboring a CBL mutation. Ten out of 12 HRM+ patients exhibited

the S/A/R (SRSF2, ASXL1, RUNX1) mutant profile.8

The median age at diagnosis was higher for patients bearing HRM

(70 y, range 57 y-81 y) compared to the WT group (48 y, range 17 y-

TABLE 1 Clinical and laboratory
features of patients according to
multiparameter flow cytometry score

Variables

Overall

[n = 71]

MFC− (score

0-1) [n = 50]

MFC+ (score

2-4) [n = 21]

P

value

Median age (range) 51 (17-81) 48 (17-76) 66 (35-81) .0004

Leukocyte count × 109/L,

median (range)

7.2 (3.0-33.1) 7.0 (3.0-12.1) 8.6 (4.2-33.1) .124

Hemoglobin, g/dL, median

(range)

13.8 (6.4-17.4) 14.3 (6.4-17.4) 12.7 (8.1-15.6) .0012

Platelet count × 109/L, median

(range)

270 (70-979) 297 (89-395) 215 (10-979) .0707

Serum tryptase ng/mL; median

(range)

37 (3.0-2000) 33 (3.0-505) 64 (8.0-2000) .0306

WHO category; n (%)

Indolent 52 (73.2) 42 (84.0) 10 (47.6) .0003

Smoldering 5 (7.05) 3 (6.0) 2 (9.5)

Associated hematologic

neoplasm

6 (8.5) 3 (6.0) 3 (14.3)

Aggressive 5 (7.05) 2 (4.0) 3 (14.3)

Mast cell leukemia 3 (4.2) 0 3 (14.3)

Genotype

Wild type 48 (67.6) 42 (84.0) 6 (28.6) <.0001

Non-high risk 11 (15.5) 5 (10.0) 6 (28.6)

High risk 12 (16.9) 3 (6.0) 9 (42.8)

Note: P value, in the comparison of MFC− and MFC+. P values associated with significance (ie, <.05) are

highlighted by bold.

Abbreviation: MFC, multi-parameter flow cytometry.
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78 y, P < .0001). A non-significant trend for age emerged when com-

paring WT to non-HRM patients (56 y, range 22 y-73 y, P = .196), that

is consistent with the age-related occurrence of these mutations.

3.2 | Immunophenotypic data and correlation with
clinical-genetic characteristics

The median MFC score in the entire cohort was 1 (range 0-4). The distri-

bution of phenotypic abnormalities in the overall cohort, and according

to clinical variant, are detailed in Table S2. Themost frequently observed

abnormality was a reduction of CD34+ B-cell progenitors (observed in

29 of 71 patients); this abnormality resulted significantly associated with

advanced forms (85.7% vs 29.8%; P = .0002). We thereby grouped

patients according to their MFC score: 50 (70.4%) patients displayed a

score ≤1 (MFC-), and 21 (29.6%) aMFC score >1 (MFC+).

Some statistically significant differences emerged from the compari-

son of the two groups regarding clinical features. In fact, MFC- patients

were younger, had lower leukocyte counts, higher hemoglobin levels,

and lower tryptase levels (Table 1). Furthermore, we observed that

advanced forms were mainly included in the MFC+ category (42.9% vs

10%; P = .0001). In more detail, 90% of indolent and smoldering patients

were comprised within the MCF- category, while 43% of MFC+ cases

were aggressive variants (P = .0003; Table 1). The score ofMFC progres-

sively increased from ISM (median score = 0) toAHN (median score = 1.5)

to ASM/MCL (median score = 2) (P < .0001; Figure 2A). Similar findings

concerned genotypic categories: 42 of 51 MFC- cases (82.4%) had wild

type status for all non-KIT genes analyzed, while the majority (15 of 21,

71.4%) of MFC+ patients harbored at least 1 mutation, almost half of

whichwereHRM-type (Table 1). TheMFC+group included 31mutations

of a total of 42 (73.8%), despite MFC+ patients being about one-third

only of the whole cohort.

Of interest, the extent of dysplasia assessed by MFC tended to

parallel the genotypic features: the median MFC score was 0 (range

0-3) in the WT group vs a median of 2 (range 0-2) in patients with

additional, non-HMR mutations and a median of 2 (range 1-4) in

patients with HMR features (P < .0001; Figure 2B).

3.3 | Prognostic analysis

We then investigated the prognostic relevance of MFC-assessed

dysplasia by comparing the outcome of patients according to MFC-

defined groups. The MFC+ patients had shorter OS and EFS com-

pared to MFC- ones, for whom the incidence of progression and/or

death was virtually null (Figure 3A,B). By splitting MFC- patients in

2 subcategories by their actual score equal to zero or one point, we

found that the outcome was substantially superimposable, but clearly

separated from that of MFC+ cases (Figures S1 and S2).

Consistent with previous findings,6-8 including our own study,10

the occurrence of HRM mutations allowed clearly identifying patients

with dismal OS and EFS (Figures S3 and S4).

Based on the above findings that MFC and HRM showed better

performance in identifying patients featured by favorable and dismal

prognosis, respectively, we asked whether combination of these two

variables improved outcome prediction. Our analysis showed that

this was indeed the case. As depicted in Figure 3C,D, patients with

MFC- and no HRM had the best outcome, in terms of both OS and

EFS. Patents with HRM had the worst OS and EFS; patients who were

HRM- but MCF+ had an intermediate behavior. The limited number

F IGURE 1 Pattern of KIT and additional gene mutations. The gene mutations are represented for the 23 patients who harbored at least one
additional mutation to KIT; the remaining 45 who were positive for KITD816V only are not represented. Mutated and wild-type status are
depicted by red and gray, respectively; the number of asterisks corresponds to the number of mutations in case of multiple mutations. The MFC
score is graphically expressed by the color code of the blue scale at the bottom of the figure: the higher the score, the darker the shade of blue.
MFC, multi-parameter flow cytometry
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of cases (n = 3) without MFC abnormalities, did not allow us to

address the potential value of a phenotypic profile within the category

of patients lacking HR mutations.

The fact that HRmutations almost exclusively occur in advanced var-

iants largely prevents anymeaningful use of this parameter for prediction

of disease progression in patients with non-advanced SM. Conversely,

we found that the presence ofMFC-assessed dysplasia deserved a prog-

nostic relevance in this subgroup; in fact, EFS resulted significantly

shorter inMFC+ compared toMFC- patients [median EFS 117.0 (95%CI

8.9-225.0) vs not reached, P = .0011] (Figures S5 and S6).

Finally, we carried out multivariable analysis for OS and EFS, includ-

ing age andWHO variant, in two steps: first by includingMFC and HRM

as separate variables, then by combining them for the above specified

3-tier stratification (Table S3). As regarded OS, the WHO category

remained the only significant variable (HR 4.42, 95%CI 1.62-12.03;

P = .0035). Conversely, regarding EFS, the combination of MFC and

HRM performed better than other parameters, and overcame the value

of WHO variant, remaining the only statistically significant variable

(HR 8.54, 95%CI 2.32-31.39; P = .001).

4 | DISCUSSION

Current paradigm of treatment of SM envisions a conservative

approach for indolent forms, where life expectancy is not impaired

significantly. Cytoreductive treatment is indicated for advanced vari-

ants, where the need to control manifestations of myeloproliferation,

and to prevent damage to target organs, overtake the potential side

effects of therapies. Although the clinical manifestations of advanced

SM often mandate early initiation of treatment, in other cases the dis-

tinction between mediator-related signs/symptoms and “true” organ

damage may be difficult. In this context, the risk on one side is to

over treat with cytoreductive drugs, on the other to overlook subtle

disease-related issues that might deserve a timely therapeutic inter-

vention to avoid further damage. Therefore, several potential bio-

markers of disease-related damage in SM, including clinical,

hematologic and molecular variables, have been explored, with the

aim to find biomarkers that might help in clinical decisions. The inte-

gration of such variables recently led to the development of two

prognostic models by Tefferi and coworkers at Mayo Clinic. One

was based upon clinical parameters only, the second including clini-

cal and genomic findings.24 These models were shown to perform

accurately and were validated in an independent patients' set from

our database.10

It is reasonable to argue that, among the different variables shown

to impact survival, those that are based on acquired molecular abnor-

malities that drive the clonal proliferation, and/or contribute to clonal

progression, are the most objective and pathogenetically relevant.

However, at large variance with other myeloid neoplasms, the pattern

of the mutation profile in SM tends to closely reflect the classification

of the different WHO-defined clinical entities, a distinction that has

prognostic value per se. In fact, HRM are largely confined to WHO-

defined advanced forms, where they may contribute to further stratify

prognostic categories of patients,25 but fail in providing relevant infor-

mation regarding progression and outcome in the unadvanced

F IGURE 2 Distribution of MFC values according to WHO categories (A) and genotypic profile (B). Dots correspond to individual MFC values, the
distribution of which is depicted also by box plots. Panel A: patients are grouped according to WHO clinical variants as indolent (ISM), mastocytosis
with an associated hematological neoplasm (AHN), aggressive systemic mastocytosis or mast cell leukemia (ASM/MCL). Panel B: patients are grouped
according to genotype as wild type for any studied gene (WT), bearing at least one high-risk mutation (HRM), and bearing at least one non-high-risk
mutation (Non-HRM). In both panels, a group of healthy donors as control reference (CTRL) is presented. MFC, multi-parameter flow cytometry
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variants. Therefore, improving the capacity to predict outcomes in

patients diagnosed with unadvanced forms of SM, represents an

unmet clinical need.

To address this issue, we investigated whether analysis of dysplas-

tic traits of different cellular compartments of hematopoietic cells,

performed with an immunophenotypic approach, might provide clues

to outcome in patients with SM. Aberrant expression of CD2, CD25

and CD30 on neoplastic mast cells represents useful diagnostic infor-

mation, but does not add to prognosis assessment. On the other hand,

data from the REMA Spanish group indicate that multi-lineage vs uni-

lineage involvement by KIT mutation has prognostic relevance, since it

is associated with dismal outcome.11 Furthermore, an immature phe-

notypic profile of mast cells represents an excellent surrogate marker

for a KIT-mutated status across hematopoiesis.26 However, these

approaches are technically demanding and require ad hoc sorting

facilities and expertise, therefore they cannot be implemented in a

routine diagnostic process. On the other hand, characterization of

dysplastic features of BM cells has been largely explored in the set-

tings of MDS. This results in a clinically validated score20-22 that relies

on few core parameters. It is normalized on internal reference (ie, lym-

phocytes), and as such may be relatively easy to derive from standard

MFC approaches that are employed at the time of diagnosis.

In the present study, we applied the MFC score to a cohort of

71 SM cases that were concurrently genotyped for non-KIT additional

somatic mutations configuring a HRM category, as previously

reported. Our data indicate that MFC score allows to identify two

separate patients' categories. They are characterized by significantly

different clinical and laboratory features at disease presentation, that

overall resulted closely congruent with the distribution of WHO-

categories (Table 1). On the other hand, when we grouped together

F IGURE 3 Overall (OS) and event-free (EFS) survival according to MFC score (A-B) and to the combination of MFC and genotypic profile
(C-D). Overall (A) and event-free (B) survival according to MFC-assessed score: equal to or less than one phenotypic abnormality (MFC-)
compared to more than two (MFC+). In panels C-D, patients were stratified in three tiers based on the combination of MFC and genotype:
MFC-score 0-1 and no-HRM (green solid line) vs MFC-score 2-4 and no-HRM (red dashed line) vs HRM+ (blue dashed line); overall survival
(panel C) and event-free (panel D) survival. P values for comparisons were obtained by the log-rank test. MFC, multi-parameter flow cytometry
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patients according to their WHO-clinical variant and genotype, we

observed progressively higher MFC score points from non-aggressive

to advanced forms (Figure 2A,B). While such a correlation could have

been reasonably predicted based on the established association of

advanced forms with HRM, we were intrigued to observe that

patients devoid of high-risk mutations, therefore predicted to have

better prognosis, yet showed higher median MFC values than patients

without any non-KIT additional mutation (Figure 2B). We interpreted

this finding as the capability of MFC to provide evidence of a latent

underlying BM clonal disorder, consistent with previous observations

about phenotypic aberrancies in individuals with cytopenias of

undetermined significance.27

Indeed, we found that MFC-defined categories correlated with

significantly different outcomes, as assessed by both overall and

event-free survival. In particular, in the absence of phenotypic abnor-

malities (MCF-), no events of progression to advanced forms or deaths

were observed (Figure 3A,B). Confirming previous reports, patients in

the HRM category had dismal outcomes (Figure 3C,D illustrating OS

and EFS, respectively) as compared to patients without HRM.

Remarkably, among the latter, those presenting with an MCF+ score

had significantly shorter OS and EFS compared to MCF- (Figure 3C,

D), indicating that the MFC score might refine prognostic accuracy in

cases where the mutation profile is silent. Of importance, the prog-

nostic value of MFC remained valid also when applied specifically to

unadvanced forms (Figures S5 and S6), especially regarding EFS

(P = .001) with a trend to reduced OS (P = .07). Finally, we observed

that the integration of the two parameters (MFC and HRM) behaved

as an independent predictor for EFS and OS, also overcoming WHO-

categories in multivariate analysis specifically addressing EFS

(Table 3).

Overall, our results support a step-wise application of the above

prognostic variables that can be easily collected at the time of SM

diagnostic pathway. A high-risk genotype points to patients with unfa-

vorable outcomes that have to be considered candidates for intensive

treatment modalities, including inclusion in clinical trials. On the other

hand, for patients lacking HR mutations, the evaluation of MFC is eas-

ily attainable from standard testing used for diagnostic purposes. It

might contribute to identifying those patients with very favorable out-

comes, from others where close monitoring is indicated, due to the

potentially progressive nature of the disease itself. On that view, MFC

abnormalities might also contribute to refine SSM definition, specifi-

cally when relying on morphologic dysplasia to meet B-findings.

We acknowledge that a pitfall of our study is represented by small

sample size, especially when we focused the analysis on patients' sub-

groups; as such our data do not allow drawing definitive conclusions

but need to be confirmed in larger studies.
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