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Myelodysplastic neoplasms (MDS) are characterized by clonal evolution starting from the compartment of hematopoietic stem and
progenitors cells (HSPCs), leading in some cases to leukemic transformation. We hypothesized that deciphering the diversity of the
HSPCs compartment may allow for the early detection of an emergent sub-clone that drives disease progression. Deep analysis of
HSPCs repartition by multiparametric flow cytometry revealed a strong disorder of the hematopoietic branching system in most
patients at diagnosis with different phenotypic signatures closely related to specific MDS features. In two independent cohorts of
131 and 584 MDS, the HSPCs heterogeneity quantified through entropy calculation was decreased in 47% and 46% of cases,
reflecting a more advanced state of the disease with deeper cytopenias, higher IPSS-R risk and accumulation of somatic mutations.
We demonstrated that patients with lower-risk MDS and low CD34+ CD38+HSPCs entropy had an adverse outcome and that this
parameter is as an independent predictive biomarker for progression free survival, leukemia free survival and overall survival.
Analysis of HSPCs repartition at diagnosis represents therefore a very powerful tool to identify lower-risk MDS patients with a worse
outcome and valuable for clinical decision-making, which could be fully integrated in the MDS diagnostic workflow.
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INTRODUCTION
Myelodysplastic neoplasms (MDS) represent an heterogeneous
group of clonal disorders affecting hematopoietic stem and
progenitor cells (HSPCs) [1]. Due to their inherent risk of
progression to acute myeloid leukemia (AML), MDS constitutes a
preleukemic condition that must be thoroughly investigated for
each patient at diagnosis. Indeed, MDS display marked hetero-
geneity regarding the prognosis and the risk of disease progres-
sion which is assessed by the revised International Prognostic
Scoring System (IPSS-R) [2]. The classifications of myelodysplastic
neoplasms were recently revised and above all the IPSS-Molecular,
a new clinical-molecular prognostic model has been proposed
[3–5]. Indeed, the acquisition and expansion of additional driver
mutations arising in HSPCs usually precedes further disease
progression and can be therefore helpful to detect patients that
may benefit from more aggressive treatment strategies.
Bone marrow (BM) of MDS patients are characterized by

the progressive accumulation of HSPCs harboring molecular

aberrations. However, HSPCs compartment includes a broad
spectrum of cells at different stages of maturation in distinct
lineages. This heterogeneity has been reported to be modified in
case of MDS and aberrant phenotype of hematopoietic stem cells
is associated with a higher risk of progression [6–12]. Interestingly,
expansion of specific patterns of HSPCs is highly dependent of
different signaling pathways which could be therapeutically
targeted [13]. Thus, deciphering the heterogeneity of HSPCs in
MDS may allow for the early detection of an emergent subclone
that drives disease progression prior to clinical deterioration.
In this context, we designed a new MFC strategy based on the

current hematopoietic hierarchical scheme [14, 15], to explore the
hematopoietic branching system in MDS and integrate this
strategy to the diagnostic workflow. Using a deep unsupervised
analysis of HSPCs repartition, we identified a decreased diversity
of HSPCs in most of MDS samples tested. The Shannon entropy
used to measure HSPCs heterogeneity in two independent
MFC datasets revealed that CD34+ CD38+HSPCs entropy was
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significantly decreased in a subset of MDS patients including at
early stage of the disease. Interestingly, lower-risk MDS (LR-MDS)
patients (IPSS-R ≤ 3.5) with an abnormal low level of CD34+
CD38+HSPCs entropy had an adverse outcome. We thus identify
HSPCs entropy as a surrogate marker of clonal evolution in MDS
patients underlying the adverse prognosis of MDS harboring a
decreased HPSCs heterogeneity at diagnosis.

METHODS
Patients and specimens
A total of 984 BM samples were collected between 2017 and 2022 in two
different institutions (APHP.Center - Cochin Hospital - University Paris Cité,
and Toulouse University Hospital). Supplementary Table 1 summarizes the
type of samples and their repartition into 3 different cohorts. Morpholo-
gical and cytogenetic analysis were performed for all patients with MDS
suspicion and were used to classify patients as MDS according the WHO
criteria or non-MDS. MDS prognosis was assessed using the IPSS-R [2]. All
investigations were approved by the Institutional Review Boards and the
procedures were in accordance with the Helsinki Declaration. See
supplementary methods for details on selection of non-MDS samples.

MFC analysis
MFC analysis were performed on CD34+ mononuclear sorted cells (with
magnetic columns from Miltenyi Biotec™ MicroBead MACS technology)
from thawed BM mononuclear cells previously isolated on a Ficoll gradient
and stored in liquid nitrogen (cohort #1) and on fresh BM specimens
(cohort #2 and cohort #3) (Supplementary Table 1). The different
combination of antibodies used are described in Supplementary Table 2.
All MFC analysis were performed blinded of morphological or cytogenetics
results, and reciprocally. See supplementary methods for additional details.

Genomic testing
Genomic DNA extracted from BM aspiration was studied by high
throughput sequencing (HTS) of 45 genes recurrently mutated in myeloid
malignancies as previously described [16]. See supplementary methods for
additional details.

Estimation of Shannon indexes
The Shannon entropy is a robust proxy that allows estimation of the
diversity of a system. Based on the relative abundance of each HSPCs
subpopulations identified by MFC, the Shannon entropy was computed
among both CD34+ CD38+ and CD34+ CD38- compartment of HSPCs.
Entropy is calculated as is: if H(X) be the HSPCs entropy, with pi the
percentage of cells belonging to a subpopulation and k the number of
subpopulations in the CD34+ CD38+ or CD34+ CD38- compartment:

H Xð Þ ¼ �
Xk

i¼1

pi ´ log 2ðpiÞ

Mean normal rates of entropy H(N) and its standard deviation SD H(N)
were calculated in non-MDS samples without cytopenia and were then
used as a reference to analyze HSPCs entropy levels in patients with
cytopenia related to MDS or not through z-score calculation (z = (H(X) –
H(N)) / SD H(N)).

Statistical methods
Heat map were obtained using the Morpheus analysis software (https://
software.broadinstitute.org/morpheus) and hierarchical clustering were
performed using the One minus pearson correlation metric with an
average linkage method. T-SNE-FlowSOM workflow was performed using
Cytobank. Progression-free (PFS) were defined according to standard IWG
2006 criteria (increase in percentage of bone marrow blasts ≥50% and
progression to a more advanced MDS subtype than pretreatment) [17]. The
follow-up of patients were censored at the time of last contact for overall
survival (OS) and at the time of last contact or death without progression
for PFS. Risk groups for prognosis were evaluated for OS and PFS by
univariate analysis (log-rank test) and by a multivariate model of Cox
regression or of Fine and Gray. All calculations were performed using
STATA version 13 software (STATA Corp., College Station, TX), all graphs
were drawn using Graph Pad Prism software (San Diego, CA) or R 3.6.1

(cran.rproject.org). Statistical test results are graphically expressed:
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

RESULTS
Heterogeneity of HSPCs is reduced in MDS
We first investigated in details the distribution of CD34+lin-HSPCs
in a cohort of MDS and non-MDS samples (cohort #1 in
Supplementary Table 1) using a panel of 19 antibodies (combina-
tion #1 in Supplementary Table 2) allowing the identification of
CD34+HSPCs sub-populations among both CD38- and CD38+
fractions of cells. The gating strategy and the complete phenotype
of sub-populations identified is provided in Supplementary Fig. 1
and Supplementary Table 3 respectively. As expected, CD71 and
CD110 expression led to the identification of different cell
fractions (F1, F2 and F3) among multipotent progenitors (MPPs)
and common myeloid/megakaryocyte-erythroid progenitors
(CMPMEPs), which were previously reported to have distinct
differentiation potential [14]. CD34+lin- cells from 27 MDS BM
samples (Supplementary Table 4) and from 9 non-MDS samples
without cytopenia matched for age were clustered using the
pipeline summarized in Fig. 1A. The repartition on the t-SNE plot
of the 10 clusters identified was highly similar between the control
samples, whereas 6 among 17 patients with low-risk MDS and
almost all high-risk MDS samples demonstrated distinct t-SNE
patterns characterized by an accumulation of cells in a reduced
number of clusters (Fig. 1B and Supplementary Fig. 2).
An automated hierarchical clustering of all samples according

abundance of each clusters identified 3 groups of samples
relatively homogeneous in terms of MDS or non-MDS conditions
mainly according abundance of clusters 8, 9 and 10 (Fig. 1C).
Interestingly, samples LRMDS1 and HRMDS2 which came from
serial BM aspirations of a unique patient (12 months apart)
demonstrated similar enrichment in clusters 8 and 9 at both low
and high-risk stage, suggesting that abnormal HSPCs repartition
pre-existed to disease progression. We identified the HSPCs sub-
populations corresponding to cluster 8 as LMPPs, cluster 9 as
CMPMEP F3 and cluster 10 as B/NK progenitors (Fig. 1D). The
abundance of CMPMEP F3 and LMPPs were significantly modified
in low- and/or high-risk MDS samples compared to control
samples (Fig. 1E). B/NK progenitors and LMPP were respectively
increased and decreased in low-risk compared to high-risk MDS
(Fig. 1E).
Altogether, this indicates that a loss of HSPCs heterogeneity can

be detected in most of MDS samples, including from early stage of
these diseases.

Different profiles of HSPCs repartition emerge in MDS
We then applied a similar strategy of HSPCs identification with a 9
markers panel (combination #2 in Supplementary Table 2) to a
large prospective cohort (cohort #2) of 184 fresh BM samples. The
gating strategy and characteristics of MDS patients are described
in Supplementary Fig. 3A, B and Table 1 respectively. We observed
different types of abnormal HSPCs repartition in MDS samples
such as accumulation of MLPs, LMPPs, MPP F2 (CD71+ CD110-),
MPP F3 (CD71+ CD110+ ), GMPs, CMPMEP F2 (CD71+ CD110-),
CMPMEP F3 (CD71+ CD110+ ) or decrease of GMPs and CMPMEP
F3 (Supplementary Fig. 4A). Some sub-populations of HSPCs not
observed in control samples such as CD34+ CD38-CD45Ra-
CD10+ cells or MPP or CMPMEP CD110+ CD71- (called thereafter
MPP F4 and CMPMEP F4) were also detected in MDS (Supple-
mentary Fig. 4B), suggesting that the hematopoietic hierarchy
could be impaired. We quantified the proportion of each
CD34+ CD38+ and CD34+ CD38-HSPCs sub-populations
detected in non-MDS samples without cytopenia (Supplementary
Table 5) and this repartition was further used as a reference to
analyze HSPCs distribution in BM samples from patients with
cytopenia related or not to MDS through z-score calculation. Only
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few differences were observed in the HSPCs repartition in BM
samples from patients with cytopenia unrelated to MDS (Fig. 2A),
whereas HSPCs repartition was significantly more frequently
abnormal in MDS patients (Fig. 2B) (7/260 (2.7%) vs 412/1703
(24.2%) abnormal z-score values <-2 or>2 respectively, p < 0.0001).

GMPs, CMPMEP F4 and MPP F3 were the most frequently
increased HSPCs sub-populations in MDS samples (Supplementary
Fig. 4C). Hierarchical clustering identified distinct group of MDS
samples with profiles of HSPCs repartition with increase of specific
HSPCs sub-populations frequently correlated with IPSS-R
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stratification (Fig. 2B). Profiles with accumulation of LMPPs or
MLPs were enriched in patients with high-risk MDS, whereas the
accumulation of B/NK, GMPs or CMPMEP F3 was more frequently
related to low-risk MDS (Fig. 2B). Accordingly, profiles with
accumulation of LMPPs or B/NK progenitors were characterized
by the highest and the lowest median blast cells count
respectively (Supplementary Fig. 4E). Analysis of the dependency
of each phenotypic pattern revealed association of not only
LMPPs with GMPs, but also GMPs with MPP F3 and CMPMEP F4
with either MPP F3, CMPMEP F1 or GMP (Fig. 2C).
We also analyzed the genetic landscape of 102/131 MDS

patients of the cohort #2 according to their phenotypic pattern of
HSPCs repartition. Overall, 85/102 (83.3%) patients carried at least
one somatic mutation (Table 1). Patients with an increase of B/NK
progenitors or CMPMEP F3 or MPP F3 harbored the lowest
number of mutations, whereas those with an increase of MPP F2,
MLPs or LMPPs were associated with a higher number of
mutations (Supplementary Fig. 4E). Interestingly, the profile with
increased of B/NK progenitors was associated with DNMT3A
mutations (5/10 patients, p= 0.0058), whereas SF3B1 mutations
were more frequent in patients with increased of CMPMEP F3 (4/
10 patients; p= 0.0482) (Fig. 2D). The profile with accumulation of
CMPMEP F1 was also frequently associated with ASXL1 mutation
(7/9 patients; p < 0.0001) and TET2 mutations were more
frequently detected in patients with increase of GMPs (15/28
patients; p= 0.0217) (Fig. 2D).
Altogether, these results suggested the amplification of distinct

HSPCs sub-populations in MDS and revealed phenotypic signa-
tures associated with IPSS-R stratification and distinct genomic
patterns of MDS.

MDS with decreased CD38+HSPCs heterogeneity have a
reduced entropy
To quantify the heterogeneity of HSPCs in the BM, we computed
the Shannon entropy based on quantification of the proportion of
each HSPCs subpopulations identified by MFC in samples from the
cohort #2. Entropy of CD34+ CD38+ and CD34+ CD38-HSPCs
was similar in non-MDS samples with or without cytopenia
(Fig. 3A). Comparison of entropy values normalized to the
maximum possible entropy level of these two fractions of cells
showed a significantly lower CD38-HSPCs entropy, which reflects
the lower phenotypic diversity of immature multipotent CD38-
progenitors compared to more differentiated CD38+HSPCs
(Fig. 3B). The entropy of CD38+HSPCs was significantly decreased
in MDS samples and also drastically reduced in AML samples
(Fig. 3C). Conversely, the CD38-HSPCs entropy was significantly
increased in MDS samples (Fig. 3C), attesting the emergence and/
or accumulation of one or more CD38-HSPCs sub-populations,
creating a heterogeneity not observed in non-MDS samples. In
AML samples, the level of CD38-HSPCs entropy remained low,
mainly due to the full replacement of normal CD34+ CD38-
HSPCs by abnormal CD34+ CD38- leukemic stem cells.
Normal rates of CD38+ and CD38-HSPCs entropy in non-MDS

samples without cytopenia were then used as a reference to
analyze HSPCs entropy levels in patients with cytopenia related to
MDS or not. Whereas CD38+HSPCs entropy was normal in all non-

MDS samples with cytopenia, a decrease of CD38+HSPCs entropy
(z-score ≤-2) was found in 47.3% of MDS cases (Supplementary
Fig. 5A). Increase of CD38-HSPCs entropy (z-score ≥2) was also
detected in MDS samples but to a significantly lower frequency
(32.8% of cases; p= 0.0230) (Supplementary Fig. 5A). With a ROC
analysis, we identified a CD38+ HSPC entropy value < 2.1 allowing
the detection of MDS with 86.3% of specificity and 67.2% of
sensitivity with higher AUC for intermediate and high-risk MDS
(Fig. 3D). However, the increase of CD38-HSPCs entropy was less
efficient to diagnose MDS (Supplementary Fig. 5B).
Altogether, these data indicated therefore that HSPCs entropy

and more specifically the CD38+HSPCs entropy is a relevant
parameter for the diagnosis of MDS.

Reduced CD38+HSPCs entropy identified patients with
specific MDS features
We then investigated whether CD38+HSPCs entropy correlated
with clinical and biological features of MDS cases (Table 1). Age
was similar in the two groups of MDS patients. A low level of
CD38+HSPCs entropy was associated with lower neutrophils and
platelets counts, deep anemia and pancytopenia (Table 1). The
level of CD38+HSPCs entropy was inversely correlated with
CD34+ cells quantified by MFC and with the BM blast count
assessed by morphology (Supplementary Fig. 5C). Accordingly,
low CD38+HSPCs entropy was associated with the MDS-IB entity
of the WHO classification, a poor risk cytogenetic profile and a
very high/high/intermediate risk IPSS-R (Table 1). We also
analyzed the genetic landscape of MDS patients according to
the level of the CD38+HSPCs entropy (Supplementary Fig. 6A).
Abnormal CD38+HSPCs entropy was associated with increased
proportion of mutated cases and a higher number of mutations
(Table 1). Low level of CD38+HSPCs entropy was significantly
more frequently associated with somatic mutations in genes
encoding for transcription factors (p= 0.0144, Supplementary
Fig. 6B). Among these genes, RUNX1 was the most frequently
mutated in patients with low CD38+HSPCs entropy (p= 0.0109).
ASXL1 (p= 0.0412) and DDX41 (p= 0.0228) mutations were also
more frequently detected in patients with abnormal
CD38+HSPCs entropy (Supplementary Fig. 6C). Interestingly,
we detected in MDS patients harboring a somatic mutation with
high variant allele frequency (VAF), a lower CD38+HSPCs entropy
(Supplementary Fig. 6D), suggesting that evaluation of HSPCs
entropy could reflect the clonal dominance observed in MDS. We
also analyzed the association between the level of CD38+HSPCs
entropy and patient restratification according to the IPSS-M
computed based on these molecular data. The restratification of
IPSS-R to IPSS-M was as expected (Supplementary Fig. 7A, B). Low
CD38+HSPCs entropy was significantly associated with a
moderate high/high/very high IPSS-M (Table 1). Interestingly
when focusing on patients which were restratified upstaged, 13/
31 (42%) of cases were characterized by low level of
CD38+HSPCs entropy with higher proportion in the group of
low, intermediate or high IPSS-R (Supplementary Fig. 7C).
Furthermore, among patients with LR-MDS based on the IPSS-R
( ≤ 3.5), 5/7 (71%) of cases restratified in the group of HR-MDS
based on the IPSS-M (>0) harbored a low level of CD38+HSPCs

Fig. 1 Deep immunophenotyping of HSPCs revealed a decreased heterogeneity of HSPCs in MDS samples. BM samples are from cohort #1.
A Scheme of the pipeline used for automated clustering of CD34+ cell sorted subpopulations with the Cytobank web-based software.
B CD34+ clusters repartition on a t-SNE plot from 4 representative control samples (CTL) and 4 MDS samples (low risk (LRMDS), n= 2; high risk
(HRMDS), n= 2). C Heat map representation of clusters abundance among CD34+lin- sorted cells. Each column represents the relative
frequency of the 10 clusters identified by the t-SNE-FlowSOM workflow for each sample (rows). The dendrogram demonstrates how the
different MDS and control samples grouped together. Note that samples LRMDS1 and HRMDS2 come from serial BM aspiration of the same
patient (each several months apart) and demonstrate consistent properties. D Phenotypic cells characterization of clusters 8, 9 and 10 in
samples CTL1, LRMDS7 and HRMDS8, respectively. E Abundance of cluster 8, 9 and 10 in control (n= 9) and MDS samples according their low
(n= 17) or high (n= 10) risk status. Lines represent means ± s.d. Statistical significance was determined using unpaired two-tailed
Mann–Whitney tests.
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Table 1. Presenting features of patients with MDS from cohort #2 and cohort #3.

Variables Cohort #2 (Institution #1) Cohort #3 (Institution #2)

All patients
(n= 131)

CD38+HSPCs Entropy All patients
(n= 584)

CD38+HSPCs Entropy

Normal
(n= 69,
53%)

Low
(n= 62, 47%)

p value Normal
(n= 318,
54%)

Low
(n= 266,
46%)

p value

Age, y, median (range) 76 (29–94) 75 (42–89) 77 (29–94) 0.6366 74 (19–96) 75 (23–95) 72 (19–96) 0.022

Males, n (%) 78 (60) 41 (59) 37 (60) 1 237 (40.6) 128 (40.3) 109 (41) 0.87

Hb, g/dL, median (range) 10.7
(6.7–15.4)

10.7
(7.9–15.4)

10.75
(6.7–15.4)

0.9669 9.3
(3.3–15.2)

9.4
(3.3–15.2)

9.1
(5.3–15.2)

0.19

Hb < 10 g/dL, n (%) 43 (33) 24 (32) 19 (31) 0.7101 363 (62) 192 (60) 171 (64) 0.35

Hb < 8 g/dL, n (%) 12 (9) 2 (3) 10 (16) 0.013 124 (21) 61 (19) 63 (24) 0.19

ANC, x 109/L, median (range) 1.98
(0.03–12.24)

2.74
(0.67–8.64)

1.44
(0.03–12.24)

<0.0001 1.65
(0.06–9.51)

1.76
(0.06–9.51)

1.43
(0.10–9.32)

0.073

ANC < 0.8 × 109/L, n (%) 16 (12) 2 (3) 14 (27) 0.0008 133 (23) 66 (21) 67 (25) 0.23

Plt, x109/L, median (range) 132 (21–584) 156 (28–453) 116 (21–584) 0.0028 90 (5–1028) 101 (5–892) 83 (5–1028) 0.0015

Plt < 100 × 109/L, n (%) 41 (31) 15 (22) 26 (42) 0.0228 324 (55) 158 (50) 166 (62) 0.0026

Plt < 50 × 109/L, n (%) 7 (5) 2 (3) 5 (8) 0.2572 166 (28) 75 (24) 91 (34) 0.0056

Pancytopenia, n (%) 33 (25) 10 (15) 23 (37) 0.0044 115 (20) 53 (17) 62 (23) 0.0476

BM blast %, median (range) 3 (0–19) 2 (0–11) 5.5 (1–19) <0.0001 10 (0–19) 4 (0–19) 10 (0–19) <0.0001

Abnormal Karyotype, n (%) 47 (38) 25 (37) 22 (39) 0.8538 325 (56) 167 (53) 158 (59) 0.11

Very good 9 (7) 7 (10) 2 (4) 0.0109 24 (4) 14 (4) 10 (4) 0.55

Good 83 (68) 46 (69) 37 (66) 306 (52) 176 (55) 130 (49)

Intermediate 15 (12) 6 (9) 9 (16) 107 (18) 52 (16) 55 (21)

Poor 6 (5) 6 (9) 0 (0) 59 (10) 31 (10) 28 (11)

Very Poor 10 (10) 2 (3) 8 (14) 88 (15) 45 (14) 43 (16)

NA 8 2 6 0 0 0

WHO 2022, n (%)

MDS-LB 63 (48) 43 (62) 20 (32) <0.0001 126 (22) 98 (31) 28 (11) <0.0001

MDS-LB-RS 8 (6) 7 (10) 1 (2) 38 (7) 27 (8) 11 (4)

MDS-5q 3 (2) 2 (3) 1 (2) 22 (4) 14 (4) 8 (3)

MDS-IB1 24 (18) 11 (16) 13 (21) 108 (18) 49 (15) 59 (22)

MDS-IB2 16 (12) 0 16 (26) 218 (37) 87 (27) 131 (49)

MD-CMML1 14 (11) 5 (7) 9 (15) 48 (8) 32 (10) 16 (6)

MD-CMML2 3 (2) 1 (2) 2 (3) 24 (4) 11 (3) 13 (5)

IPSS-R, n (%b)

NA 8 2 6 0 0 0

Very Low 27 (22) 23 (34) 4 (7) <0.0001 53 (9) 42 (13) 11 (4) <0.0001

Low 46 (37) 30 (45) 16 (29) 125 (21) 79 (25) 46 (17)

Intermediate 17 (14) 3 (5) 14 (25) 119 (20) 67 (21) 52 (20)

High 24 (20) 10 (15) 14 (25) 151 (26) 67 (21) 84 (32)

Very High 9 (7) 1 (1) 8 (14) 136 (23) 63 (20) 73 (27)

Mutated cases, n (%) 85 (83)a 40 (73) 45 (96) 0.0026 NA

Number of mutations,
median (range)

2 (0–10) 2 (0–7) 3 (0-10) <0.0001 NA

IPSS-M, n (%c) NA

Very Low 12 (12) 10 (18) 2 (5) 0.0007

Low 45 (46) 32 (58) 13 (30)

Moderate Low 4 (4) 2 (4) 2 (5)

Moderate High 15 (15) 6 (11) 9 (20)

High 13 (13) 4 (7) 9 (20)

Very High 10 (10) 1 (2) 9 (20)

Comparisons were performed using a Mann–Whitney test for continuous variables and Fisher’s exact tests for categorical variables. Significant p values are
highlighted in bold.
ANC absolute neutrophils count, BM bone marrow, Hb hemoglobin, MD-CMML1/2 myelodysplastic-chronic myelomonocytic leukemia 1/2 (WBC < 13 × 109/L),
MDS-5q MDS with low blasts and with isolated del(5q), MDS-IB1/2 MDS with increased blasts 1/2, MDS-LB MDS with low blasts, MDS-LB-RS MDS with low blasts
and ring sideroblasts, NA not available, Plt platelet.
aCases with HTS data, n= 102.
bAmong cases with IPSS-R available.
cCases with HTS & cytogenetic data &, n= 99.
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entropy (Supplementary Fig. 7D). These results suggest therefore
that this parameter could allow the identification of some
patients who will be restratified upstaged with the IPSS-M
classification, especially those who will switch from a LR-MDS to a
HR-MDS.

We also followed the level of CD38+HSPCs entropy during the
course of the disease. In untreated patients with a stable low-risk
MDS, the CD38+HSPCs entropy significantly decreased during
follow-up and this was more pronounced in patients with disease
progression (Fig. 3E). However, this decrease was no longer
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observed in patients with hypomethylating agents-mediated
stabilization of the disease (Fig. 3E). Finally, we observed that
MDS patients with an abnormal low level of CD38+HSPCs entropy
computed at diagnosis had a significantly higher risk of
progression and this was also true for the sub-group of patients
with LR-MDS (Fig. 3F, G). Altogether, these results indicated that
the detection of a loss of CD38+HSPCs heterogeneity through
entropy calculation is an attractive biomarker for predicting the
outcome of MDS patients, including from early stage of the
disease and for monitoring their follow-up.

Validation of CD38+HSPCs entropy as a diagnostic tool for
MDS detection
To validate the importance of CD38+HSPCs entropy in the
diagnosis of MDS, we took advantage of an independent cohort of
764 patients (cohort #3 in Supplementary Table 1 and Table 1).
The panel markers (combination #3, Supplementary Table 2) and
the analysis strategy (Supplementary Fig. 8) we used for these
samples led to the identification of 6 different CD38+HSPCs
subpopulations (Supplementary Table 3). We confirmed in this
cohort that the level of CD38+HSPCs entropy was similar in non-
MDS samples with or without cytopenia, and significantly
decreased in MDS samples (Supplementary Fig. 9A). ROC curve
evaluation confirmed the capacity of CD38+HPSCs entropy to
diagnose MDS including for low-risk MDS (Supplementary Fig. 9B).
Samples from non-MDS patients without cytopenia were then
used to define the normal level of CD38+ HSPC entropy and
calculation of a z-score < -2 identified 198 (46%) MDS patients
with an abnormal low level of CD38+HSPCs entropy (Supple-
mentary Fig. 9C). Similarly, the decreased CD38+HSPCs entropy
level was associated with specific features of MDS such as deeper
thrombocytopenia and neutropenia (Table 1). CD38+ HSPC
entropy of MDS patients was closely related to the level of BM
blasts with a negative linear correlation (Supplementary Fig. 9D).
Consistent with this, low level of CD38+HSPCs entropy was also
associated with the “MDS with increased blasts” entity of the WHO
classification and with the high/very high-risk IPSS-R (Table 1).
These results confirmed therefore in this independent cohort,

the capacity of CD38+HSPCs entropy calculation to identify MDS
patients with a more advanced stage of their disease.

Low CD38+HSPCs entropy is an independent negative
prognostic marker for MDS patients
Finally, we wondered whether the CD38+ HSPCS entropy could
be an independent prognostic parameter in MDS. We thus
analyzed the follow-up of 584 MDS patients (median follow-up of
28.4 months) classified according their low or normal level of
CD38+HSPCs entropy computed at diagnosis. The impact of the
IPPS-R classification on LFS and OS was as expected (Supplemen-
tary Fig. 9E). Interestingly, the median PFS of patients with low
CD38+HSPCs entropy was significantly decreased (14.9 months vs
not reached (NR); Hazard Ratio [HR]:2.40, p < 0.0001) (Fig. 4A). The
median LFS of patients with low CD38+HSPCs entropy was also
significantly decreased (22.1 months vs NR; HR:2.62, p < 0.0001)
(Fig. 4A). One-year (y) and 3-y LFS were respectively of 64% and

40% in the low entropy patient’s group and 83% and 72% for
patients with normal entropy (Fig. 4A). The median OS of patients
with a low CD38+HSPCs entropy was also significantly shorter
(19.8 vs 33.2 months; HR:1.58, p= 0.0001) (Fig. 4A). One-y and 3-y
OS were respectively 69% and 28% in low entropy patients and
78% and 49% in normal entropy patients (Fig. 4A). Interestingly,
among the group of patients with LR-MDS (defined with IPSS-
R ≤ 3.5), CD38+HSPCs entropy was still significantly associated to
a shorter PFS (HR: 5.35; 95% confidence interval [95%CI]:
2.73–10.47, p < 0.0001), LFS (HR: 6.89; 95%CI: 2.98–15.91,
p < 0.0001) and OS (HR: 2.37; 95%CI: 1.36–4.10, p= 0.0019)
(Fig. 4B). Notably, LFS at 1 and 3 years were 96% and 93%
respectively for MDS with normal entropy, compared to 82% and
57% for patients with low CD38+HSPCs entropy. In contrast, no or
low significant differences of OS (p= 0.76), PFS (HR: 1.46; 95%CI:
1.07–2.00, p= 0.019) and LFS (HR: 1.59; 95%CI: 1.13–2.23,
p= 0.0077) were observed between patients with low or normal
level of CD38+HSPCs entropy among the group of patients with
higher-risk MDS (HR-MDS) (Supplementary Fig. 10). In light of
these results, we then tested whether the CD38+HSPCs entropy
was an independent predicting factor for adverse outcome of
these patients with LR-MDS. With a multivariate Fine and Gray
analysis, low CD38+HSPCs entropy was found to be strongly
independently associated with a shorter PFS (HR= 5.21; 95%CI:
2.58–10.51, p < 0.0001) and a shorter LFS (HR= 7.77; 95%CI:
2.81–21.45, p < 0.0001) (Fig. 4C). In multivariate Cox analysis, low
CD38+HSPCs entropy was also significantly associated with a
worse OS (HR= 2.03; 95%CI: 1.17–3.51, p= 0.012) (Fig. 4C).
Altogether, these results confirmed that decreased

CD38+HSPCs entropy is a strong predictor of adverse outcomes
of LR-MDS independently of others parameters included in the
IPSS-R risk stratification.

DISCUSSION
Diagnosis and prediction of MDS evolution remain challenging in
a daily clinical practice. Our increasing understanding of the
molecular mechanisms that drive the pathophysiology of MDS
recently led to a new clinical-molecular prognostic model, which
allows a more precise evaluation of outcomes [4]. However, it
remains unclear at this time how to address the reality that
genomic analysis by high throughput sequencing are complex
and not yet worldwide used. Improving prognostic systems with
new biomarkers based on MDS physiopathology which can be
rapidly and easily collected could allow a more precise and fast
risk stratification in most healthcare facilities. MFC, an indispen-
sable tool for providing key information for the diagnosis and the
monitoring of almost all hematopoietic neoplasms, can also
provide key information not only for MDS diagnosis [18–22] but
also for guiding the choice of the therapeutic strategy [13, 23, 24]
and for predicting the risk of progression [12, 13, 19, 25]. Analysis
of the HSPCs compartment which contains the cell of origin for
MDS represents an attractive strategy to appreciate, at diagnosis,
the state of advancement of the disease and to evaluate how
close or far the leukemic transformation is. We thus designed a

Fig. 2 Identification of the different HSPCs repartition patterns in MDS. BM samples are from cohort #2. A Heatmap visualization of z-scores
computed for all HSPC sub-populations (rows) from BM samples collected in patients with cytopenia not related to MDS (n= 20) compared to
non-MDS samples without cytopenia. Each column in the heatmap is an individual sample. B Hierarchical clustering heat map visualization of
z-scores computed for all HSPC sub-populations (rows) from BM samples collected in patients with MDS (n= 131) with their low (very low/
low), intermediate or high (high/very High) IPSS-R score compared to non-MDS samples without cytopenia. Each column in the heatmap is an
individual sample. The dendrogram demonstrates how the different MDS samples grouped together. NA, IPSS-R not available due to
karyotype failure. C The circos diagram visualizes the association of the different phenotypic pattern of CD38+ and CD38-HSPCs in MDS
samples in which abnormal accumulation of a least two HSPCs sub-populations was detected (n= 70). D Mutational landscape of the 102
MDS samples according the phenotypic HSPCs pattern. Mutational VAF is coded; ice, 2–10%; sky, 10–20%; orchid, 20–30%; blueberry, >30%. If
multiple mutations are present in a case, the highest VAF is shown. EM epigenetic modifiers, SF splicing factors, SIG signaling, TF transcription
factors, TS tumor suppressors.
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new MFC application to explore the hematopoietic branching
system which can be fully integrated in the diagnostic workflow
of MDS.
Here, we provide clear evidences that deep analysis of HSPCs

repartition by MFC, reveals a reduced HSPCs heterogeneity in

many MDS samples at diagnosis. Distinct abnormal profiles of
HSPCs repartition in MDS samples were observed, some of them
already reported such as the accumulation of GMPs, CMPs or
LMPPs [9, 11, 13]. However, we also identified new profiles
characterized by the accumulation of B/NK progenitors or MLPs
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reflecting a strong disorder of the hematopoietic branching
system. Interestingly, these signatures seem to be closely related
to specific IPSS-R risk but also to distinct molecular pattern of
somatic mutations. Indeed, some phenotypic and genotypic
associations we observed are in accordance with previous work
such as the increased of CMPMEP F3 subpopulation with SF3B1
mutation given the enrichment of SF3B1mut cells in the
megakaryocytic-erythroid lineage [26], or the increase of GMP in
patients with TET2 mutations given its well-known effect toward
the granulomonocytic differentiation of human hematopoietic
progenitors [27]. This suggests therefore, that deciphering the
HSPCs architecture could reflect distinct lineage trajectories that
could be driven by specific mutations.
Computed Shannon entropy, a popular metric commonly

employed in diverse scientific fields to assess the heterogeneity
of a system [28, 29], allowed an accurate quantification of HPSCs
repartition evidenced by MFC. Herein, we demonstrate in two
cohorts of MDS patients that the CD38+HSPCs entropy is
frequently decreased in MDS samples (47% and 46% of cases),
reflecting the expansion of one or more CD38+HSPCs subpopula-
tions and a more advanced state of the disease. However, low
CD38+HSPCs entropy is still observed in patients with LR-MDS
identified on either the IPSS-R or the IPSS-M classification,
underlying the relevance of this parameter for the diagnosis of
all MDS. The CD38-HSPCs compartment is also highly relevant
since we observed in some MDS samples an abnormally elevated
CD38-HSPCs entropy due to the emergence and/or accumulation
of one or more CD38-HSPCs sub-populations. However, the very
low level of CD38-HSPCs entropy computed in non-MDS samples
is probably related to the panel of markers we used which did not
allow the identification of either MPPs and HSCs. A more detailed
analyze of CD38-HSPCs phenotype should probably increase the
expected value of entropy in this compartment of cells and this
should be investigated in the context of MDS.
Progression of MDS is currently mostly predicted by the

genomic status detected at diagnosis. However, we demonstrate
herein, that the detection of a reduced CD38+HSPCs hetero-
geneity attested by a low entropy at diagnosis is a robust
biomarker to predict the worse outcome of LR-MDS patients.
Multivariate analysis confirmed that the CD38+HPSCs entropy is
an independent predictive biomarker for PFS, LFS and OS in this
subgroup of MDS patients. Analysis of cellular HSPCs architecture
represents therefore a very powerful tool to identify LR-MDS
patients with a high risk of progression. This tool could be easily
integrated in the workflow of MDS diagnosis for guiding patient

care. Furthermore, we observed a decreased of CD38+HSPCs
entropy during the follow-up of patients whose disease pro-
gressed but also in untreated patients without apparent evolution,
indicating that CD38+HSPCs entropy is highly sensitive to detect
MDS evolution. In contrast, HMA treatment leading to disease
stabilization avoids this progressive trajectory of CD38+HSPCs
entropy. Finally, at the time of refining myeloid diseases
classification [3, 30], the frontier between MDS and AML trends
to be less clear, considering that therapeutic strategies such as
venetoclax-based therapy are now frequently used not only in
AML but also in MDS/AML. Given the potential of such therapy for
eradicating MDS/leukemic stems cells [16], monitoring the HSPCs
compartment and detecting the persistence of MDS/leukemic
stem cells like in AML [31] could be useful for attesting the
efficiency of these treatments.
From a technical point of view, it is highly relevant to see that

similar results were observed in two independent cohorts with
MFC data obtained with different combinations of markers.
Indeed, the median level of CD38+HSPCs entropy was similar in
both cohorts due to the identification of the same type and
number (n= 6) of sub-populations. Furthermore, this strategy is
based on the identification and quantification of HSPCs sub-
populations using a single-tube panel strategy and not on the
detection of an abnormal profiles of maturation which are
sometimes difficult to assess. In addition, this panel also allows
the calculation of other well-known FCM based scores for MDS
diagnostic such as the Ogata-Score or the Red-Score. This strongly
supports therefore the feasibility of integration of the quantifica-
tion of HSPCs repartition into the routine analysis of BM samples
with MDS suspicion. Furthermore, investigation of both molecular
patterns and phenotypic profiles have to be performed in parallel
in larger cohorts of patients, in order to define more robust
correlations between specific HSPCs signatures and patterns of
mutations, especially those which are now included in the new
IPSS-M risk stratification [4]. Multi-centric studies are therefore
mandatory to confirm the correlation of CD38+HSPCs entropy
with specific characteristics of MDS and their evolution and to
determine how this parameter could be integrated among the
already world-wide used IPSS-R stratification or the more recently
developed IPSS-M.
Altogether, we demonstrate that the monitoring of HPSCs

entropy should be considered as a highly sensitive biomarker for
predicting outcomes of LR-MDS patients at diagnosis but also to
detect progression during the course of the disease and propose it
as a new tool for precision medicine.

Fig. 3 Reduced HSPCs heterogeneity in MDS can be assessed by a decreased entropy of HSPCs. BM samples are from cohort #2. A Entropy
levels in both CD34+ /CD38- and CD34+ /CD38+ fractions of HSPCs in non MDS samples (CTL) without cytopenia (n= 24, left panel) or with
cytopenia (n= 20, right panel). Lines represent means ± s.d. Statistical significance was determined using unpaired two-tailed Mann–Whitney
tests. B Comparison of CD38+ and CD38-HSPCs entropy value in non MDS-samples with or without cytopenia. Given the different number of
HSPCs sub-populations identified in the CD34+ CD38+ (n= 6) and the CD34+ CD38- (n= 7) fraction of HSPCs, entropy values were
normalized to the maximum possible entropy rate (2.58 for CD38+HSPCs and 2.81 for CD38-HSPCs) to allow comparison of entropy rates in
these two compartment of cells. Lines represent means ± s.d. Statistical significance was determined using Wilcoxon matched-pairs signed
rank tests. C Comparison of CD38+ (left panel) and CD38- (right panel) HSPCs entropy levels in non-MDS samples (with or without cytopenia)
(n= 44), in MDS samples (n= 131) and in AML samples (n= 9). Lines represent means ± s.d. Statistical significance was determined using
unpaired two-tailed Mann–Whitney tests. D ROC curve for the CD38+HSPCs entropy in the whole cohort of patients with MDS (black curve,
n= 131), or MDS low risk (very low/low IPSS-R; orange curve; n= 73) or MDS intermediate risk (blue curve; n= 17) or MDS high risk (high/very
high IPSS-R; red curve; n= 33) compared to non-MDS samples with or without cytopenia (n= 44). The Youden index was defined for all points
of the ROC curve and the maximum value of the index (152.54) was used as a criterion for selecting the optimum cutoff point of the
CD38+HSPCs entropy (2.1) to identify patients with MDS. E Dynamic of CD38+HSPCs entropy during the follow-up of untreated low-risk MDS
patients with stable disease (based on a stable BM blast cell count) (n= 24; median follow-up of 11.5 months ; range: 3–40 months); or with
evolution attested by increased BM blast cell count (n= 7; median time between diagnosis of MDS and evolution of the disease: 12 months ;
range : 9–26 months) and of MDS patients treated by HMA leading to stabilization of the disease based on the BM blast cell count (n= 10;
median number of cures: 6 ; range : 2–12). Lines represent means ± s.d. Statistical significance was determined using Wilcoxon matched-pairs
signed rank tests. Black arrows indicate the evolution of the mean value of CD38+HSPCs entropy between diagnosis (Diag) and follow-up
(FU). Progression Free Survival curves (F) of MDS patients whatever the IPSS-R classification (n= 84) or (G) of patients with LR-MDS (defined as
IPSS-R ≤ 3.5) (n= 61), according to the low or normal level of CD38+HSPCs entropy (z-score ≤-2 or >-2 compared to non-MDS samples without
cytopenia).
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Fig. 4 Low level of CD38+HSPCs is an independent negative prognostic factor for LR-MDS. BM samples are from cohort #3. Kaplan-Meier
estimates of survival outcomes according to CD38+ HSPCs entropy level of (A) all patients (n= 584) or (B) of patients with LR-MDS (IPSS-
R ≤ 3.5) (n= 213). C Multivariate analysis exploring factors that affect PFS, LFS and OS of LR-MDS patients (n= 213). Good or very good
cytogenetic risk categorization was determined according the Comprehensive Cytogenetic Scoring System (CCSS) for MDS.

C. Dussiau et al.

1140

Leukemia (2024) 38:1131 – 1142



DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

REFERENCES
1. Adès L, Itzykson R, Fenaux P. Myelodysplastic syndromes. Lancet Lond Engl.

2014;383:2239–52.
2. Greenberg PL, Tuechler H, Schanz J, Sanz G, Garcia-Manero G, Solé F, et al.

Revised international prognostic scoring system for myelodysplastic syndromes.
Blood. 2012;120:2454–65.

3. Khoury JD, Solary E, Abla O, Akkari Y, Alaggio R, Apperley JF, et al. The 5th edition
of the World Health Organization Classification of Haematolymphoid Tumours:
Myeloid and Histiocytic/Dendritic Neoplasms. Leukemia. 2022;36:1703–19.

4. Bernard E, Tuechler H, Greenberg PL, Hasserjian RP, Arango Ossa JE, Nannya Y,
et al. Molecular international prognostic scoring system for myelodysplastic
syndromes. NEJM Evid. 2022;1:EVIDoa2200008.

5. Arber DA, Orazi A, Hasserjian RP, Borowitz MJ, Calvo KR, Kvasnicka H-M, et al.
International consensus classification of myeloid neoplasms and acute leukemias:
integrating morphologic, clinical, and genomic data. Blood. 2022;140:1200–28.

6. Gardikas N, Vikentiou M, Konsta E, Kontos CK, Papageorgiou SG, Spathis A, et al.
Immunophenotypic profile of CD34+ subpopulations and their role in the
diagnosis and prognosis of patients with de-novo, particularly low-grade mye-
lodysplastic syndromes. Cytom B Clin Cytom. 2019;96:73–82.

7. Huang L, Garcia-Manero G, Jabbour E, Goswami M, Routbort MJ, Medeiros LJ et al.
Persistence of immunophenotypically aberrant CD34+ myeloid progenitors is
frequent in bone marrow of patients with myelodysplastic syndromes and
myelodysplastic/myeloproliferative neoplasms treated with hypomethylating
agents. J Clin Pathol. 2016. https://doi.org/10.1136/jclinpath-2016-203715.

8. Schenkel JM, Hergott CB, Dudley G, Drew M, Charest K, Dorfman DM. Use of a
blast dominance–hematogone index for the flow cytometric evaluation of
myelodysplastic syndrome (MDS). Am J Clin Pathol. 2019;151:584–92.

9. Shameli A, Dharmani-Khan P, Luider J, Auer I, Shabani-Rad M-T. Exploring blast
composition in myelodysplastic syndromes and myelodysplastic/myeloproli-
ferative neoplasms: CD45RA and CD371 improve diagnostic value of flow cyto-
metry through assessment of myeloblast heterogeneity and stem cell aberrancy.
Cytom B Clin Cytom. 2021;100:574–89.

10. Pang WW, Pluvinage JV, Price EA, Sridhar K, Arber DA, Greenberg PL, et al.
Hematopoietic stem cell and progenitor cell mechanisms in myelodysplastic
syndromes. Proc Natl Acad Sci USA. 2013;110:3011–6.

11. Will B, Zhou L, Vogler TO, Ben-Neriah S, Schinke C, Tamari R, et al. Stem and
progenitor cells in myelodysplastic syndromes show aberrant stage-specific
expansion and harbor genetic and epigenetic alterations. Blood. 2012;120:2076–86.

12. van Spronsen MF, Hanekamp D, Westers TM, van Gils N, Vermue E, Rutten A, et al.
Immunophenotypic aberrant hematopoietic stem cells in myelodysplastic syn-
dromes: a biomarker for leukemic progression. Leukemia. 2023;37:680–90.

13. Ganan-Gomez I, Yang H, Ma F, Montalban-Bravo G, Thongon N, Marchica V et al.
Stem cell architecture drives myelodysplastic syndrome progression and predicts
response to venetoclax-based therapy. Nat Med 2022;28:557–567.

14. Notta F, Zandi S, Takayama N, Dobson S, Gan OI, Wilson G, et al. Distinct routes of
lineage development reshape the human blood hierarchy across ontogeny.
Science. 2016;351:aab2116.

15. Karamitros D, Stoilova B, Aboukhalil Z, Hamey F, Reinisch A, Samitsch M, et al.
Single-cell analysis reveals the continuum of human lympho-myeloid progenitor
cells. Nat Immunol. 2018;19:85–97.

16. Vazquez R, Breal C, Zalmai L, Friedrich C, Almire C, Contejean A, et al. Venetoclax
combination therapy induces deep AML remission with eradication of leukemic
stem cells and remodeling of clonal haematopoiesis. Blood Cancer J. 2021;11:62.

17. Cheson BD, Greenberg PL, Bennett JM, Lowenberg B, Wijermans PW, Nimer SD,
et al. Clinical application and proposal for modification of the International
Working Group (IWG) response criteria in myelodysplasia. Blood. 2006;108:419–25.

18. Duetz C, Van Gassen S, Westers TM, van Spronsen MF, Bachas C, Saeys Y et al.
Computational flow cytometry as a diagnostic tool in suspected-myelodysplastic
syndromes. Cytom Part J Int Soc Anal Cytol. 2021. https://doi.org/10.1002/
cyto.a.24360.

19. Barreau S, Green AS, Dussiau C, Alary A-S, Raimbault A, Mathis S, et al. Phenotypic
landscape of granulocytes and monocytes by multiparametric flow cytometry: A
prospective study of a 1-tube panel strategy for diagnosis and prognosis of
patients with MDS. Cytom B Clin Cytom. 2020;98:226–37.

20. Mathis S, Chapuis N, Debord C, Rouquette A, Radford-Weiss I, Park S, et al. Flow
cytometric detection of dyserythropoiesis: a sensitive and powerful diagnostic
tool for myelodysplastic syndromes. Leukemia. 2013;27:1981–7.

21. Westers TM, Cremers EMP, Oelschlaegel U, Johansson U, Bettelheim P, Matarraz S,
et al. Immunophenotypic analysis of erythroid dysplasia in myelodysplastic
syndromes. A report from the IMDSFlow working group. Haematologica.
2017;102:308–19.

22. Bardet V, Wagner-Ballon O, Guy J, Morvan C, Debord C, Trimoreau F, et al.
Multicentric study underlining the interest of adding CD5, CD7 and CD56
expression assessment to the flow cytometric Ogata score in myelodysplastic
syndromes and myelodysplastic/myeloproliferative neoplasms. Haematologica.
2015;100:472–8.

23. Raimbault A, Itzykson R, Willems L, Rousseau A, Chapuis N, Mathis S, et al. The
fraction of CD117/c-KIT-expressing erythroid precursors predicts ESA response in
low-risk myelodysplastic syndromes. Cytom B Clin Cytom. 2019;96:215–22.

24. Westers TM, Alhan C, Chamuleau ME, van der Vorst MJ, Eeltink C, Ossenkoppele
GJ, et al. Aberrant immunophenotype of blasts in myelodysplastic syndromes is a
clinically relevant biomarker in predicting response to growth factor treatment.
Blood. 2010;115:1779–84.

25. van Spronsen MF, Van Gassen S, Duetz C, Westers TM, Saeys Y, van de Loosdrecht
AA. Myelodysplastic neoplasms dissected into indolent, leukaemic and unfa-
vourable subtypes by computational clustering of haematopoietic stem and
progenitor cells. Leukemia. 2024; : 1–13.

26. Cortés-Lopez M, Chamely P, Hawkins AG, Staneley RF, Swett AD, Ganesan S, et al.
Single-cell multi-omics defines the cell-type-specific impact of splicing aberra-
tions in human hematopoietic clonal outgrowths. Cell Stem Cell.
2023;30:1262–81.e8.

27. Pronier E, Almire C, Mokrani H, Vasanthakumar A, Simon A, da Costa Reis Monte
Mor B, et al. Inhibition of TET2-mediated conversion of 5-methylcytosine to
5-hydroxymethylcytosine disturbs erythroid and granulomonocytic differentia-
tion of human hematopoietic progenitors. Blood. 2011;118:2551–5.

28. Dussiau C, Boussaroque A, Gaillard M, Bravetti C, Zaroili L, Knosp C et al.
Hematopoietic differentiation is characterized by a transient peak of entropy at a
single-cell level. BMC Biol. 2022;20:1–15.

29. Cerrano M, Duchmann M, Kim R, Vasseur L, Hirsch P, Thomas X, et al. Clonal
dominance is an adverse prognostic factor in acute myeloid leukemia treated
with intensive chemotherapy. Leukemia. 2021;35:712–23.

30. Döhner H, Wei AH, Appelbaum FR, Craddock C, DiNardo CD, Dombret H, et al.
Diagnosis and management of AML in adults: 2022 recommendations from an
international expert panel on behalf of the ELN. Blood. 2022;140:1345–77.

31. Heuser M, Freeman SD, Ossenkoppele GJ, Buccisano F, Hourigan CS, Ngai LL,
et al. 2021 update on MRD in acute myeloid leukemia: a consensus
document from the European LeukemiaNet MRD Working Party. Blood.
2021;138:2753–67.

ACKNOWLEDGEMENTS
This work was supported by research funding from the European Union’s Horizon
2020 research and innovation program under grant agreement No. 634789 (MDS-
RIGHT research project) and from la commission recherche des Hopitaux
Universitaires Paris Center (AAP 2019). This work was also supported by OPALE
Carnot Institute and by the SIRIC CARPEM. C.DU. was the recipient of a PhD funding
from Aviesan ITMO Cancer (Plan Cancer 2014-2019). We would like to thank
Catherine Gicquel, Laurence Marnet, Lucie Maurice, Bruno Montout, Loetitia Rhino
(Assistance Publique-Hôpitaux de Paris. Center-Université Paris Cité, Service
d’hématologie biologique, Hôpital Cochin, Paris, France) and Rolande Baracou, Sylvie
Boudot, Aurore Cazeneuve, Sylvie Estival, Nicolas Lablanche, Damien Semat (Institut
Universitaire du Cancer Toulouse Oncopole, CHU Toulouse, France) for technical
assistance in flow cytometry experiments and Dr Lucile Couronne, Dr Estelle Balducci
and Dr Sophie Kaltenbach (Assistance Publique-Hôpitaux de Paris. Center-Université
Paris Cité, Service d’hématologie biologique, Hôpital Necker-Enfants, Paris, France) for
cytogenetic analysis of MDS samples. The authors also thank Dr Olivier Gandrillon
(ENS de Lyon, Université Claude Bernard, CNRS UMR 5239, INSERM U1210, Lyon,
France) for helpful discussion at the initiation of the project.

AUTHOR CONTRIBUTIONS
CDU, FV, and NC, designed the study, collected biological and clinical data, analyzed
and interpreted data, and wrote the manuscript. CDU, CK, CB, AH, CDA, LZ performed
experiments. CDU, TC, IV, AC, LL, CF, IB, LZ, CA, OK, NC, and FV, collected biological
data. TC, OR, LW, RB, and DB, recruited patients and collected clinical data. MF, and
OK, interpreted data, and revised the manuscript; and all authors edited and
approved the paper for submission.

C. Dussiau et al.

1141

Leukemia (2024) 38:1131 – 1142

https://doi.org/10.1136/jclinpath-2016-203715
https://doi.org/10.1002/cyto.a.24360
https://doi.org/10.1002/cyto.a.24360


COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-024-02234-6.

Correspondence and requests for materials should be addressed to Nicolas Chapuis.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

C. Dussiau et al.

1142

Leukemia (2024) 38:1131 – 1142

https://doi.org/10.1038/s41375-024-02234-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Loss of hematopoietic progenitors heterogeneity is an adverse prognostic factor in lower-risk myelodysplastic neoplasms
	Introduction
	Methods
	Patients and specimens
	MFC analysis
	Genomic testing
	Estimation of Shannon indexes
	Statistical methods

	Results
	Heterogeneity of HSPCs is reduced�in MDS
	Different profiles of HSPCs repartition emerge�in MDS
	MDS with decreased CD38 + HSPCs heterogeneity have a reduced entropy
	Reduced CD38 + HSPCs entropy identified patients with specific MDS features
	Validation of CD38 + HSPCs entropy as a diagnostic tool for MDS detection
	Low CD38 + HSPCs entropy is an independent negative prognostic marker for MDS patients

	Discussion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




