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We used data from 852 consecutive subjects with myelodysplastic neoplasms (MDS) diagnosed according to the 2016 (revised 4th)
World Health Organization (WHO) criteria to evaluate the 2022 (5th) edition WHO classification of MDS. 30 subjects previously
classified as MDS with an NPM1 mutation were re-classified as acute myeloid leukaemia (AML). 9 subjects previously classified as
MDS-U were re-classified to clonal cytopenia of undetermined significance (CCUS). The remaining 813 subjects were diagnosed as:
MDS-5q (N = 11 [1%]), MDS-SF3B1 (N = 70 [9%]), MDS-biTP53 (N = 53 [7%]), MDS-LB (N = 293 [36%]), MDS-h (N = 80 [10%]), MDS-
IB1 (N=161 [20%]), MDS-IB2 (N =103 [13%]) and MDS-f (N =42 [5%]) and MDS-biTP53 (N = 53 [7%]). 34 of these subjects came
from the 53 (64%) MDS-biTP53 previously diagnosed as MDS-EB. Median survival of subjects classified as MDS using the WHO 2022
criteria was 45 months (95% Confidence Interval [Cl], 34, 56 months). Subjects re-classified as MDS-biTP53 and MDS-f had
significantly briefer median survivals compared with other MDS sub-types (10 months, [8, 12 months] and 15 months [8,

23 months]). In conclusion, our analyses support the refinements made in the WHO 2022 proposal.

Leukemia (2022) 36:2875-2882; https://doi.org/10.1038/s41375-022-01718-7

INTRODUCTION

A summary of the World Health Organization (WHO) 5th edition
(2022) classification of myelodysplastic neoplasms (MDS) was
recently published in LEUKEMIA [1]. The WHO 2022 classification
reorganize MDS categories by emphasizing histological and
genetic co-variates. Diagnostic criteria for MDS with low blasts
and isolated del(5g) (MDS-5q) was unchanged. MDS with biallelic
TP53 inactivation (MDS-biTP53) is introduced as a new sub-type
defined by the presence of multi-hit TP53 mutations and
supersedes other MDS sub-types. Presence of a SF3B7 mutation
and low blasts is considered consistent with a MDS diagnosis
(MDS-SF3B1) and supersedes the prior entity of MDS with ring
sideroblasts (MDS-RS). In the sub-types defined by histology the
WHO 2022 classification retains cutoffs between MDS with low
blasts (MDS-LB) and MDS with increased blasts (MDS-IB). Persons
without increased blasts are divided into hypoplastic MDS (MDS-h)
and MDS-LB. Persons with increase blasts are divided into MDS-
IB1, MDS-IB2 and MDS with fibrosis (MDS-f). MDS-h and MDS-f are
considered distinct subtypes underscoring the importance of
a trephine bone marrow biopsy. We used a dataset of 852

consecutive subjects with MDS initially diagnosed using the WHO
2016 criteria to compare how these subjects would be classified
using the WHO 2022. Our analyses support the refinements made
in the WHO 2022 proposal.

SUBJECTS AND METHODS

Subjects

852 consecutive subjects >18 years with newly-diagnosed MDS according
to the 2016 (revised 4th) WHO criteria in our centre from August 30, 2016
to September 22, 2021 were enrolled [2]. Bone marrow aspirate and biopsy
samples were obtained from all subjects. Diagnostic procedures were
according to recent recommendation [3]. Subjects were re-classified
according to the WHO 2022 classification. The prognostic impact was
evaluated with the International Prognostic Scoring Systems-Revised (IPSS-
R) and International Prognostic Scoring Systems-Molecular (IPSS-M) [4, 5].
Baseline co-variates at diagnosis are displayed at Table 1. Follow-up data
were available for 789 of subjects (93%). The last follow-up was on June 4,
2022 with a median follow-up of survivors 2 years (Inter-Quartile Range
[IQR], 8-31 months). The study was approved by the Ethics Committees of
the Institute of Hematology, Chinese Academy of Medical Science (CAMS)
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Table 1. Baseline characteristics.

Characteristics

Number of patients 852

Male, (%) 550 (64.6)
Age, years, median (IQR) 56 (44-64)
Haemoglobin, g/I, median (IQR) 79 (66-95)

WBCx10E + 9/L, median (IQR)
ANCX10E + 9/L, median (IQR)

2.64 (1.82-3.78)
1.10 (0.65-2.03)

PLTx10E + 9/L, median (IQR) 60 (31-119)
WHO 2016 classification

MDS-SLD 49 (5.8)
MDS-MLD 365 (42.8)
MDS-RS-SLD 22 (2.6)
MDS-RS-MLD 24 (2.8)
MDS-5g- 12 (1.4)
MDS-EB1 197 (23.1)
MDS-EB2 162 (19)
MDS-U 21 (2.5)
IPSS-R karyotype (%), n =760

Very Good 10 (1.2)
Good 427 (50.1)
Intermediate 186 (21.8)
Poor 42 (4.9)
Very poor 95 (11.2)
Missing 92

IPSS-R risk group (%), n =760

Very Low 28 (3.3)
Low 185 (21.7)
Intermediate 241 (28.3)
High 175 (20.5)
Very high 131 (15.4)
Missing 92
IPSS-M risk group (%), n =760

Very Low 21 (2.5)
Low 138 (16.2)
Moderate Low 125 (14.7)
Moderate High 113 (13.3)
High 170 (20.0)
Very High 193 (25.4)
Missing 92

WHO World Health Organization, MDS myelodysplastic syndromes(neo-

plasms), MDS-U MDS unclassifiable, SLD single lineage dysplasia, MLD
multilineage dysplasia, RS-SLD ring sideroblasts with SLD, RS-MLD ring
sideroblasts with MLD, EB1/2 excess blasts type 1/2, 5g- isolated 5q
deletion, WBC white blood cell count, ANC absolute neutrophil count, PLT
platelet count, IPSS-R Revised International Prognostic Scoring System,
IPSS-M International Prognostic Scoring Systems-Molecular.

and Peking Union Medical Collage (PUMC) according to guidelines of
Declaration of Helsinki.

Bone marrow evaluation

Wright-Giemsa staining was done on bone marrow and blood slides for
histological assessment with >, 500 and 200 nucleated cells enumerated.
Prussian blue stain was done on bone marrow slides to identify and
enumerate ring sideroblasts. Erythroblasts Periodic acid-Schiff (PAS),
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neutrophil alkaline phosphatase (N-ALP) and CD41 immune staining were
done to identify dysplastic lineages as described [6, 7]. Bone marrow
biopsies were done on all subjects. Routine bone marrow biopsy section
thickness was 3 um. Hematoxylin-eosin (H&E), PAS and Gomori sliver stains
were done routinely. Age-adjusted bone marrow cellularity and degree of
bone marrow fibrosis were determined using European consensus
guidelines [8].

Multi-parameter flow cytometry

Multi-parameter flow cytometry (MPFC) was done within 24 h after
collection of EDTA-anti-coagulated bone marrow aspirates. A combination
of flow antibody panel (Table S1) was designed to assess MDS associated
phenotypic abnormalities according to The International and European
Leukemia Net Working Group Guidelines [9].

Cytogenetic analyses

Chromosome analyses were done on unstimulated bone marrow cells
after 24 h of culture using G- and/or R-banding techniques. Chromosome
identification and cytogenetic descriptors were applied following the
International System for Human Cytogenetic Nomenclature [10].
In subjects with <12 metaphases we used fluorescence in situ
hybridization (FISH) analyses including probes for -5/-5q, -7/-7q, +8,
-20q, 17p- and -Y.

Targeted gene sequencing

DNA from diagnosis bone marrow mononuclear cells was used for next-
generation sequencing (NGS) as described [11]. We sequenced DNA from
592 subjects using a 141-genes panel from August 2016 to March 2020
(Table S2). DNA from 260 subjects was sequenced with a 267- genes panel
from April 2020 to September 2021 (Table S3). PRPF8 and GNBI, defined as
residual genes in IPSS-M, were not included in the 141-gene panel. TP53
allele state was determined as described [12].

Statistics analyses

Continuous co-variates were described by median and IQR and categorical
co-variates were summarized with count and relative frequency. Contin-
uous co-variates (non-normal distribution) were compared using the
Mann-Whitney U tests. Categorical co-variates were compared using the
Fisher exact test or the Pearson chi-square test. Survival was calculated as
the interval from diagnosis to last follow-up or death and analyzed by the
Kaplan-Meier method. The log-rank test was used for uni-variable
comparisons. All P-values were 2-tailed. Statistical significance was set at
P < 0.05. Analyses were conducted using GraphPad Prism 8 software
(GraphPad Software, San Diego, CA, USA) and SPSS software (IBM, Chicago,
IL, USA).

RESULTS

Re-stratification from the WHO 2016 to WHO 2022
classifications

Diagnostic criteria were largely unchanged in the new proposal
except for these: (1) persons with KMT2A, MECOM, NUP98
rearrangements and NPM1 mutation are classified as acute
myeloid leukaemia (AML) regardless of percentage blasts; and
(2) diagnosis of MDS unclassifiable (MDS-U) was eliminated and
partly replaced by clonal cytopenia of undetermined significance
(CCUS). Applying the WHO 2022 classification 30 subjects with an
NPM1 mutation were re-classified as AML, previously classified as
MDS with excess blast type2 (MDS-EB2; n = 13), MDS with multi-
lineage dysplasia (MDS-MLD; n =9), MDS with excess blast type1l
(MDS-EB1; n =6) and MDS-U (n = 2) according to the WHO 2016
criteria. Nine subjects previously classified as MDS-U were re-
classified to CCUS.

Re-classification of remaining 813 subjects between the WHO
2016 to WHO 2022 classification are displayed in Table 2 and
Fig. 1. Classification of the 11 subjects with MDS-5q remained
unchanged. In addition to prior MDS-RS subjects (N=45),
25 subjects without excess blasts were re-classified as MDS-
SF3B1 because the new criteria have no limitation on numbers of
ring sideroblasts. We re-classified 53 subjects as MDS-biTP53, most
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Table 2. Re-stratification matrix of the number of MDS patients classified in each of the WHO 2016 classification (column) and each of the WHO 2022
classification (row).

WHO0-2016, n MDS-5q MDS-RS- MDS-RS- MDS-SLD MDS-MLD MDS-EB1 MDS-EB2 MDS-U Number of
WHO0-2022, n SLD MLD patients, n (%)
MDS-5q 11 0 0 0 0 0 11(1.3)
MDS-SF3B1 0 21 24 3 21 1 70 (8.6)
MDS-biTP53 1 1 0 1 14 10 24 2 53 (6.5)
MDS-LB 0 0 0 34 254 0 0 5 293 (36)
MDS-h 0 0 0 1 67 0 0 2 80 (9.8)
MDS-IB1 0 0 0 0 0 161 0 0 161 (19.8)
MDS-1B2 0 0 0 0 0 0 103 0 103 (12.7)
MDS-f 0 0 0 0 0 20 22 0 42 (5.2)
Number of 12 (1.5) 22 (2.7) 24 (3.0 49 (6) 356 (43.8) 191 (23.5) 149 (18.3) 10 (1.2) 813

patients, n (%)

WHO World Health Organization, MDS myelodysplastic syndromes(neoplasms), MDS-U MDS unclassifiable, SLD single lineage dysplasia, MLD multilineage
dysplasia, RS-SLD ring sideroblasts with SLD, RS-MLD ring sideroblasts with MLD, EB1/2 excess blasts type 1/2, 5g- isolated 5q deletion, biTP53 biallelic TP53
inactivation, LB low blasts, MDS-SF3B1 MDS with low blasts and SF3B1 mutation, MDS-h MDS hypoplastic, IB1/2: increased blasts type1/2, MDS-f MDS
with fibrosis.

[=] MDS-5q MDS-5q B
I MDS-SLD MDS-SF3B1
MDS-biTP53
MDS-MLD
MDS-LB
[[] wos-rs-sLo -
[l vos-Rs-MLD MDS-h
MDS-EB1
MDS-IB1

MDS-1B2
MDS-EB2
L MDS-f D
3 MDS-U
WHO 2016 Classification WHO 2022 Classification

Fig.1 Summary of the relationship between MDS patients’ subtypes defined in the WHO 2016 and WHO 2022 classification. WHO World
Health Organization, MDS myelodysplastic syndromes(neoplasms), MDS-U MDS unclassifiable, SLD single lineage dysplasia, MLD multilineage
dysplasia, RS-SLD ring sideroblasts with SLD, RS-MLD ring sideroblasts with MLD, EB1/2 excess blasts type 1/2, 5g- isolated 5q deletion, biTP53
biallelic TP53 inactivation, LB low blasts, MDS-SF3B1 MDS with low blasts and SF3B1 mutation, MDS-h MDS, hypoplastic, IB1/2 increased blasts
type1/2, MDS-f MDS with fibrosis.
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Fig. 2 The frequency of 33 significant mutated genes (>1%) in MDS patients according to the WHO 2022 classification. WHO World
Health Organization, MDS myelodysplastic syndromes(neoplasms), 5g- isolated 5q deletion, biTP53 biallelic TP53 inactivation, LB low blasts,
MDS-SF3B1 MDS with low blasts and SF3B1 mutation, MDS-h MDS hypoplastic, IB1/2 increased blasts type1/2, MDS-f MDS with fibrosis.

commonly those with excess blasts (34/53; 64%). Amongst
subjects without the genetic abnormalities defined above, 80
previously classified as MDS-SLD/MLD or MDS-U were re-classified
as MDS-h and the remaining 293 as MDS-LB. Subjects previously
classified as MDS-EB1 or EB2 were re-classified as MDS [B1
(N=161) or IB2 (N=103) after those with MDS-f (N =42) were
excluded.

Gene profile and risk categories according to IPSS-R and IPSS-M
Among the 813 subjects diagnosed as MDS using the WHO 2022
criteria, 617 subjects (76%) had =1 mutation including 241 subjects
(30%) with 1 mutation, 167 subjects (20%) with 2 mutations and
209 subjects (26%) with >3 mutations. Nine genes were mutated
in >5% of subjects including U2AF1 (23%), ASXL1 (19%), RUNX1
(12%), SF3BT (11%), TP53 (10%), TET2 (8%), DMNT3A (7%), SRSF2
(6%) and BCOR (5%). The distribution of mutations >1% is shown
in Fig. 2.

The IPSS-R and IPSS-M were applied to 727 subjects (89%)
with evaluable cytogenetics. Both the IPSS-R and IPSS-M were
prognostically accurate in our dataset (Fig. 3A). The distribution
of IPSS-R and IPSS-M risk groups differed between WHO
subtypes, with the most patients allocated to high and very-
high risk groups within MDS-biTP53, MDS-f and MDS-IB subsets
(Fig. 3B).

Clinical features and survival analyses of WHO 2022 MDS
types

Median survival of subjects classified as MDS using the WHO 2016
criteria was 4 years (95% Confidence Interval [Cl], 36, 60 months)
decreasing to 45 months (34, 56 months) using the WHO 2022
criteria. Subjects with MDS-biTP53 and MDS-f in the WHO 2022
classification had significantly briefer survivals compared with
other sub-types (10 months [8, 12 months] and (15 months [8,
23 months]; Fig. 4A, Table S4).

SPRINGER NATURE

The WHO 2022 classification removes subjects with MDS-f and
some with MDS-biTP53 from the WHO 2016 MDS-EB sub-type.
Median survivals of MDS-IB1 (24 months [18, 30 months]) and
MDS-IB2 (26 months [17, 35 months]) were significantly longer
than MDS-EB1 (23 months [18, 28 months]) and MDS-EB2
(17 months [11, 23 months]; Fig. 4A, B). Subjects classified as
MDS-IB1 and MDS-IB2 had similar clinical and hematological co-
variates and survivals (Table S5; Fig. S1). Subjects with MDS-f had
lower haemoglobin concentrations (75 versus 80 g/L; P = 0.02) and
lower platelet concentrations (41 versus 61 x 10E + 9/L; P < 0.001).
Subjects with MDS-biTP53 had lower haemoglobin concentrations
(72 versus 80g/L; P<0.001), more complex cytogenetics (82%
versus 14%; P < 0.001) and were more likely to be classified as very-
high-risk in IPSS-R and IPSS-M (P < 0.001; Table S6) compared with
subjects with MDS-IB.

Subjects with MDS-IB2 had a higher prevalence of mutations in
BCOR (15% versus 6%; P=0.02) and WT1 (7% versus 1%; P=0.03)
compared with subjects with MDS-IB1. Subjects with MDS-f had a
higher prevalence of U2AF1 mutations (40% versus 21%; P=0.01)
and lower prevalence of RUNXT mutations (7% versus 24%;
P=10.01) compared with subjects with MDS-IB. The prevalence of
mutations in ASXLT (4% versus 24%; P < 0.001), RUNXT (2% versus
24%; P < 0.001), SRSF2 (2% versus 13%, P = 0.02), BCOR (0 versus 9%;
P =0.02) and STAG2 (0 versus 8%; P =0.03) were significantly less
in subjects with MDS-biTP53 compared with those with MDS-IB.

Our subjects with MDS-h had lower concentrations of WBCs
(2.40 versus 2.68 x 10E + 9/L; P =0.004), neutrophils (1.04 versus
1.26x10E + 9/L; P = 0.004) and platelets (40 versus 62 x 10E + 9/L;
P =0.03) compared with those with MDS-LB (Table S7). Subjects
with MDS-h had a significantly lower frequency of MDS-related
mutations including ASXLT (8% versus 22%; P =0.003) and U2AF1
(15% versus 30%, P = 0.007) [13]. Median survivals of both cohorts
were unreached but those with MDS-h had longer survival.
(P=0.09; Fig. 4A, and S2).

Leukemia (2022) 36:2875 - 2882
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Fig. 3 Classification and prognostication of MDS patients. Overall survival of MDS patients stratified according to the IPSS-R and IPSS-M (A)
Repartition of IPSS-R/IPSS-M risk categories and WHO 2022 sub-types (B). WHO, World Health Organization, MDS myelodysplastic
syndromes(neoplasms), 5g- isolated 5q deletion, biTP53 biallelic TP53 inactivation, LB low blasts, MDS-SF3B1 MDS with low blasts and SF3B1
mutation, MDS-h MDS hypoplastic, IB1/2 increased blasts type1/2, MDS-f MDS with fibrosis, IPSS-R Revised International Prognostic Scoring

System, IPSS-M International Prognostic Scoring Systems-Molecular.

In contrast with the WHO 2016 classification the WHO 2022
classification does not distinguish numbers of dysplastic lineages.
Subjects with single lineage dysplasia are at lower risk compared
with those with multi-lineage dysplasia in some studies [14, 15].
We tested the prognostic value of numbers of dysplastic lineages
in subjects with MDS-LB. Based on histological analyses of bone
marrow slides 34 subjects were considered MDS-LB with single
lineage dysplasia (MDS-LB-SLD) and 259, MDS-LB with multiple
lineage dysplasia (MDS-LB-MLD). Subjects with MDS-LB-SLD had
higher concentrations of haemoglobin (93 versus 81g/L;
P=0.001), WBCs (3.80 versus 2.57x10 E+9/L; P=0.002) and
neutrophils (2.14 versus 1.21 x 10E+9/L; P=0.001) and were
more often classified as low-risk in IPSS-R (P = 0.003) and IPSS-M
(P=0.004; Table S8). Mutation patterns were similar between
subjects with MDS-LB-SLD and MDS-LB-MLD. Median survivals
were unreached but MDS-LB-SLD had longer survival (P=0.02;
Fig. S3).

Leukemia (2022) 36:2875 - 2882

DISCUSSION

We used data from 852 consecutive subjects with myelodysplastic
neoplasms (MDS) diagnosed according to the 2016 (revised 4th)
World Health Organization (WHO) criteria to evaluate the 2022
(5th) edition WHO classification of MDS. Overall, our analyses
support the refinements made in the WHO 2022 proposal. Below
we discuss some differences between the classifications.

NPM1 mutations, common in AML, also occur in persons with
MDS, are associated with Auer rods and can rapidly progress to
AML [13, 16]. Those people were biologically more akin to AML
regardless of blast percentage and may benefit from AML
therapies [17, 18]. Consistent with these findings the WHO 2022
re-classifies these subjects to AML.

The category of MDS-U involves a small subset of subjects who
cannot be accurately into any other MDS sub-type. Three
categories in the WHO 2016 classification of this sub-type include:
(1) 1% blood blasts; (2) pancytopenia and single lineage dysplasia;

SPRINGER NATURE
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Fig. 4 Kaplan-Meier survival curves for overall survival in MDS patients. Survival according to the WHO 2022 classification for MDS (A).
Survival according to the WHO 2016 classification for MDS (B). WHO, World Health Organization, MDS myelodysplastic syndromes(neoplasms),
MDS-U MDS unclassifiable, SLD single lineage dysplasia, MLD multilineage dysplasia, RS-SLD ring sideroblasts with SLD, RS-MLD ring
sideroblasts with MLD, EB1/2 excess blasts type 1/2, 5g- isolated 5q deletion, biTP53 biallelic TP53 inactivation, LB low blasts, MDS-h MDS

hypoplastic, IB1/2 increased blasts type1/2, MDS-f MDS with fibrosis, OS overall survival.

and (3) absence of significant dysplasia but with MDS-defining
cytogenetic abnormalities [2]. People with the 1st 2 categories now
re-identified as MDS-LB in the WHO 2022 classification. However,
those with 1% blood blasts have a poor prognosis resembling to
MDS-EB and should be closely followed [19, 20]. People in the 3™
category do not fulfill current diagnostic criteria for MDS and are
considered CCUS in the WHO 2022 classification. Consequently,
MDS-U is removed from the WHO 2022 classification.

SF3B1 mutations are common in people with MDS-RS [21]. The
ring sideroblasts thought to be caused by impaired iron home-
ostasis [22, 23]. In the WHO 2016 classification persons with SF3B1
mutation and as few as 5% ring sideroblasts without excess blasts
are identified as MDS-RS [2]. Recent studies report SF3B7 mutation
identifies a homogeneous subgroup regardless of bone marrow
sideroblasts or dysplasia lineages [24, 25]. For this reason the WHO
2022 classification substitutes MDS-SF3B1 for MDS-RS and
incorporates single and multi-lineage dysplasia. This change may
qualify more people to receive luspatercept [26].

Subjects with MDS-biTP53 and MDS-f had the briefest survivals
in our dataset consistent to prior studies [12, 27-29]. Multi-hit TP53
mutations in MDS identify a very-high-risk sub-type independent
of IPSS-R and co-mutation patterns. Those persons typically have
complex cytogenetics, fewer co-mutations, rapid disease progres-
sion and therapy resistance [12]. Moderate to severe bone marrow
fibrosis in MDS is an independent adverse risk co-variate for more
severe thrombopenia, faster progression to AML and bone
marrow failure and is associated with poor survival [27-29]. We
found a high frequency of U2AF1 mutations in subjects with MDS-
f. We previously reported U2AF1 mutations were associated with
grades-2/-3 bone marrow fibrosis [11]. Our data suggest MDS-
biTP53 and MDS-f should be recognized as distinct sub-types as in
the WHO 2022 classification.

Persons with MDS-h have more severe cytopenias but a better
prognosis compared with those with normal/hyper-cellular MDS
[30]. These findings were reproduced in our dataset. Persons with
hypoplastic MDS were reported to have specific immunological
and genomic features, suggesting a unique pathogenesis of this
subset [31-33]. In accordance with these findings, the WHO 2022
classification recognize MDS-h as a distinct MDS sub-type. The
distinction of MDS-h and other hypoplastic bone marrow failure
disorders can be difficult. Careful morphological evaluation is
critical [30, 34].
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Subjects with single lineage dysplasia are a small but
heterogeneous cohort with a high prevalence of bi-cytopenias
or pancytopenia. Isolated cytopenia is not associated with the
same dysplastic lineage [35, 36]. Although persons with single
lineage dysplasia were reported to have a better prognosis,
replicability in identifying single versus multi-lineages is low
[14, 15, 35, 36]. The threshold of 10% may explain these
discordances and a threshold of 40% dysplastic megakaryocyte
has been proposed [37]. The WHO 2022 classification integrates
MDS-SLD and MDS-MLD in the WHO 2016 classification into MDS-
LB in the WHO 2022 classification. The new sub-type emphasizes
low blasts and provides a better description of those persons.
Regardless, we suggest persons with MDS-LB-MLD may have a
worse prognosis compared with people with MDS-LB-SLD.

Our study has important limitation, such as our data should be
confirmed by an independent cohort.

In conclusion, our evaluation supports the refinements made in
the WHO 2022 classification of MDS.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

REFERENCES

1. 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.

2. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, et al. The 2016
revision to the World Health Organization classification of myeloid neoplasms
and acute leukemia. Blood. 2016;127:2391-405.

3. Valent P, Orazi A, Steensma DP, Ebert BL, Haase D, Malcovati L, et al. Proposed
minimal diagnostic criteria for myelodysplastic syndromes (MDS) and potential
pre-MDS conditions. Oncotarget. 2017;8:73483-500.

4. 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.

5. 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;1:1399-420.

6. Liu L, Cui W, Zhang H, Xu Z, Zhang F, Zheng Y, et al. Study on the implications of
erythroblasts periodic acid-Schiff stain in myelodysplastic syndromes. Chin J
Hematol. 2011;32:259-64.

Leukemia (2022) 36:2875 - 2882



20.

21.

22.

23.

24.

25.

26.

27.

28.

. Feng G, Gale RP, Cui W, Cai W, Huang G, Xu Z, et al. A systematic classification of

megakaryocytic dysplasia and its impact on prognosis for patients with myelo-
dysplastic syndromes. Exp Hematol Oncol. 2015;5:12.

. Thiele J, Kvasnicka HM, Facchetti F, Franco V, van der Walt J, Orazi A. European

consensus on grading bone marrow fibrosis and assessment of cellularity. Hae-
matologica. 2005;90:1128-32.

. Westers TM, Ireland R, Kern W, Alhan C, Balleisen JS, Bettelheim P, et al. Stan-

dardization of flow cytometry in myelodysplastic syndromes: a report from an
international consortium and the European LeukemiaNet Working Group. Leu-
kemia. 2012;26:1730-41.

. Shaffer LG, McGowan-Jordan J, Schmid M ISCN 2013: an international system for

human cytogenetic nomenclature (2013). Karger Medical and Scientific Publish-
ers, 2013.

. Li B, Liu J, Jia Y, Wang J, Xu Z, Qin T, et al. Clinical features and biological

implications of different U2AF1 mutation types in myelodysplastic syndromes.
Genes, Chromosomes Cancer. 2018;57:80-88.

. Bernard E, Nannya Y, Hasserjian RP, Devlin SM, Tuechler H, Medina-Martinez JS,

et al. Implications of TP53 allelic state for genome stability, clinical presentation
and outcomes in myelodysplastic syndromes. Nat Med. 2020;26:1549-56.

. Bersanelli M, Travaglino E, Meggendorfer M, Matteuzzi T, Sala C, Mosca E, et al.

Classification and Personalized Prognostic Assessment on the Basis of Clinical
and Genomic Features in Myelodysplastic Syndromes. J Clin Oncol.
2021;39:1223-33.

. Strupp C, Nachtkamp K, Hildebrandt B, Giagounidis A, Haas R, Gattermann N,

et al. New proposals of the WHO working group (2016) for the diagnosis of
myelodysplastic syndromes (MDS): Characteristics of refined MDS types. Leuk
Res. 2017;57:78-84.

. Malcovati L, Germing U, Kuendgen A, Della Porta MG, Pascutto C, Invernizzi R,

et al. Time-Dependent Prognostic Scoring System for Predicting Survival and
Leukemic  Evolution in  Myelodysplastic Syndromes. J Clin  Oncol.
2007;25:3503-10.

. Huang H, Qin T, Xu Z, Shi Z, Li B, Pan L, et al. Mutational features of myelodys-

plastic syndromes with Auer rods reveal them are more akin to acute myeloid
leukemia. Br J Haematol. 2020;188:796-800.

. Montalban-Bravo G, Kanagal-Shamanna R, Sasaki K, Patel K, Ganan-Gomez |,

Jabbour E, et al. NPM1 mutations define a specific subgroup of MDS and MDS/
MPN patients with favorable outcomes with intensive chemotherapy. Blood Adv.
2019;3:922-33.

. Patel SS, Ho C, Ptashkin RN, Sadigh S, Bagg A, Geyer JT, et al. Clinicopathologic

and genetic characterization of nonacute NPM1-mutated myeloid neoplasms.
Blood Adv. 2019;3:1540-45.

. Margolskee E, Hasserjian RP, Hassane D, Tam W, Mathew S, Ok CY, et al. Mye-

lodysplastic Syndrome, Unclassifiable (MDS-U) With 1% Blasts Is a Distinct Sub-
group of MDS-U With a Poor Prognosis. Am J Clin Pathol. 2017;148:49-57.

van Spronsen MF, Westers TM, Rozema H, Ossenkoppele GJ, Kibbelaar RE,
Hoogendoorn M, et al. Validation of and proposals for refinements of the WHO
2016 classification for myelodysplastic syndromes. Am J Hematol. 2017;92:
E631-34.

Papaemmanuil E, Cazzola M, Boultwood J, Malcovati L, Vyas P, Bowen D, et al.
Somatic SF3B1 mutation in myelodysplasia with ring sideroblasts. N. Engl J Med.
2011;365:1384-95.

Bondu S, Alary AS, Lefevre C, Houy A, Jung G, Lefebvre T, et al. A variant ery-
throferrone disrupts iron homeostasis in SF3B1-mutated myelodysplastic syn-
drome. Sci Transl Med. 2019;11:v5467.

Shiozawa Y, Malcovati L, Galli A, Sato-Otsubo A, Kataoka K, Sato Y, et al. Aberrant
splicing and defective mRNA production induced by somatic spliceosome
mutations in myelodysplasia. Nat Commun. 2018;9:3649.

Malcovati L, Karimi M, Papaemmanuil E, Ambaglio |, Jaidersten M, Jansson M, et al.
SF3B1 mutation identifies a distinct subset of myelodysplastic syndrome with
ring sideroblasts. Blood. 2015;126:233-41.

Malcovati L, Stevenson K, Papaemmanuil E, Neuberg D, Bejar R, Boultwood J,
et al. SF3B1-mutant MDS as a distinct disease subtype: a proposal from the
International Working Group for the Prognosis of MDS. Blood. 2020;136:157-70.
Fenaux P, Platzbecker U, Mufti GJ, Garcia-Manero G, Buckstein R, Santini V, et al.
Luspatercept in Patients with Lower-Risk Myelodysplastic Syndromes. N. Engl J
Med. 2020;382:140-51.

Fu B, Jaso JM, Sargent RL, Goswami M, Verstovsek S, Medeiros LJ, et al. Bone
marrow fibrosis in patients with primary myelodysplastic syndromes has prog-
nostic value using current therapies and new risk stratification systems. Mod
Pathol. 2014;27:681-89.

Buesche G, Teoman H, Wilczak W, Ganser A, Hecker H, Wilkens L, et al. Marrow
fibrosis predicts early fatal marrow failure in patients with myelodysplastic syn-
dromes. Leukemia. 2008;22:313-22.

Leukemia (2022) 36:2875 - 2882

Y. Zhang et al.

29. Della PM, Malcovati L, Boveri E, Travaglino E, Pietra D, Pascutto C, et al. Clinical
relevance of bone marrow fibrosis and CD34-positive cell clusters in primary
myelodysplastic syndromes. J Clin Oncol. 2009;27:754-62.

30. Bono E, McLornan D, Travaglino E, Gandhi S, Galli A, Khan AA, et al. Clinical,
histopathological and molecular characterization of hypoplastic myelodysplastic
syndrome. Leukemia. 2019;33:2495-505.

31. Calabretto G, Attardi E, Teramo A, Trimarco V, Carraro S, Mossuto S, et al.
Hypocellular myelodysplastic syndromes (h-MDS): from clinical description to
immunological characterization in the Italian multi-center experience. Leukemia.
2022;36:1947-50.

32. Yao CY, Hou HA, Lin TY, Lin CC, Chou WC, Tseng MH, et al. Distinct mutation
profile and prognostic relevance in patients with hypoplastic myelodysplastic
syndromes (h-MDS). Oncotarget. 2016;7:63177-88.

33. Nazha A, Seastone D, Radivoyevitch T, Przychodzen B, Carraway HE, Patel BJ, et al.
Genomic patterns associated with hypoplastic compared to hyperplastic mye-
lodysplastic syndromes. Haematologica. 2015;100:e434-37.

34. Bennett JM, Orazi A. Diagnostic criteria to distinguish hypocellular acute myeloid
leukemia from hypocellular myelodysplastic syndromes and aplastic anemia:
recommendations for a standardized approach. Haematologica. 2009;
94:264-68.

35. Maassen A, Strupp C, Giagounidis A, Kuendgen A, Nachtkamp K, Hildebrandt B,
et al. Validation and proposals for a refinement of the WHO 2008 classification of
myelodysplastic syndromes without excess of blasts. Leuk Res. 2013;
37:64-70.

36. Font P, Loscertales J, Soto C, Ricard P, Novas CM, Martin-Clavero E, et al. Inter-
observer variance in myelodysplastic syndromes with less than 5% bone marrow
blasts: unilineage vs. multilineage dysplasia and reproducibility of the threshold
of 2% blasts. Ann Hematol. 2015;94:565-73.

37. Matsuda A, Germing U, Jinnai |, lwanaga M, Misumi M, Kuendgen A, et al.
Improvement of criteria for refractory cytopenia with multilineage dysplasia
according to the WHO classification based on prognostic significance of mor-
phological features in patients with refractory anemia according to the FAB
classification. Leukemia. 2007;21:678-86.

ACKNOWLEDGEMENTS

Supported, in part, by the National Natural Science Fund (Nos. 81530008 and
81870104), CAMS Initiative Fund for Medical Sciences (Nos. 2016-12M-1-001 and
2020-12M-C&T-A-020 and 2020-I2M-C&T-B-090) and Haihe Laboratory of Cell
Ecosystem Innovation Fund (HH22KYZX0033). RPG acknowledges support from
the National Institute of Health Research (NIHR) Biomedical Research Centre and
the Ministry of Science and Technology of China (84000-51200002).

AUTHOR CONTRIBUTIONS

ZJX designed the study. YDZ, and JYW collected and analyzed the data. TJQ, ZFX,
SQQ, LJP, BL, HIW, XY, JYG, and QYG recruited subjects and collected the data. YDZ,
ZJX, and RPG prepared the typescript. All authors reviewed the typescript, approved
this version, and agreed to submit for publication.

COMPETING INTERESTS

RPG is a consultant to Neximmune Inc. Nanexa Pharma, Ascentage Pharm Group
and Antengene Biotech LLC, Medical Director of FFF Enterprises Inc.; Partner in AZAC
Inc; Board of Directors of Russian Foundation for Cancer Research Support and
Scientific Advisory Board: StemRad Ltd. The other authors declare no competing
interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-022-01718-7.

Correspondence and requests for materials should be addressed to Zhijian Xiao.

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.

SPRINGER NATURE


https://doi.org/10.1038/s41375-022-01718-7
http://www.nature.com/reprints
http://www.nature.com/reprints

Y. Zhang et al.

2882

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

SPRINGER NATURE

Leukemia (2022) 36:2875 - 2882


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Comparison of the revised 4th (2016) and 5th (2022) editions of the World Health Organization classification of myelodysplastic neoplasms
	Introduction
	Subjects and methods
	Subjects
	Bone marrow evaluation
	Multi-parameter flow cytometry
	Cytogenetic analyses
	Targeted gene sequencing
	Statistics analyses

	Results
	Re-stratification from the WHO 2016 to WHO 2022 classifications
	Gene profile and risk categories according to IPSS-R and IPSS-M
	Clinical features and survival analyses of WHO 2022 MDS types

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




