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Abstract Sections
Myelodysplastic syndromes (MDS) are a family of myeloid cancers Introduction
with diverse genotypes and phenotypes characterized by ineffective Epidemiology

haematopoiesis and risk of transformation to acute myeloid leukaemia
(AML). Some epidemiological data indicate that MDS incidence is
increasinginresource-rich regions but this is controversial. Most MDS

Mechanisms/pathophysiology

Diagnosis, screening and

prevention
cases are caused by randomly acquired somatic mutations. Insome Management
patients, the phenotype and/or genotype of MDS overlaps with that of

Quality of life

bone marrow failure disorders such as aplastic anaemia, paroxysmal
nocturnal haemoglobinuria (PNH) and AML. Prognostic systems, such | Outlook
as therevised International Prognostic Scoring System (IPSS-R), provide
reasonably accurate predictions of survival at the populationlevel.
Therapeutic goalsinindividuals with lower-risk MDS include improving
quality of life and minimizing erythrocyte and platelet transfusions.
Therapeutic goals in people with higher-risk MDS include decreasing the
risk of AML transformation and prolonging survival. Haematopoietic
cell transplantation (HCT) can cure MDS, yet fewer than 10% of affected
individuals receive this treatment. However, how, when and in which
patients with HCT for MDS should be performed remains controversial,
with some studies suggesting HCT is preferred in some individuals with
higher-risk MDS. Advances in the understanding of MDS biology offer
the prospect of new therapeutic approaches.
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Introduction

Myelodysplastic syndromes (MDS; also known as myelodysplastic
neoplasms) encompass a spectrum of related, phenotypically and
genotypically diverse myeloid cancers. MDS are characterized by inef-
fective haematopoiesisin one or several myeloid lineages and arisk of
progression to acute myeloid leukaemia (AML)', Some epidemiologi-
cal data suggest an increasing incidence of MDS*®, predominately in
older persons, and that MDS incidenceisincreased in cancer survivors
receiving prior chemotherapy and/or radiation therapy®; however,
these incidence data are controversial”’. The nomenclature and clas-
sification of MDS are complex and have along, complicated history™.
Thegold standard and most commonly used classification system, the
2022 revision of the fifth edition of the WHO Classification of Haema-
tolymphoid Tumours: Myeloid and Histiocytic/Dendritic Neoplasms,
introduces the term 'myelodysplastic neoplasms’ (also abbreviated
MDS) to replace the term 'myelodysplastic syndromes' and classifies
these cancers on the basis of genetic abnormalities and histological
features, highlighting the neoplastic nature of these cancers and har-
monizing terminology with myeloproliferative neoplasms” (MPN; the
overproduction of myeloid lineage cells).

Insome subtypes of MDS, there is overlap with AML and other dis-
ordersingenotypicand phenotypic features; consequently, accurate
diagnosisis sometimes difficult or evenimpossible. Differential diag-
noses for MDS include other causes of bone marrow failure and ineffec-
tive haematopoiesis and some forms of AML™. Challenging differential
diagnosesinclude increased blood or bone marrow blasts, especially
when there is only mild dysplasia, as well as mild and moderate bone
marrow hypoplasia.

Moreover, insome classification systems, MDS and AML are distin-
guished on the basis of the proportion of myeloblastsin bone marrow, a
threshold thatisimprecise and arbitrary asit lacks abiological basis and
ignoresimprecisionin quantifying the number of myeloblasts in differ-
entbone marrow sites and over time". Another challenge is obtaining
anadequate bone marrow sample for analysis, especially inindividuals
withmild bone marrow fibrosis. The fifth edition of the WHO Classifica-
tionreconsiders the boundary between MDS and AML while retaining
the formal boundary of 20% myeloblasts in bone marrow.

The diagnosis of MDS is based on analyses of bone marrow his-
tology and cytogenetic and molecular genetic analyses. However,
as cytopenias and dysplasia are not specific to MDS, other causes of
cytopenias and histological changes need to be excluded. An MDS
differential diagnosis also includes ‘precursor’ states, including idi-
opathic cytopenias of undetermined significance (ICUS), idiopathic
dysplasia of undetermined significance (IDUS) and clonal cytopenia of
undetermined significance (CCUS). Some current prognostic scoring
systemsthat have been widely accepted to predict outcomes and direct
therapeuticinterventions are discussed below.

Treatment of MDS depends on the risk category of MDS and the
urgency of treatment. Therapies include improving haematopoie-
sis (providing symptom relief), hypomethylating drugs (potentially
extending survival) and allogeneic haematopoietic cell transplanta-
tion (HCT; a potential cure). Research into the aetiology, biology and
therapy of MDS is increasing but many questions remain, for example,
how to translate the current understanding of the pathogenesis of
MDS into effective clinical management, and how to develop curative
and tolerable strategies to manage patients with high-risk MDS and
those who relapse or are resistant to initial treatment. In this Primer,
we discuss MDS epidemiology, biology, pathophysiology, diagnosis,
screening and prevention, therapy, and quality of life (QOL), and review

recent progress in the field of MDS with a focus on pathophysiology,
diagnosis and treatment as well as future research directions.

Epidemiology

Prevalence and incidence

Theavailable epidemiological dataon MDS incidence and prevalence
are of poor quality, with prevalence and incidence estimates ranging by
tenfold in different countries or regions**'*~** (Fig.1and Supplementary
Table1). Mostaccurate studies are fromresource-rich countries/regions
such as the USA, Europe and Scandinavia. Obtaining reliable data is
confounded by evolving definitions and classifications (for example,
thefifth edition of the WHO Classification),incomplete reporting and
surveillance biases. The Surveillance, Epidemiology, and End Results
(SEER) programme reported an age-adjusted annual incidence of
MDS of 3.28 cases per 100,000 population in 2001 and of 5.6 cases
per100,000 populationin2010, a 60% increase******, Whether this is
anaccurate estimate is questionable® . Data from the HAEMACARE
study report alow incidence of MDS in Eastern Europe, which likely
reflects the aforementioned biases’®.

Inthe SEER dataset, white individuals with non-Hispanic surnames
have the highest incidence rate of MDS and Asian and Pacific Islander
individuals have the lowestincidencerate of MDS (anaverage of 4.8 ver-
sus 3.2 cases per 100,000 population, respectively, for the 2011-2015
interval)™,

The seemingly increased incidence rate of MDS for 2011-2015
contrasts withdecreasingincidence rate during the period 2001-2010
(3.3-5.6 versus 4.7-4.1 cases per 100,000 population, respectively);
thereasons for this disparity are unknown butinclude changing diag-
nostic criteria, disease classification and coding, different statistical
models, a changing arbitrary boundary between MDS and AML, and
surveillance biases®. Interestingly, a study employing a complete
blood cell count and bone marrow biopsy claims-based algorithm
reported anannual incidence of MDS of 75 cases per 100,000 popula-
tion =65 years of age, much higher than the 20 cases per 100,000 popu-
lation reported by the SEER programme for the same age cohort®.
However, claims-based algorithms are potentially confounded by
physician over-reporting of MDS to gain approval for the use of anaemia
drugs such as erythropoietin.

MDS is uncommon in children and adolescents* but incidence
increases with age; however, ageis arisk factor for MDS and not a cause,
probably reflecting the accumulation of driver mutations over time.
No difference in MDS incidence based on sex has been observed in
patients<40years of age, whereas there isamarked male predominance
inthose >40 years of age, consistent with different forms of MDS and/or
different aetiologies at different ages®*. The causes of most cases of
MDS are unknown*.,

Risk factors

Factors reported to be associated with MDS include exposures to ion-
izing radiation (Fig. 2), chemicals such as benzene, some anticancer
drugs (including mechlorethamine, procarbazine, chlorambucil,
cyclophosphamide, ifosfamide, etoposide, teniposide, doxorubicin,
daunorubicin and mitoxantrone), and hereditary disorders such as
Fanconi anaemia, Shwachman-Diamond syndrome, Diamond-Black-
fan anaemia, familial platelet disorder with a propensity to myeloid
cancers, severe congenital neutropenia and dyskeratosis congenita***.
People with a family history of leukaemia, in some cases a genetically
identical twin or a sibling, are at increased risk of developing MDS
as are people with aplastic anaemia®*~°, The impact of exposure to
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Fig.1| Epidemiology of MDS. This map depicts the incidence of myelodysplastic syndromes (MDS) in each country/region based on available epidemiology data
(see Supplementary Table1). Epidemiological data are lacking for some countries/regions.

agents such as insecticides and herbicides and of lifestyle covariates,
such as cigarette smoking, obesity, and red meat, fruit and vegetable
consumption, on MDS risk are controversial***.

People with aplastic anaemia receiving immune-suppressive
therapy have a 5-year actuarial probability of developing MDS and/or
AML of 2-4% and a 10-year risk of about 15-25%"’ (Fig. 2a). Immune
abnormalities can occur at diagnosis or at any time over the course
of MDS. Conversely, there is an increased risk of MDS in people with
immune abnormalities such as dysfunction of T cells, naturalkiller cells
and/or dendritic cells, aberrant antibody and/or cytokine production,
abnormal neutrophil function, and hypogammaglobulinaemiaand/or
hypergammaglobulinaemia®®. MDS riskis also increased inindividuals
with autoimmune disorders such as systemic lupus erythematosus,
rheumatoid arthritis, Sjogren syndrome, and vacuoles, El-activating
enzyme, X-linked autoinflammatory somatic (VEXAS) syndrome** ™',

Many patients with MDS are older and many will have had age-
related somatic mutations referred to as clonal haematopoiesis of
indeterminate potential (CHIP), whichmay be unrelated to the develop-
ment of MDS in some cases. By contrast, many cases of MDS in children
and younger adults and in some older persons are associated with a
germline genetic predisposition®>®*, Because there are no phenotype
differences between inherited and sporadic disease, genetic testing
is needed to identify these cases. This MDS category is discussed in
the 2022 fifth edition of the WHO Classification and the International
Consensus Classification (ICC) of Myeloid Neoplasms and Acute Leu-
kaemia. The presence of an inherited genetic predisposition should
now be indicated in the diagnosis. Genes commonly mutated include
DDX41, SAMD9, SAMDOL and GATA2 (refs.%%’). These mutations occurin

several other myeloid neoplasmsand, iffound, require familial genetic
testing to identify persons at risk.

Mechanisms/pathophysiology

Relationship between aplastic anaemia, PNH, MDS and AML

A complex, unanswered questionis the relationship between the four
disorders: aplastic anaemia, paroxysmal nocturnal haemoglobinuria
(PNH), MDS and AML. Itisunclear whether these are different manifes-
tations of one disorder, different disorders or a variable combination
of different disorders**®%, and whether these diagnoses are mutually
exclusive or whether someone can have more than one disorder syn-
chronously or metachronously. Historically, aplastic anaemia, PNH,
MDS and AML are typically considered different disorders with distinct
genotypes, phenotypes and pathophysiologies (Table1). Aplastic anae-
mia is characterized by bone marrow failure and has diverse causes,
including hereditary factors, environmental exposures, infections
and/or autoimmunity. The uniting feature is damage to haematopoietic
stemand/or progenitor cells; however, often, an aetiology hasnot been
identified. PNHis another bone marrow failure disorder characterized
by haemolytic anaemia (often not nocturnal) resulting fromanacquired
mutation that leads to a deficiency of glycosylphosphatidylinositol-
anchored proteins that normally protect erythrocytes from destruction
by complement-mediated lysis. Both aplastic anaemia and PNH can
undergo clonal evolution to MDS or AML, either by natural selection
orinresponse to treatment®. The proportion of people diagnosed
with aplastic anaemia who actually have MDS or AML is unclear and
distinguishing between mild aplasticanaemia and MDS may be difficult
orimpossible®’. Thisis mainly because mild aplastic anaemia and MDS

Nature Reviews Disease Primers | (2022) 8:74



Primer

a 100+
_ Immune therapy
3 of aplastic anaemia
>
<3
< 75 4
= o—
S
o =
235 50
58
2%
5 25
©
Nej
e
o
0
Time
C — Aplastic anaemia
AML

% MDS

c

v

2

=

[

o

a

43

O

%

w

Time after radiation exposure

Fig. 2| Drivers of the development of aplastic anaemia, MDS and AML.

a, Probability of developing a clonal haematological disorder inindividuals

with aplastic anaemia receivingimmune suppression. b, Incidence of aplastic
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can have similar histological features and overlapping cytogenetic or
molecular changes, which mayreflect the early-stage nature of skewed
haematopoiesis. Furthermore, some studies suggest that immune
mechanismsin aplastic anaemia can also operate in some cases of MDS,
especially mild MDS®"”", Furthermore, ~50% of people with aplastic
anaemia have a PNH-like clone, although this proportion varies from
1% to 10% in different studies of people with MDS”>”*, Some patients
with PNH develop features of aplastic anaemia and/or AML as their
disease evolves, and 10-20% of patients with MDS have a hypoplastic
bone marrow (thatis, containing few myeloid cells) at diagnosis, termed
hypoplastic MDS (MDS-h; also referred to as hypocellular MDS) in the
fifth edition of the WHO Classification™.

Several factors could explain the overlap between these disorders
ingenotype, phenotype, aetiology, pathogenesis and pathophysiology.
Different degrees of penetrance and expressivity of genetic altera-
tions likely explain some of this overlap™. However, there are distinct
differencesin the frequencies of some cytogenetic abnormalities and
mutationsin these disorders. Cytogenetic abnormalities are detected
inupto15% of people with aplastic anaemia, the most common of which
are trisomy 6, trisomy 8, trisomy 13 and del(7/7q)*"”. Cytogenetic
abnormalities typical of PNH include trisomy 6, trisomy 8, del(5q) and
del(7), and these alterations are present in 25% of patients’. About
60% of patients with MDS have cytogenetic abnormalities, including
del(5/5q), del(7/7q), trisomy 8, del(17p), del(20q) and del(Y)””. Some-
times, these cytogenetic abnormalities are associated with specific
mutation topographies’. Common cytogenetic abnormalitiesin AML
includet(8;21),t(15;17),inv(16), t(6;9), inv(3)/t(3;3),11g23 rearranged,
del(5q/5), del(7q/7), del(17p) and complex/monosomal karyotype®.

Translocations are commonin AMLbut rarein these seemingly related
disorders (Fig.2).

MDS/MPN overlap syndromes
MDS and MPN overlap syndromes (MDS/MPN) are characterized by
overlapping phenotypic and genotypicfeatures of both entities. Chronic
myelomonocytic leukaemia (CMML), a typical example of MDS/MPN,
is characterized by persistent blood monocytosis. Common somatic
mutationsinclude those in spliceosome genes such as SRSF2, epigenetic
regulators such as TET2 and signal transduction genes such as RAS.
The 2022 fifth edition of the WHO Classification provides an update
on the diagnostic criteria for MDS/MPN. Two new subtypes of CMML,
myelodysplastic CMML (white blood cell (WBC) count <13 x 10%/1) and
myeloproliferative CMML (WBC count =13 x 10%/1), are defined based
on phenotype and genotype. Myeloproliferative CMML is associated
with mutationsin the RAS signalling pathway and has a poor prognosis.
Previous subtypes of CMML-O (a category for cases with <2% blood blasts
and <5% bone marrow blasts) have been eliminated. Atypical chronic
myeloid leukaemia is renamed MDS/MPN with neutrophilia to avoid
confusion with typical chronic myeloid leukaemia associated with the
BCR::ABL1Ifusiongene. MDS/MPN withring sideroblasts (erythroblasts
withaperinuclear concentration ofiron-laden mitochondriathat appear
asa‘ring’ by Prussian blue staining), thrombocytosis and SF3B1 mutation
isnow classified as MDS/MPN with SF3BI mutation and thrombocytosis.
Athird category is MDS/MPN not otherwise specified.

Mutation topographies of these diseases also differ (Fig. 3). For
example, mutationsin RNA splicing genes, suchas SF3B1, SRSF2, U2AF1
and ZRSR2, are common in some forms of MDS (for example, SF3B1
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and SRSF2mutations in MDS with ring sideroblasts and CMML) but are
rareinaplasticanaemia, whereas the oppositeis true for mutationsin
BCORI1and PIGA”. Common mutations in PNHinclude those in BVIPR2,
F8, ITGA2B, THBD and THBSI (ref.*°). Mutations in NPM1, FLT3 and
DNMT3A are common in AML but uncommonin the other disorders®**,

Progression of a bone marrow failure disorder, such as PNH, to
aplasticanaemia, MDS and/or AML may be associated with clones with
similar or different cytogenetic abnormalities and mutation topogra-
phies®'. However, the dominant clone in AML may have cytogenetic
abnormalities and mutations unrelated to the antecedent MDS clone®.
There are several possible explanations for these discordances. Oneisa
clonalshift, whereby amutant haematopoietic stem cell might give rise
to subclones with different phenotypes (that is, aplastic anaemia and
MDS subclones). Over time, as aconsequence of therapy or chance, an
initial dominant subclone is replaced by another and the disease geno-
typeand phenotype may change’**. An alternative hypothesisisaclone
whose phenotype, and perhaps genotype, evolves from aplastic anae-
miatoMDS. As discussed above and elsewhere, itis sometimes difficult
or impossible to distinguish mild aplastic anaemia from hypocellular
MDS>%. Getting the correct diagnosis (if there is one) is less important
thanreceiving appropriate therapy. When there isambiguity,immune
suppressionshould be administered firstasitislesslikely tobe fatal than
HCT.MDS-hisrecognized as adistinct MDS subtype in the fifth edition
of the WHO Classification and is associated with immune-mediated
bone marrow failure. MDS-h, PNH, aplastic anaemia and CCUS can
share features and are sometimes difficult to accurately distinguish.

Insummary, itis difficult to determine whether aplastic anaemia,
PNH, MDS and AML are the same or different diseases. The genotypes
and phenotypes of these disorders unavoidably overlap. Insome peo-
ple, these disorders can be considered one, evolving disease whereas,
inothers, they are distinct. We suggest that diagnosis should be prob-
abilistic rather than deterministic and that physicians accept and
acknowledge diagnostic uncertainty.

The2022 WHO and ICCrevised classifications of MDS

In 2022, the WHO and ICC proposed revised classifications of MDS"5*
(Table 2). MDS are renamed myelodysplastic neoplasms (but continue
to be abbreviated MDS) in the WHO Classification but not in the ICC;
clonal haematopoiesisis recognized as a precursor disorder and CHIP
and CCUS as clonal haematopoiesis inthe WHO Classification whereas,
intheICC, pre-malignant clonal cytopenias are distinct entities, includ-
ing CCUS. MDS genetic subtypes described in the WHO Classification
include MDS with low blasts and isolated del(5q) (MDS-5q), MDS with

low blasts and SF3B1 mutation (MDS-SF3B1), and MDS with biallelic TP53
inactivation (MDS-biTP53), referred toin the ICC as MDS with del(5q),
MDS with mutated SF3B1, and MDS with mutated TP53, respectively.
Inthe WHO Classification, MDS is subdivided into MDS with low blasts
(MDS-LB) or with increased blasts (MDS-IB), MDS with excess blasts 1
(MDS-EB1) and MDS-EB2 are renamed MDS-IB1and MDS-IB2, and hypo-
plastic MDS and MDS with fibrosis are added as new MDS subtypes,
whereas the ICC retains the ‘MDS-EB’ category.

Inthe WHO Classification, MDSinchildrenisanewentity subdivided
into childhood MDS-LB (cMDS-LB) or childhood MDS-IB (cMDS-IB).
cMDS-LB replaces ‘refractory cytopenia of childhood’. In the ICC,
refractory cytopenia of childhood is included in a new subsection of
paediatric and/or germline mutation-associated disorders. This new
category for MDS in children and adolescents includes individuals
with hypocellular bone marrow, somatic mutations in SETBP1, ASXL1
and RUNXI, and abnormalities in the RAS-MAPK signalling pathway.

The WHO Classification suggests a balanced approach to distin-
guishing between MDS and AML with bone marrow blast percentage
cutoffs for most AML subtypes. The WHO Classification retains a20%
blast cutoff between MDS and AML but allowing a10% cutoff for MDS/
AML, whichis considered an overlapping entity. Notably, the 20% blast
requirementis also eliminated for AML subtypes with defining genetic
abnormalities except for AML with BCR-ABL1 or CEBPA mutations.
The WHO Classification does not include an MDS/AML entity. There
is agreement in both classifications that people with >10% blasts can
be considered equivalent to having AML in the context of therapy and
forinclusionin clinical trials.

MDS, unclassifiable (MDS-U) is no longer a distinct entity ineither
the WHO Classification or the ICC. The ICC introduces two distinct
entities. The firstis AML with myelodysplasia-related gene mutations’,
whichincludes MDS without TP53 mutations but which has mutations
inASXL1,BCOR, EZH2,RUNX1,SF3B1,SRSF2,STAG2, U2AF1 and/or ZRSR2.
These mutations are considered associated with secondary AML with
prior MDS or MDS/MPN. The second category is anew one: ‘AML with
myelodysplasia-related cytogenetic abnormalities’, which includes
cases previously classified as AML with myelodysplasia-related changes
(AML-MRC) based on MDS-associated cytogenetic findings but without
TP53 mutation or MDS-related mutations.

Molecular pathophysiology of MDS

Frequent genetic events associated with the development of MDS
are displayed in Figs. 4 and 5. Among individuals with MDS, 80-90%
have a somatic mutation in more than 1 of >40 recurrently mutated

Table 1| Similarities and differences between aplastic anaemia, paroxysmal nocturnal haemoglobinuria and

myelodysplastic syndromes

Condition Phenotype Aetiology

Pathogenesis and
pathophysiology

Cytogenetic
alterations

Molecular genetic
alterations

Pancytopenia, hypoplasia and
increase in non-haematopoietic
cells, non-heterocyst

Aplastic anaemia
disease, environmental

Genetic alterations, immune

Autoimmune condition

factors and idiopathic causes

Trisomy 6, trisomy 8,
trisomy 13, del(7/7q),

del(20qg) and del(Y)

Mutations in PIGA,
BCOR and BCORL1

Haemolytic anaemia, Genetic alterations
haematuresis, thrombosis,

icterus and megalosplenia

Paroxysmal
nocturnal
haemoglobinuria

Bone marrow failure
disorder

Trisomy 6, trisomy
8, del(5g) and
monosomy 7

Mutations in BMPR2,
ITGA2B, THBD and
THBS1

Myelodysplastic
syndromes

Refractory cytopenia, ineffective
haematopoiesis, increase in
primitive cells and abnormal cells

chemical exposure,
irradiation, immune
abnormalities

Ageing, ionizing radiation,

Peripheral blood cytope-

nia and myelodysplasia
or dysplasia

del(5/5q), del(7/7q),
trisomy 8, del(17p),
del(20q) and del(Y)

Mutations in TP53,
ASXL1, TET2 and
DNMT3A, SF3B1,
SRSF2, U2AF1, ZRSR2
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Fig.3|Relationship between aplastic anaemia, MDS and AML. a, Inter-
relationships between aplastic anaemia, myelodysplastic syndromes (MDS)
and acute myeloid leukaemia (AML). The factors driving mutagenesis in these
conditions and the common cytogenetic abnormalities and mutationsin
each condition are depicted. b, Clonal evolution of MDS and AML. A normal
haematopoietic stem cell (HSC) acquires one or more somatic mutations
fromintrinsic or extrinsic factors (X), resulting in clonal expansion with

Pre-leukaemia, MDS

AML

(idiopathic cytopenias of undetermined significance (ICUS), clonal cytopenia
of undetermined significance (CCUS)) or without (age-related clonal
haematopoiesis (ARCH), clonal haematopoiesis of indeterminate potential
(CHIP)) haematopoietic abnormalities. Subsequent mutations, intrinsic or
extrinsic (Y and Z), can expand the clone or subclones, resulting in further clonal
expansion that can lead to a pre-leukaemia state, MDS and, eventually in some
instances, AML. TF, transcription factor.

genes’>%"% The most common mutations are in genes encoding epi-
genetic regulators, namely DNMT3A, TET2, IDHI and IDH2, the chro-
matin modifiers EZH2 and ASXL1, the transcription regulators ETV6,
RUNXI and BCOR, the cohesin complex components STAG2, CTCF and
SMCIA, the DNA repair gene TP53, the spliceosome components SF3B1,
U2AF1,SRSF2and ZRSR2, and the signal transduction genes JAK2, KRAS

and CBL%%°° (Table 3). A study reported race as an important consid-
erationinthe genomic classification of MDS with different prediction
accuracies”. Different mutations are preferentially associated with
specific MDS phenotypes and with diverse clinical outcomes, and the
specific mutation hasimplications for therapeutic choice. A study used
machine learning algorithms to identify patterns of co-occurrence
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among genotypic and phenotypic features of MDS and to identify
potential interactions’. People with similar histological or mutation
topographies clustered into five histological profiles (forexample, the
majority of the higher-risk MDS cohort is enriched in profile 1 while
patients atlower risk cluster into the remaining four profiles) and eight
mutational profiles (for example, groups A, B, G and H contain TET2,
coexisting TET2and SRSF2,SF3B1,and BCORLI mutations, respectively,
whereas groups C-F contain more heterogeneous features), suggesting
anassociation with specific morphological profiles. Importantly, this
study interrogated these categories with clinical outcomes.

The specification of previous MDS subtypes with specific muta-
tions in the fifth edition of the WHO Classification (that is, MDS-5q,
MDS-SF3BI1 and MDS-biTP53) will either illustrate the low-risk nature
of some MDS cases and have implications for their effective treat-
ment (for example, lenalidomide for MDS-5q and luspatercept for
MDS-SF3BI) or indicate the aggressive disease course such that early
administration of hypomethylating drugs plus HCT intervention is
recommended, if applicable, or individuals with these subtypes are
included in clinical trials.

MDS-5q is a special entity that is treatable with lenalidomide. The
efficacy of this drugis thought to be due toits ability to alter the target
specificity of the E3 ubiquitin ligase CUL4-RBX1-DDB1-CRBN so that
casein kinase 1isoform-a (CKla; encoded by CSNKIAI) is ubiquity-
lated and undergoes proteasomal degradation, thereby correcting a
defect in ribosomal protein®®*. CSNK1A1I present within the region
deleted in MDS-5q and CSNKI1AI haploinsufficiency sensitize cells
tolenalidomide.

MDS-SF3Bl1 is anew entity in the WHO Classificationand ICC that
responds to luspatercept-aamt, a recombinant fusion decoy protein
that bindsto several endogenous TGFf3 superfamily ligands to reduce
SMAD2 and SMAD3 signalling, thereby promoting the maturation of
late-stage erythroid precursors.

Therapy-related MDS and MDS-bi7P53 are associated with poor
response to conventional treatments and dismal outcome. These two

disease categories frequently include patients with prior exposure
to anticancer treatments. It is now clear that MDS-biTP53 is a distinct
molecular entity and that the TP53allelic state has major implications
for genome stability, clinical presentation and outcomes in patients
with this subtype.

Biallelic but not monoallelic TP53 mutations are an important
prognostic co-variate in MDS. A study by the International Working
Group for MDS Molecular Prognostic Committee reported that people
with MDS and complex cytogenetics and somatic mutations who have
a TP53 mutation have a worse prognosis than similar people without a
TP53 mutation®. A study of patients with a TPS3 mutation reported
that allelic imbalance correlates with complex cytogenetics, few
co-mutations and other high-risk features®. Biallelic TP53 mutations
arealsoanindependent adverse risk factor in the revised International
Prognostic Scoring System (IPSS-R) model® whereas monoallelic 7P53
mutations are not”.

The cohesincomplex is amultisubunit protein complex that forms
aring-likestructurearound DNA andis animportant transcription regu-
lator thatisalsoinvolved in DNA damage repair. Mutations in the main
genes encoding the cohesin complex, namely STAG2, RAD21, SMCI and
SMC3, are present in some patients with MDS or MDS/MPN, including
CMML. Cohesin complex mutations alter the self-renewal, differentia-
tion, lineage commitment and genomic integrity of haematopoietic
stem cells” %,

Mutationsin DNMT3A, TET2and ASXL1,whichencoderegulators of
DNA methylation, are detected in some patients with MDS but are also
present in otherwise healthy people of comparable age, in which case
they are termed CHIP and CCUS'. These mutations are necessary but
not sufficient to cause MDS and the presence of some of these can be
considered a pre-MDS condition. People with CHIP have a cumulative
risk of developing a haematological cancer of 0.5-1% per year'*'%,
People with CCUS with two or more typical MDS-related mutations
have a very high likelihood of developing amyeloid neoplasmwithina
median of 2 years and a cumulative risk of developing MDS of 10-20%

Table 2 | Comparison of the WHO Classification, fifth edition, and International Consensus Classification of MDS

Category WHO Classification, fifth edition International Consensus Classification

Category 1: ‘Precursor’ Clonal haematopoiesis: CHIP, CCUS CCUs

state

Category 2: MDS with defining genetic abnormalities; MDS with low blasts MDS with mutated SF3BT; MDS with del(5q); MDS with mutated

Myelodysplastic
neoplasms/syndromes

and isolated 5q deletion (MDS-5q); MDS with low blasts and
SF3B1 mutation (MDS-SF3B1); MDS with biallelic TP53 inactivation
(MDS-biTP53); MDS, morphologically defined; MDS with low

TP53; MDS NOS:MDS NOS without dysplasia; MDS NOS with
single lineage dysplasia; MDS NOS with multilineage dysplasia;
MDS with excess blasts

blasts; MDS, hypoplastic; MDS-IB: MDS-IB1, MDS-1B2, MDS with

fibrosis

Category 3:
Myelodysplastic/
myeloproliferative

neoplasms mutation and thrombocytosis; MDS/MPN, NOS

CMML; CMML subtyping criteria: myelodysplastic CMML,
myeloproliferative CMML; CMML subgrouping criteria: CMML-1,
CMML-2; MDS/MPN with neutrophilia; MDS/MPN with SF3B1

CMML; clonal cytopenia with monocytosis of undetermined
significance; clonal monocytosis of undetermined significance;
atypical chronic myeloid leukaemia; MDS/MPN with thrombo-
cytosis and SF3BT mutation; MDS/MPN with ring sideroblasts
and thrombocytosis, NOS; MDS/MPN, unclassifiable

Category 4: Paediatric Childhood MDS: Childhood MDS with low blasts;

MDS

hypocellular; NOS; childhood MDS with increased blasts

Paediatric and/or germline mutation-associated disorders:
juvenile myelomonocytic leukaemia; juvenile myelomonocytic
leukaemia-like neoplasms; Noonan syndrome-associated
myeloproliferative disorder; refractory cytopenia of childhood;
haematological neoplasms with germline predisposition

Category 5: MDS/AML Not applicable

MDS/AML with mutated TP53; MDS/AML with myelodysplasia-
related gene mutations; MDS/AML with myelodysplasia-related
cytogenetic abnormalities; MDS/AML, NOS

AML, acute myeloid leukaemia; CHIP, clonal haematopoiesis of indeterminate potential; CCUS, clonal cytopenia of undetermined significance; CMML, chronic myelomonocytic leukaemia;
MDS, myelodysplastic syndromes; MDS-IB, MDS with increased blasts; MPN, myeloproliferative neoplasm; NOS, not otherwise specified.
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Fig. 4 |Frequent mutations affecting transcription, erythropoiesis, and DNA
repair and conformation in MDS. a, DNA methylation and chromatin modifica-
tion abnormalities in myelodysplastic syndromes (MDS). Animpaired tricarbo-
xylic acid (TCA) cycle as a result of mutations in /[DHI or IDH2leads to epigenetic
changes thatalter transcription. b, Del(5q) results in aberrant erythropoiesis
and DNA repair in MDS by dysfunctional p53 function. ¢, Mutations in multiple
transcription factor (TF) genes (RUNXI is depicted as an example) can result in
aberrant haematopoiesis aspects (such as decreased gene expression) in MDS.
d, Mutations in cohesion complex-related genes (such as STAG2) and formation

of R-loop/DNA damage response (DDR) cause altered transcriptional program-
ming in MDS. 2-HG, 2-hydroxyglutarate; C, carboxyl terminus; CKla, casein
kinase lisoform-a; CLP, common lymphoid progenitor; CMP, common myeloid
progenitor; GMP, granulocyte-monocyte progenitor; HSC, haematopoietic
stem cell; MPP, multipotent progenitor; N, amino terminus; RNAPII, RNA
polymerase II; ssDNA, single-stranded DNA. Part a adapted with permission
fromref.””, Elsevier. Part b adapted from ref.'®, Springer Nature Limited. Partd
adapted with permission from ref.””, Elsevier, and from ref.!°®, Springer Nature
Limited.

per year. The WHO Classification defines CHIP and CCUS as precursor
conditions to developing myeloid malignancies. A functional TP53
mutation has been detected in some healthy older people'™, suggest-
ingthatage-related mutations caneven precede diagnosis. Preclinical
studies show that haematopoietic stem and progenitor cells bearing
age-related TP53 mutations are resistant to chemotherapy, expand
preferentially following treatment, and are typical characteristics of
patients with therapy-related AML or therapy-related MDS'**. In addi-
tion, a large cohort study of 4,229 individuals detected cases of inher-
ited CHIP. Interestingly, these germline genetic variations reconstruct
haematopoietic stem cell destiny and lead to CHIP that links to clonal
haematopoiesis and cause somatic mutations across different tissues'®.

MDS is characterized by genome-wide hypermethylation that
resultsinsilencing of gene expression by transcriptioninhibition'*'%’,
However, hypermethylationin patients with MDS is more widespread
than canbeaccounted for by mutationsinepigenetic regulator genes.
These mutations probably do not cause MDS but are associated with
clonality and set the stage for MDS development, interact with other
mutations and impact prognosis'®®. Among different genetic altera-
tions identified in MDS, there are therapeutic implications for some
druggable mutations such as those in IDHI1, IDH2, JAK2, TP53 and spli-
ceosome component genes (Table 3). For example, the IDHI and IDH2
inhibitorsivosidenib and enasidenib are active in people with high-risk
MDS who carry IDHI and IDH2 mutations'®*!°,

Mutations in RNA splicing factors, such as SRSF2, SF3B1, U2AF1
and ZRSR2, are common in some forms of MDS®. For example, SRSF2
mutations result in skewed binding affinity and specificity of SRSF2
with its RNA consensus motif and decreased RNA splicing efficacy™.
Mis-spliced RNAs can be degraded by the biological surveillance system
nonsense-mediated decay or are translated into dysfunctional proteins.
These effects might partially explain cytopenias and/or ineffective
haematopoiesis in MDS"?. SF3B1 mutations are especially commonin
people with ring sideroblasts with erythroid dysplasia, who respond
preferentially to luspatercept and lenalidomide'™ . The responsive-
ness to these two drugs is significant because it helps to alleviate the
transfusion burden and decreases related iron removal costs and/or
other potential harm of iron overload (for example, increased risk of
transformation to AML). MDS with an SF3B1 mutationis proposed asa
distinct entity by the International Working Group for the Prognosis of
MDS and is associated with anaemia, myelodysplasia with or without
presence of ring sideroblasts and ablast count <1% and <5%in the blood
and bone marrow, respectively'’.

Mutationsin U2AF1 are associated with a poor prognosis and
typically occuratamino acids S34 and Q157 within zinc finger domains,
causing a selection bias at 3’ splice sites'*’. U2AF1 mutations result in
mis-splicing of the autophagy gene ATG?7, resulting in inhibition of
autophagy and leading to mitochondrial dysfunction and genome
instability. These effects predispose cells to additional mutations that
may resultin transformation'?. Some studies suggest that mutationsin
U2AF1and SF3Blinduce the expression of targetable ‘active’isoforms
of IRAK4 and provide a genetic link to the activation of innateimmune
signalling observed in MDS?*'%,

118,119

Individuals with ZRSR2 mutations typically present with isolated
neutropenia and increased bone marrow blasts and have a high risk
of transformation to AML"*. ZRSR2 is involved in assembly of the
minor (U12-dependent) spliceosome. Short hairpin RNA-mediated
knockdown of ZRSR2 results in impaired splicing of U12-type introns.
Furthermore, RNA sequencing of bone marrow cells from individu-
als with MDS indicates loss of ZRSR2 expression in those with ZRSR2
mutation, resulting in increased mis-splicing'>. ZRSR2-deficient cells
also have a reduced proliferation potential and a marked decrease of
burst-forming unit-erythroid cells and anincrease of colony-forming
unit-macrophagesin vitro'”.

Splicing factor mutations are typically mutually exclusive but
single-cell analyses indicate that ~1% of patients with MDS have two
or more splicing factor mutations'. These double splicing factor
mutations are characterized by selection against the most common
alleles (thatis, SF3BI*°°F and SRSF27*W'/}) and for less common alleles
(thatis, SF3B1 non-K700E mutations, rare amino acid substitutions at
SRSF2™ and combined U2AFI5*%®5” mutations). This allele-specific
difference is crucial in regulating the effects of these mutations on
splicing factor function'.

As discussed above, the two most common sites of mutations in
MDS are epigenetic regulator genes and RNA splicing genes. How these
interact is unknown but may be central to the pathogenesis of some
cases of MDS. Studies suggest that the co-occurrence of SRSF2and IDH2
mutations results inincreased self-renewal and, in mice, a phenotype
different from that of either mutation alone'”. Functional study data
indicatethat SRSF2and IDH2 double-mutant cells have aberrant splic-
ingand decreased expression of INTS3, which drives the development
of myeloid cancers in concert with /DH2 mutation and with abnor-
mal binding of SRSF2 to cis-elements in the INTS3 mRNA, resulting in
increased INTS3 methylation and, as a consequence, reduced INTS3
expression'”, SRSF2 mutations also promote leukaemia development
in/DH2-mutated cells'”’.

Diagnosis, screening and prevention

Clinical features

MDS was previously termed il morbo di Guglielmo (Di Guglielmo dis-
ease), refractory anaemia, pre-leukaemia, idiopathicacquired sidero-
blastic anaemia and smouldering acute leukaemia'**°. The modern
classifications of MDS started with 2 categories of ‘dysmyelopoietic
syndromes’inthe1976 French-American-British (FAB) classification™’,
Scategories of ‘myelodysplastic syndromes’in the 1982 FAB classifica-
tion"?,10 MDS categoriesin the third edition of the WHO Classification
(1999-2001)"**"**, 11 MDS categories in the fourth edition of the WHO
Classification (2008)'*, and the integration of haematological, histo-
logical, cytogenetic and molecular covariates in the updated fourth
edition of the WHO Classification (2016)"*°. The 2022 fifth edition of
the WHO Classification distinguishes 8 subtypes of MDS, grouped as
3 subtypes that are defined by genetic abnormalities (MDS-5q, MDS-
SF3B1and MDS-biTPS53) and 5 subtypes that are defined histologically
(MDS-LB, MDS-h and three MDS-IB subtypes). Of note, the diagnosis and
category of MDS isbased on the proportion of immature myeloid cells
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Fig. 5| Frequent mutations in RNA splicing, immune function and metabolism
inMDS. a, Mutations in RNA splicing factors alter exon inclusion, resulting in
mis-splicing of pre-mRNA (right panel) and leading to the production of aberrant
proteins with potentially pro-oncogenic functions or effects. b, Immune factors,
such as dysfunctionalimmune cells, skewed cytokine production and/or stromal
cell disruption, alter the myelodysplastic syndrome (MDS) microenvironment,
potentially contributing to tumour development and progression. ¢, Metabolic
dysregulation of haematopoietic stem cells (HSCs) and niche cells might contribute
toMDS development. d, Deregulation of innate immune, inflammatory and other

signalling pathways might contribute to MDS development. 2-HG, 2-hydroxyglu-
tarate; 3’ss, 3’ splice site; BPS, branch point sequence; DAMPs, damage-associated
molecular patterns; ESE, exonic splicing enhancer; ESS, exonic splicing silencer;
FAO, fatty acid oxidation; hnRNPs, heterogeneous nuclear ribonucleoproteins;
NK, natural killer; OXPHOS, oxidative phosphorylation; PAMPs, pathogen-
associated molecular patterns; Py-tract, pyrimidine tract; ROS, reactive oxygen
species; snRNPs, small nuclear ribonucleoproteins; TF, transcription factor;

T, regulatory T. Part cadapted from ref.*, CCBY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Partd adapted fromref.*’, Springer Nature Limited.

(myeloblasts) in the bone marrow (>20% myeloblastsin AML and <20%
myeloblasts in MDS) and in peripheral blood, the extent of dysplasia,
and the presence of ring sideroblasts™.

The median age at diagnosis for MDS is 70 years but diagnosis
can occur at any age*. The usual presentation involves signs and/or
symptoms resulting from bone marrow failure, including fatigue,
pallor, infection and bleeding. Laboratory abnormalities include low
haemoglobin and granulocyte and/or platelet concentrations. Some
individuals with MDS are diagnosed based on abnormalities detected
onaroutineblood examination or one performed for an unrelated med-
ical condition. An enlarged spleen and lymph nodes are uncommonin
MDS and should lead one to consider other diagnoses. Some individu-
als with MDS improve when given immunosuppressive drugs such as
anti-thymocyte globulin or cyclosporine. Some of these cases may
have been aplastic anaemia rather than MDS but this is controversial
as some data suggest efficacy of these drugs in MDS.

MDS is uncommon in children, with an incidence of 1-2 cases per
million population™"’. The disease is biologically distinct from MDS
in adults. It is often associated with an inherited bone marrow failure
syndrome and germline mutations, such as GATA2 and DDX41, instead
ofacquired somatic mutations (discussed below). Differential diagnoses
for MDS in childreninclude infection, juvenile myelomonocytic leukae-
mia, myeloid proliferation associated with trisomy 21 (Down syndrome),
and hereditary bone marrow failure syndromes such as Fanconi anaemia,
Shwachman-Diamond syndrome and Diamond-Blackfan anaemia.

Histology

Abone marrow aspirate and/or biopsy is essential for accurate diagnosis
and classification of MDS. Increased bone marrow cellularity iscommon
inMDS, although hypocellularity is also consistent with a diagnosis of
MDS. Thefifth edition of the WHO Classification of myeloid neoplasms
requires that 10% of cells have abnormal histology within a lineage to
be designated as dysplasia™.

Redblood cell (RBC) abnormalities are commonin MDS. Erythro-
cytes tend to have a normal or high mean corpuscular volume. Other
typical RBC changes include basophilic stippling, multinucleation,
nuclear budding, karyorrhexis (nuclear fragmentation), irregular chro-
matin condensation, and asynchronous maturation of the nucleus and
cytoplasm. Ring sideroblasts characterize some subtypes of MDS’*'".

Abnormalities in neutrophils and granulocytes are alsocommon
inMDS, including hypogranular granulocytes and pseudo-Pelger-Huét
anomaly (bilobed instead of the normal trilobed nuclei in neutro-
phils)'*®. Excess myeloblasts may be present, with a phenotype similar
to that in AML (for example, frequent infections, skin looking pale or
‘washed out’, tiredness, and unusual and frequent bleeding such as
bleeding gums or nosebleeds). A left shift in the differential WBC count
shouldraise the prospect of MPN. Accurate enumeration of myeloblasts
is essential to distinguish MDS from AML. Abnormal localization of
blast clustersinbone marrow slides sometimes complicates analyses.
We discuss arbitrariness and related considerations below.

Megakaryocyte changes consist of widely separated nuclear lobes
or small size with absent nuclear lobation or hypolobation, including

micro-megakaryocytes, mononuclear megakaryocytes, dumbbell-
shaped nuclei, hypersegmentation and multinuclearity with multiple
isolated nuclei. Giant platelets and platelet anisotropy are also common
in MDS™.

Immune phenotype

The value of analysing data on immune phenotype in MDS is contro-
versialand, if used, should be integrated with histological, cytogenetic
and molecular data for an accurate diagnosis. Abnormalities include
overexpression, underexpression, aberrant and/or asynchronous
antigen expression of myeloid cell markers and lineage infidelity (loss
of original identity in differentiated haematopoietic cells and either
de-differentiation to an earlier stage or transdifferentiation to a dif-
ferent cell type in the same or an entirely different haematopoietic
lineage). Some studies suggest that the immune phenotype can be
used to distinguish MDS from other causes of bone marrow failure but
this is controversial**%'*,

Cytogenetic analysis

Cytogenetic changes are considered ‘macrostate’ changes that reflect
genetic abnormalities, which are ‘microstate’ changes. Multiple tech-
niques for detecting chromosomal abnormalities in MDS have been
developed in past decades, among which metaphase cytogenetics or
karyotyping, fluorescenceinsitu hybridization, spectral karyotyping,
genotyping, and array-based comparative genomic hybridization have
been widely used in clinical practice. Diagnosis of MDS is sometimes
supported by conventional cytogenetic analyses (for example, karyo-
typing and fluorescenceinsitu hybridization), which caninformabout
clonality butisless sensitive than clonality defined by next-generation
sequencing. Abnormalities associated with MDS are divided into five
risk categories (Table 4). Clonal cytogenetic abnormalities associated
with a very good prognosis include del(Y) and del(11), which occur
in <5% of MDS cases. Cytogenetic abnormalities associated with a
favourable prognosis include normal cytogenetics, del(5q), del(12p),
del(20q) and the presence of >1 abnormality including del(5q), which
aredetected inabout 70% of individuals with MDS. Cytogenetic abnor-
malities associated with an intermediate prognosis include del(7q),
trisomy 8, trisomy 19, isochromosome17q (loss of 17p and duplication
of17q), and any other single or double chromosomal aberration, which
occur in15-20% of MDS cases. Cytogenetic abnormalities associated
withanunfavourable prognosisinclude del(7),inv(3),t(3q), del(3q),>1
abnormality including del(7//7q), and the presence of three abnormali-
ties, which occurin about 5% of cases'**'**. Cytogenetic abnormalities
associated with very poor outcomes include more than three abnor-
malities, which are detected in 5-10% of individuals with MDS"***>, None
of these cytogenetic abnormalities is specific to MDS. For example,
many occur inindividuals with AML and other haematological cancers
(forexample, myelomaand lymphoma) and related diseases discussed
above (PNH, aplastic anaemia and CCUS). Furthermore, cytogenetic
analysis does not capture the full extent of genetic changes in MDS.
For example, individuals with complex cytogenetic abnormalities
often have a TPS3 mutation'***%, -60% of individuals with MDS and
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normal cytogenetics have mutations detected by next-generation
sequencing’”’%, and copy number alterations are common in MDS'’,

Prognostic risk models and scores

As discussed earlier, MDS includes heterogeneous genotypes and
phenotypes with diverse aetiologies, pathogeneses, pathophysiolo-
gies and prognoses, requiring different therapeutic strategies with
different target end points such as reversing anaemia or preventing
transformation to AML. Consequently, developing an accurate prog-
nosticscoreis challenging. Nevertheless, several such scores have been

Table 3 | Mutation frequency, prognostic impact of mutation
topography and targeted drugs in MDS

Mutated Frequency Prognostic impact Targeted
genes therapies®
Epigenetic regulators
TET2 20% No impact on survival, mutant  HMD
TET2 may predict better
response to HMD
DNMT3A 5-10% Unfavourable indicator, HMD

especially in SF3B1
co-mutated MDS-RARS

IDH1and 5-10%
IDH2

Ivosidenib and
enasidenib

Unfavourable

Chromatin modifiers

ASXL1 10-20% Unfavourable BAP1 inhibitor

EZH2 10% Unfavourable Tazemetostat

Transcription regulators

RUNX1 15% BET inhibitor or

Menin inhibitors

Unfavourable

ETV6 2-5% Unfavourable NA

BCOR 5% Unfavourable NA

Cohesin complex components

STAG2 <10% Unfavourable NA

CTCF <5% Unfavourable NA

SMCIA <5% Unfavourable NA

Spliceosome components

SF3B1 20% in MDS Favourable Luspatercept or
and 65% in IRAK inhibitors
MDS-RS

SRSF2 10-20% Unfavourable NA

U2AF1 <10% Unfavourable IRAK inhibitors

ZRSR2 <10% Unfavourable NA

Signal transduction genes

JAK2 50% in RARS-T  Unfavourable Ruxolitinib
KRAS 2-5% Unfavourable Antroguinonol
CBL 2-5% Unfavourable NA

DNA repair genes

TP53 5-10% Unfavourable Eprenetapopt

HMD, hypomethylating drug; MDS, myelodysplastic syndromes; MDS-RS, MDS with
ring sideroblasts; MDS-RARS, MDS with refractory anaemia and ring sideroblasts;
NA, not available; RARS-T, refractory anaemia with ring sideroblasts associated with
marked thrombocytosis. °Note that most targeted agents are of unproven impact.

developed and are widely used to predict outcomes and direct thera-
peutic interventions, including the International Prognostic Scoring
System (IPSS)"°, IPSS-R'*?, and systems that use artificial intelligence
or machine learning algorithms to incorporate molecular mutations
into prognostication™' such as the Personalized Prediction Model and
the IPSS-Molecular’. Furthermore, the WHO Classification-based
Prognostic Scoring System (WPSS) is also used™>"**, although not as
widely as IPSS and IPSS-R. Covariates included in these systems and
risk cohorts are displayed in Table 5.

The IPSS uses bone marrow blast percentage, cytogenetics and
numbers of cytopenias to define four risk cohorts: low, intermediate-1,
intermediate-2and high risk"°. The IPSS-Radds more precisely defined
haemoglobin, platelet and neutrophil concentrations to identify five
risk cohorts: very low, low, intermediate, high and very high risk'*.
A comparisonrevealed differencesin the concordance (C)-statistic for
IPSS and IPSS-R for survival (0.69,95% C10.68-0.70 versus 0.72,95% CI
0.71-0.73; P<0.001, respectively) and transformation to AML (0.74, 95%
Cl10.73-0.76 versus 0.76,95% C1 0.75-0.78; P <0.001, respectively)'*.
Inheterogeneous disorders such as MDS, theincrease of concordance
from 0.69to 0.72is clinically relevant. Despite the IPSS-R being devel-
oped and validated using untreated populations, this system has the
prognostic ability to discriminate among subsets of patients treated
and at lower risk™>"¢, Both IPSS and IPSS-R have shortcomings: they
were developed and validated in untreated individuals with MDS, are
not dynamicand do not always accurately predict response to therapy.

Like the IPSS-R, the WPSS adds WHO histology and the require-
ment for RBC transfusion to define five cohorts. All these prognostic
scoring systems are fundamentally similar but with some claimed dif-
ferences. Inmultivariable analyses, the WPSSisamore accurate survival
predictor compared with the IPSS but this conclusion needs valida-
tion". Another study comparing prediction accuracies of the WPSS
and IPSS-Rreported a high correlation (Kendall tau = 0.72; P<0.001).
The Dxy is aconcordance coefficient varying between -1and 1, with O
representing no predictive power and 1 representing perfect concord-
ance of ascribed risk. Dxy values of the WPSS and IPSS-R for survival are
0.43and 0.46, respectively,and 0.53 and 0.54 for AML transformation,
respectively. These dataindicate no substantial differencein prediction
accuracies of different prognostic models and scores.

However, there are discordances between these prognostic scores
inidentifying persons with lower-risk MDS. The WPSS but not the IPSS
identifies a cohort of persons with a very low risk of MDS progres-
sion who do well with no intervention. Another discordance is that
histology-defined myelodysplasia is subjective, often not replicable,
and doesnot correlate well with the severity of cytopenias or withbone
marrow blast percentage. Additionally, haemoglobin concentration
<90 g/linmenand <80 g/linwomenis given greater predictive weight
in the WPSS than in the IPSS-R. The WPSS can identify personsina
very-low-risk cohort but adding cytogenetics data does not increase
predictionaccuracy because unfavourable cytogenetics arerare in this
cohort. Therelative prognostic weight assigned to high-risk cytogenet-
icsisgreater in the WPSS than in the IPSS™®, Importantly, the IPSS and
IPSS-R were developed and validated in untreated persons with MDS,
arenotdynamicand do notaccurately predict therapeutic responses.
Theintegration of machine learning and artificial intelligence has been
reported toimprove accuracy but needs validation™*°’,

Most of these scoring systems are based on data from study or
registry participants and may not have similar accuracy in real-world
populations. A large population-based study compared prognostic
accuracies of the IPSS, IPSS-R and WPSS for survival and risk of AML
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transformation®’. The IPSS-Rwas more accurate than the IPSS (P < 0.001)
and the WPSS (P=0.05). The WPSS was more accurate than the IPSS
(P=0.07). The IPSS-R was more accurate than the IPSS and the WPSS
inindividuals <70 years of age?’. Based on these data, we recommend
using the IPSS-R in most instances. However, we emphasize that the
C-statistics associated with these prognostic scores are low, implying
considerableinaccuracy, especially when used inindividuals with MDS.

None of these prognostic scores considers response to interven-
tions, asis donein Markov and Bayesian modelling. For example, indi-
viduals with low-risk MDS and anaemia at diagnosis sometimes receive
erythropoietin, lenalidomide and/or luspatercept. Some respond
whereas others do not, but these interventions eventually fail in most
patients. However, prognostic risk scores do not account for these
data. These data have been used toimprove prediction accuracy, such
as by Markov modelling'®*, with this analysis indicating that delaying
abone marrow transplant (BMT) for low-risk and intermediate-1-risk
MDS andimmediate BMT for intermediate-2-risk and high-risk MDS is
associated with maximal life expectancy.

Another strong prognostic co-variate excluded from these prog-
nostic risk scoresis the adverse impact of MDS that is considered to be
related to therapy?>'®>. However, as we discuss elsewhere, this attribu-
tionis probabilistic and entails considerable uncertainty'*>'**, As such,
cautionisnecessary when using this designator to estimate prognosis.

Morerecently, theintegration of clinical, histological and molecu-
lar data using artificial intelligence has improved the accuracy of the
IPSS and IPSS-R and can be applied throughout a patient’s disease
course™’ !, These systems continue to include clinical, histological
andcytogenetics dataidentified as prognosticin theIPSSand IPSS-Rand
add mutation topography. Interestingly, optical genome profiling for
MDS reveals cryptic aberrations that are used to predict prognosis and
even to help identify therapies'®.

The Personalized Predictive Model was developed based on data
from1,471individuals and validated in 465 individuals treated ina clini-
cal trialand/or receivinga BMT"". Covariates associated with survival
were age, blood cell concentrations, including bone marrow blast
percentage, cytogenetics and number of mutations.

TheIPSS-Mwas developedinacohortofnearly 3,000 individuals
andvalidatedina cohortof 754 individuals. Important survival covari-
atesincludeblood cell concentrations, bone marrow blast percentage,
IPSS-R cytogenetic risk categories, and mutations in 16 ‘main effect’
genesand15 ‘residual genes’. Biallelic TP53 mutations as well as FLT3and
MLL-partial tandem duplication mutations are adverse risk covariates.
The IPSS-M modelidentifies the need to distinguish genetic subsets of
SF3BI mutations by co-mutation pattern. IPSS-M risk cohorts range
from very low risk, with a median predicted survival of 10.6 years, to
very highrisk, with amedian predicted survival of 1year.

Screening

There are noscreening recommendations for MDS inany clinical prac-
tice guideline or consensus statement, or from the US Preventative
Diseases Task Force. However, screening is sometimes performed in
high-risk populations, such as in individuals who are occupationally
exposed to hazardous chemicals (for example, benzene) or ionizing
radiation and individuals with cancer who have been previously treated
with DNA-damaging drugs and/or radiation therapy. Some physicians
recommend screening for individuals with CHIP detected in settings
unrelated to signs or symptoms associated with a haematological
abnormality such as participants in genetic screening programmes;
whether this is of value has not been confirmed. Screening for MDS is

Table 4 | Characteristics of IPSS-R risk cohorts of MDS?

Riskcohort  Cytogenetic abnormality Frequency Median
survival
(years)
Very good Del(11q), del(Y) <5% 5.4
Good Normal, del(5g) alone or with one 65-75% 4.8
other anomaly, del(12p) or del(20q)
Intermediate  Del(7q), trisomy 8, trisomy 19, 15-20% 27
isochromosome 17q, and any other
single or double abnormality not listed
Poor Abnormal 3g, monosomy 7 and 5% 1.5
del(7q), double abnormalities
including monosomy 7 and del(7q),
and complex cytogenetics with three
abnormalities
Very poor Complex cytogenetics with more than ~ 5-10% 0.7

three abnormalities

IPSS-R, revised International Prognostic Scoring System. ®Data from refs.'*>"31%°,

sometimes appropriateinindividuals withthe hereditary haematologi-
caldisordersdiscussed earlier and in those with a family history of these
disorders, MDS or related haematopoietic disorders.

Prevention

The only preventive measure to reduce the risk of developing MDS is
avoidance of exposures associated with increased risk such as ciga-
rette smoking, some chemicals and ionizing radiation. The potential
future risk of developing MDS may affect the decision of how to treat
some cancers, such as Hodgkin lymphoma and breast cancer, because
of the frequent application of radiation therapy in these diseases.

Management

Therapeutic goals and strategies

The most important consideration in deciding if, when and what
therapy an individual with MDS should receive is to define the thera-
peutic goal. Some individuals do not require therapy because their
symptoms are mild, because their cytopenias are not severe, and/or
because they are older and/or with important comorbidities that are
more likely to bring them harm than MDS. Other individuals might
benefit from a therapeutic intervention but are not appropriate can-
didates because the anticipated benefit-to-risk ratio is unfavourable.
Inaddition, there are peopleinwhomthe therapeutic goalistoreverse
cytopenias, such asanaemia, granulocytopenia and/or thrombocyto-
penia, and improve QOL and not to eradicate MDS. These interventions
may or may not be successful or might succeed only transiently. Finally,
there are people for whom the therapeutic goal is to eradicate MDS,
either because the aforementioned strategies are not working and/or
because the goalisto decrease the likelihood of transformation to AML.

MDS can be viewed in several ways. One is that some forms of MDS
are similar to conditionsin whichimmature cells predominate. Assuch,
apotential therapeutic approach is to use drugs designed to encour-
age differentiation, asis doneinacute promyelocytic leukaemia, or to
prevent transformation to AML'**"® a potential mechanism of action
of hypomethylating drugs.

Therapeutic goals for lower-risk MDS include improving disease-
related symptoms, decreasing the frequency of RBC and platelet trans-
fusions, and improving QOL. It is important to weigh any potential
adverse impact of therapy against consequences of the disease, the
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Table 5 | Prognostic scoring systems for MDS

AML
transformation
prediction
accuracy

Survival
prediction
accuracy

Classificationor Covariates

score

IPSS'™™° Bone marrow blast Fair Fair
percentage; numbers of
cytopenias; cytogenetic

analyses®

IPSS-R'* Bone marrow blast Good Good
percentage; haemoglobin

concentration; platelet

concentration; neutrophil

concentration; cytogenetic

risk®

IPSS-M™2 Bone marrow blast Good Good
percentage; minimum

platelet concentration;

haemoglobin

concentration; IPSS-R

cytogenetic category; gene

main effects (17 variables,

16 genes); gene residuals

(1variable, 15 genes)

WHO
Classification-
based Prognostic
Scoring
SystemWSSJSA

WHO category; cytogenetic  Good Good
risk?; haemoglobin <90g/l

in men or <80g/lin women

AML, acute myeloid leukaemia; IPSS, International Prognostic Scoring System; IPSS-M,
IPSS-Molecular; IPSS-R, revised IPSS; MDS, myelodysplastic syndromes. °We use the term
cytogenetic rather than karyotype as this more correctly reflects modern practices such as
fluorescence in situ hybridization.

timeand costrelated toreceiving therapy, and the estimated likelihood,
magnitude and robustness of efficacy. Therapeutic goals for higher-
risk MDS are similar but also aim to prevent or delay transformation to
AML and increase survival. Achieving these goals requires a delicate,
often imperfect balance between benefits (real or perceived) and
therapy-related adverse events. The balance between estimated risks
and benefitsis differentinindividuals with higher-risk MDS given their
estimated shorter life expectancy.

Therapeutic options for MDS comprise supportive care (for exam-
ple, transfusion), including human DNA recombination technology-
based, molecularly cloned haematopoietic growth factors to alleviate
pancytopenia, luspatercept toimprove erythropoiesis, hypomethylat-
ing drugs to target the highly methylated genome status in MDS™*'°,
immune modulators such as lenalidomide, chemotherapy drugs, low-
dose cytarabine and the potential curative therapy allogeneic HCT. As
discussed above, some individuals with seemingly mild MDS may be can-
didates forimmunosuppression®. Other therapies being studiedinclude
immune-checkpointinhibitors, suchasPD1,PDL1and CTLA4, anti-CD47
antibodies, and BCL-2 inhibitors"’. Most treatment algorithms, such
as those from National Comprehensive Cancer Network (NCCN), the
European Society for Medical Oncology and several textbooks, suggest
classifyingindividuals with MDS into lower-risk and higher-risk cohorts
that require different and/or personalized therapeutic strategies"”* .

Therapy for lower-risk MDS

The therapeutic goalin people with lower-risk MDS is to improve hae-
matopoiesis and/or QOL (Fig. 6). Interventions are largely based on
the dominant cytopenia or cytopenias. People with severe anaemia

typically receive molecularly cloned haematopoietic growth factors
suchas erythropoietin'®. People with del(5q) and ring sideroblasts typi-
callyreceive lenalidomide and/or luspatercept, and those with granu-
locytopenia may receive molecularly cloned myeloid growth factors
such as granulocyte-colony-stimulating factor (G-CSF) or granulocyte-
macrophage colony-stimulating factor (GM-CSF). Patients with
hypoplastic bone marrow and/or multiple cytopenias may receive
cyclosporine and/or anti-thymocyte globulin under the hypothesis of
animmune basis or hypomethylating drugs, while those with severe
thrombocytopenia might receive molecularly cloned thrombopoietin
analoguessuchasromiplostim oreltrombopag. HCT is rarely considered
inpersonswith lower-risk MDS and only after other interventions have
failed. Participation in clinical trials of new therapies and/or support-
ive care are options throughout the spectrum of lower-risk MDS. Iron-
chelating drugs, such as deferoxamine, are a controversial intervention
interms of asurvival benefit in people with low-risk MDS who are likely to
live sufficiently longto receive many RBC transfusions. Peoplein whom
there is uncertainty of whether the correct diagnosis is mild aplastic
anaemiaor lower-risk MDS should receive a trial of immunosuppressive
therapy with anti-thymocyte globulin and/or cyclosporine®.

Erythropoiesis-stimulating agents (ESAs), which promote earlier
stages of erythropoiesis, have been commonly used inlower-risk MDS
for decades.Ina2007 study of 1,587 individuals enrolled in clinical tri-
alswith standardized response criteria, the anaemia response rate was
40%'"". Arandomized, blinded, placebo-controlled trial of darbepoetin
in 147 individuals performed in 2017 reported an anaemia response
rate of 15% with darbepoetin (increasing to 35% with longer follow-up)
compared with 0% with placebo™®.

People with anaemia with ring sideroblasts and/or an SF3B1 muta-
tion'” often receive luspatercept, whichimproves anaemia by reducing
SMAD2 and SMAD3 signallinginlate erythropoiesis®’. Inarandomized,
blinded, placebo-controlled study of luspatercept, RBC transfusion
independence occurred in ~40% of patients and lasted a median of
8weeks'™.

Lenalidomide is approved in many countries to treat anaemia
in people with del(5q). In a phase Ill trial of lenalidomide, the RBC
transfusion-independence response rate was ~50%, with a median
response duration of >2 years. Grade 3 or 4 neutropenia occurred in
>70% of participants and thrombocytopenia occurred in >30% of par-
ticipants. Patients with severe thrombocytopenia were more likely to
respond to the drug'®.

Romiplostim and eltrombopag (a thrombopoietin analogue and
thrombopoietin receptor agonist, respectively) are growth factor
drugsthatincrease platelet concentrations'®*™*, Arandomized study
of romiplostim inindividuals with platelet concentrations <20 x 10%/I
reported a marked decrease in platelet transfusions'®. Another rand-
omized study of eltrombopag reported a 47% platelet response rate
in those receiving eltrombopag'*. In both studies, the rate of AML
transformation was increased, especially in people with excess myelo-
blasts; therefore, romiplostim and eltrombopag should be avoided in
this setting.

Thehypomethylatingagentsazacitidine, decitabineanddecitabine/
cedazuridine are sometimes given to people with multiple cytope-
nias. Their precise mechanisms of action are unknown but their bio-
chemical effects include the inhibition of DNA methyltransferase,
thereby favouring differentiation and cytotoxicity'®. Single-arm
studies report complete or partial responses or haematological
improvement per international working group criteria of 30-40%'?,
with a median response duration of 1-1.5 years'**'*°, People with
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multiple cytopenias also sometimes receive immunosuppressive
drugs such as anti-thymocyte globulin and cyclosporine, with stud-
iesfinding aresponse rate of ~30% and amedian response duration of
1-1.5years" """,

Theuse of iron-chelating drugsin highly RBC-transfused persons
with relatively long expected survivalis controversial. Arandomized,
placebo-controlled trial of deferasirox in individuals with iron over-
load reported improvement in event-free survival and that the drug
was safe'”,

In people with IPSS-R intermediate risk, the therapeutic choice
is influenced by age, Eastern Cooperative Oncology Group (ECOG)
performance score, comorbidities, cytogenetics, mutation topog-
raphy and other covariates”™?*'**"* (Fig. 7). Individuals with lower
IPSS-R scores failing prior interventions are sometimes operationally
defined as being at higher risk. We propose the following: no inter-
vention in asymptomatic people until symptoms appear or disease
progression occurs; administration of erythroid-stimulating drugs
inthose with symptomatic anaemia or risk of iron overload and serum
erythropoietin concentration <500 U/I; consideration of luspatercept
in those failing with erythroid-stimulating drugs and who have ring
sideroblasts and/or del(5q) and lenalidomide in those failing with
erythroid-stimulating drugs and in people with del(5q), unless they

have a TP53 mutation'”; consideration of hypomethylating drugs

and/or immunosuppression in those failing with lenalidomide; and
consideration ofimmunosuppression, hypomethylating drugs, lena-
lidomide or HCT (see below), or participationin aclinical trialin people
withanerythropoietin concentration =500 U/I. Thereis animportant
role forsupportive careinindividuals for whomitis appropriate, such
as those unwilling to receive drugs or who have progression-related
symptoms requiring intervention.

Consensus guidelines and strength of evidence forinterventionsin
lower-risk MDS are summarized in the NCCN Guideline Version 3.2022

196

Myelodysplastic Syndromes™®.

Therapy for higher-risk MDS

The therapeutic goal for individuals at higher risk (IPSS intermediate-2
risk and high risk; IPSS-R intermediate risk, high risk or very high risk;
or WPSS high risk or very high risk) in most guidelines is to delay dis-
ease progression, prevent or delay AML transformation, prolong life,
improve QOL and, if possible, attempt cure (Fig. 6). Hypomethylating
drugs, anticancer drugs and HCT are the modalities most often con-
sidered. For example, azacitidine is one of the major hypomethylating
drugs approved by the FDA and the EMA for MDS treatment. A phase Il
trial NCT00071799) reported that azacitidine increased survival by
9 months compared withbest supportive care, low-dose cytarabine or
intensive chemotherapy (survivalHR 0.58,95% C10.43-0.77)"””. Aphasell

Priority Lower-risk MDS Higher-risk MDS Priority
Score of <1 for IPSS and <3.5 on IPSS-R Intermediate risk Score of 21.5 for IPSS and >4.5 on IPSS-R
Improve and supplemented by relatively good risk Low versus high and supplemented by relatively poor risk
QOL karyotypic® and molecular abnormalities® karyotypic® and molecular abnormalities? Cure
‘ R ¥ Eligible Not eligible

No symptoms, { Platelets 1 Haemoglobin for HCT for HCT

or mild ¥

cytopenias

yiop l l HMD
TPO; ¢ A )
Delay Watch and TPO-RA; Del(5q) No del(5q) Fit Delay
progression wait 1L-11 progression
| HCT
)
¢ 3
EPO EPO =500 U/L EPO EPO =500 U/L
<500U/l  and RBC-TD <500 U/L and RBC-TD
{ ' Failure
ESA + G-CSF ESA + G-CSF Clinical trial
Failure Failure L
an(;-lI%;p) Hypoplastic mSF3B1
Yes No l l
fo Thalidomide; Luspatercept Iénop[ove
ure Lenalidomide ATG; CSA
Failure l Failure l Failure l Failure
HMD HCT Clinical trial Support

Fig. 6| Proposed algorithm for the treatment of MDS. The algorithm depicts
the treatment recommendations for lower-risk and higher-risk myelodysplastic
syndromes (MDS).*Good-risk karyotypic abnormalities: del(11q), del(Y), normal,
del(20q), del(5q) alone or with one other anomaly, del(12p). °Good-risk molecular
abnormalities: SF3B1 mutation. ‘Poor-risk karyotypic abnormalities: abnormal 3q,
monosomy 7, double abnormality including del(7)/del(7q), complex karyotypes
with three or more abnormalities. “Poor-risk molecular abnormalities: TP53,

RUNX1,EZH2, ASXL1 and ETV6 mutations. ATG, anti-thymocyte globulin; CSA,
cyclosporin; EPO, erythropoietin; ESA, erythropoiesis-stimulating agent; G-CSF,
granulocyte colony-stimulating factor; HCT, haematopoietic cell transplantation;
HMD, hypomethylating drug; IPSS, International Prognostic Scoring System;
IPSS-R, Revised IPSS; mTP53, mutated 7P53; mSF3B1, mutated SF3B1; QOL, quality of
life; RBC-TD, red blood cell transfusion dependence; TPO, thrombopoietin; TPO-RA,
thrombopoietin receptor agonist. Adapted with permission from ref.””, Elsevier.
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Lower risk
|

Higher risk

IPSS Low Intermediate-1 Intermediate-2 High
IPSS-R | Very low Low 3 Intermediate 3 High Very high
WPSS  Very low Low 3 Intermediate 3 High Very high
,,,,,,,,,,,, -
v v
Favourable Unfavourable

* Age <60 years
¢ Mutant SF3B1
 0-2 driver mutations
* No TP53 mutation and
<5 karyotype abnormalities

* Wild-type or monoallelic TP53

¢ ECOGscoreOor1
e Serum ferritin <520 ng/ml

Fig. 7| Prognostic factors for different outcomes inintermediate-risk
MDS. People with Revised International Prognostic Scoring System (IPSS-R)
intermediate risk are divided into lower-risk (score <3.5) and higher-risk
(score>3.5) cohorts. Covariates, such as age, Eastern Cooperative Oncology
Group (ECOG) performance score and mutation topography, are prognostic

* Age >60 years
¢ Wild-type SF3B1
* >3 driver mutations
* No TP53 mutation and
>5 karyotype abnormalities
* Multiple TP53 mutations
* ECOG score 22
* Serum ferritin 2520 ng/ml

and importantin therapy decisions. Favourable or unfavourable prognostic
factors determine whether the therapy regimen for lower-risk or higher-risk
myelodysplastic syndromes (MDS) should be followed. IPSS, International
Prognostic Scoring System; WPSS, WHO Prognostic Scoring System.

trial NCT01462578) reported that azacitidine therapy prevented or
substantially delayed relapse inindividuals who were positive for mini-
malresidual disease after achieving a histological complete remission
followingintensive chemotherapy or HCT but this study lacked a con-
currentplacebo control®, Analyses of the Grupo Espafiol de Sindromes
Mielodisplasicos (GESMD) and Groupe Francophone des Myélodyspla-
sies (GFM) observational databases reported atime-dependent benefit
ofazacitidine therapy inindividuals with high-risk MDS and del(7/7q)
orwith complex cytogenetics compared with best supportive care'”’.
The sum of these data suggests the safety and efficacy of azacitidinein
this population. However, real-world data suggest that the effect size
might be smaller than that reported in clinical trials'*°°2%2,

Aphasellltrial compared low-dose decitabine with best supportive
care in older individuals with higher-risk MDS*®. There was no sub-
stantial improvement in survival yet better progression-free survival
andalower risk of AML transformation were observed. Similar dataare
reported fromanother phase lll study (NCT00043381)***. Whether decit-
abinesignificantly increases survivalis controversialand may reflect trial
design rather than different efficacies of azacitidine and decitabine**%,
However, itisimportant to acknowledge that the mechanisms of action
ofthese drugs differ. Decitabine acts only on DNA whereas the predomi-
nant effects of azacitidine are on RNA?**°°, Two studies reported that
decitabine is effective in individuals with TP53 mutation®””*°%, Some
studies claim thathypomethylating drugs are abridge to HCT but these
dataindicate thatabridge treatmentasa prerequisite for HCT may not
be necessary'®>?*°?!! Decitabine/cedazuridine, acombination of decit-
abine and the cytidine deaminase inhibitor cedazuridine, is a new oral
form of hypomethylating drug that was approved for MDS treatment by
the FDA based on pharmacokinetic and pharmacodynamic datawithout
acomparative clinical trial (see below)'®’.

Haematopoietic cell transplantation

There are three fundamental questions regarding HCT for MDS: who,
ifanyone, should receive HCT; when should the procedure take place;
and which approach is most appropriate?

Allogeneic HCT is the only cure for MDS**?*, However, HCT is
performedinfewer than10% of patients with MDS for diverse reasons,
includinginaccurately estimating prognosis without or with HCT, older
age, frailty, comorbidities related or unrelated to MDS (often con-
founded), and financial and other considerations. Improved supportive
care, development of reduced-intensity conditioning (RIC) regimens
preferredinolder persons, increased donor availability, especially HLA
haplotype-matched relatives and use of post-HCT cyclophosphamide
to prevent graft-versus-host disease explain the increasing numbers
of HCTs for MDS and improved outcomes. However, it isimpossible to
know how much of this improvement results from patient-selection
biases***. Another reason for the increase in HCT in the USA is a gov-
ernment payment for HCT in individuals >65 years of age. However,
real-world data on the frequency or outcome of HCT for MDS are few.

Outcomes of HCT vary widely but large observational databases
from the Center for International Blood and Marrow Research and
the European Bone Marrow Transplant group report 2-3-year sur-
vival rates of ~-50%°>?*", Recipient-related covariates that correlate
with transplantation outcomes include age and the transplantation
co-morbidity index. MDS-related covariates include pre-transplan-
tation haematological parameters such as platelet concentration
and blood and/or bone marrow blast percentage, MDS risk category,
therapy-related MDS (discussed earlier) and mutation topography,
especially mutations in TP53, RAS and JAK2. Transplantation-related
covariates include pre-transplantation conditioning intensity (that
is, the dosage of chemotherapy and radiotherapy before HCT) and
donor type, with the best outcomes reported among recipients of
RIC transplants from HLA-identical siblings, HLA-matched unrelated
donors and HLA haplotype-matched relatives with post-transplanta-
tion cyclophosphamide. Some but not all of these predictive covariates
are validated (reviewed elsewhere>***°), Whether transplantation
outcomes derived from transplantation registries reflect so-called
real-world outcomes is unknown.

Deciding which individuals should receive HCT and when is a
complex issue and there is no correct answer. One widely cited study
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used a Markov model to optimize timing, the conclusions of which
were mostly confirmed in other analyses and in an observational
study®?. A biological assignment trial based on the availability of a
related or unrelated HLA-identical donor in individuals 50-75 years
of age with an MDS risk score of IPSS intermediate-2 or higher from
the Blood and Marrow Transplant Clinical Trials Network (CTN 1102;
NCT02016781) compared a RIC allogeneic HCT with hypomethylating
drugs or supportive care’”. In an intention-to-treat analysis, leukae-
mia-free survival at 3 years was 36% (95% Cl 30-42%) for donor arm
(received transplant) compared with 21% (95% C113-29%; P=0.003)
for non-donor arm (received hypomethylating therapy or best sup-
portive care) and adjusted survivals of 50% (95% CI 41-54%) and 27%
(95% C118-36%; P=0.0001), respectively, were observed. The results
remained significantin sensitivity analyses that censored individuals
who died before they could receive a transplant. Although these data
indicate an advantage of transplantation, many individualsin the non-
transplantation cohort received suboptimal therapy with, forexample,
hypomethylating drugs, and many individuals in the transplantation
cohortalsoreceived these drugs. Furthermore, the outcomesinboth
cohorts remain unsatisfactory. Importantly, aleukaemia-free survival
benefit was reported only in individuals in the IPSS-R intermediate-
2-risk cohort and a survival advantage was reported only in individu-
als in the IPSS-R high-risk cohort. In addition, these data in selected
individuals cannot be reliably applied to people with MDS, most of
whomwould not have met the study eligibility criteria. The several MDS
and transplantation-predictive models and scores areimprecise, with
C-statistics of about 0.75,implying considerable uncertainty, especially
at the individual level (discussed earlier). Furthermore, few of these
models and scores consider an individual’s prior therapy exposure
and responses or physician and/or potential recipient risk-taking tol-
erance. In several studies, there seemed to be no advantage or even a
disadvantage with pre-transplantation azacitidine**?*,

Several expert consensus statements and clinical practice guide-
lines address which individuals with MDS are suitable for transplanta-
tion and whenit should occur”>**%**2% (Supplementary Table 2), none
of whicharebased ondata from randomized controlled trials (the CTN
1102 study used biological randomization). Above, we discuss our
reservations regarding the accuracy of such recommendations. We
think the decision about who should receive a transplant and when
remains more an art than a science. We suggest that transplantation
be considered at diagnosis in people with higher-risk MDS, especially
inthose with adverse mutations and in those with lower-risk MDS who
need therapy but other interventions have failed, especially in those
with adverse mutations. Risk-benefit analyses are complicated and
should weigh prognostic covariates and response to prior interven-
tions, in concert with the person’s goals and support network. Most
survival prognostic factors for conventionally treated MDS also operate
in transplantations®”.

Currently, there are several transplantation-related controversies.
For example, should people receive hypomethylating drugs before
or after transplantation? Should mutation topography data be used
to select appropriate transplantation candidates and/or determine
transplantation timing? What is the role of pre-transplantation iron-
chelating therapy? None of these questions is definitively answered
nor are they likely to be.

Approved drugs
Only five drugs are approved by the FDA for the treatment of MDS. Azac-
itidine and decitabine are approved in lower-risk and higher-risk MDS

including all subtypes (decitabine is not approved for MDS by EMA
because it did not show a survival benefit in randomized controlled
trials, discordant from the FDA approval)®®. Decitabine/cedazuridine
isafixed-dose combination of decitabine and cedazuridine, a cytidine
deaminase inhibitor that prolongs exposure to decitabine and presuma-
bly decreases genome-wide hypermethylation. Decitabine/cedazuridine
isapproved by the FDA for previously treated or untreated adults with
de novo and secondary MDS with refractory anaemia, with or without
ring sideroblasts or with excess blasts, and in IPSS intermediate-1-risk,
intermediate-2-risk and high-risk cohorts. A randomized phase Ill phar-
macokinetics and pharmacodynamics study (NCT02103478) reported
comparable systemic decitabine exposure, de-methylating activity and
safety inthe first two cycles of oral decitabine/cedazuridine compared
withstandardintravenous decitabineinindividuals withintermediate-
1-risk, intermediate-2-risk or high-risk MDS'®. Lenalidomide is approved
foruse by individuals who are RBC transfusion dependent withisolated
del(5q) and withalow orintermediate-1risk IPSS score. Luspaterceptis
approved for adults withring sideroblasts or MDS/MPN with ring side-
roblasts and thrombocytosisin whom erythropoiesis-stimulating drugs
fail or who are unlikely to respond to one of these drugs and require two
or more RBC transfusions over 8 weeks.

The reasons why there are so few FDA-approved and EMA-
approved drugs for MDS are complex. The most obvious reason s the
diverse causes and pathophysiology of MDS. For example, as discussed
earlier, therapy-related MDS is probably the result of somatic muta-
tions, whereas other MDS cases may result from or be aggravated by
an abnormal bone marrow microenvironment, an abnormal immune
response or acombination of these factors®?*>**>, Furthermore, indi-
viduals with the same phenotype may have discordant genotypes and
vice versa. Another challenge is the clinical heterogeneity of MDS,
making the design and execution of clinical trials difficult. Most signs
and symptoms of MDS are anindirect effect of the cancer. Inaddition,
the mechanism of action of MDS pharmacotherapies is unclear, even
for approved drugs such as azacitidine and decitabine. For example,
the target genes of these drugs are uncertain and there is not a good
correlation between the degree of genome-wide hypermethylation,
post-therapy hypomethylation and response®**¢, Another obstacle
is the controversy over which individuals with MDS, especially those
with lower-risk MDS, should be treated.

Other drugs are often used to treat complications of MDS such as
anaemia (erythropoiesis-stimulating drugs and androgenic steroids)
and thrombocytopenia (eltrombopag and romiplostim). Below, we
discuss examples of these drugs.

Erythropoiesis-stimulating agents: luspatercept. Luspaterceptisa
decoy fusion protein for TGF[3 superfamily ligands thatinhibits SMAD2
and SMAD3 signalling and increases late-stage erythropoiesis. In a
phase lll trial in 229 individuals with ring sideroblasts and very-low-
risk to intermediate-risk MDS who were RBC transfusion dependent,
luspatercept therapy resulted in RBC transfusion independence for
>8 weeks in ~40% and for =12 weeks in ~30% of individuals'®. Based
on these data, luspatercept was approved by the FDA in adults with
anaemia in whom erythropoiesis-stimulating agents fail and who are
receiving two or more RBC transfusions over 8 weeks, those with very-
low to intermediate IPSS-R risk MDS with ring sideroblasts, or those
with MDS/MPN with ring sideroblasts and thrombocytosis.

Thrombocytopenia therapies: romiplostim. Romiplostim is a
peptibody (Fc-peptide fusion protein) designed to increase platelet
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production. Asmall phasel/Il trial (NCT00303472) reported that romi-
plostim was safe and effective in individuals with MDS and thrombo-
cytopenia®’. Another phase Il study (NCT00303472) reported an
effective starting dose**. Arandomized phase Il study (NCT00614523)
inindividuals with lower-risk MDS reported that romiplostimincreased
platelet concentrations, decreased bleeding events and decreased the
frequency of platelet transfusions compared with placebo’. However,
the study was halted early because of concern about a higherincidence
of AML transformation in the romiplostim arm'®. Because of this con-
cern, romiplostim should not be used in individuals with MDS with
excess blasts!®*492%,

Quality of life

In the absence of disease-modifying interventions, an important
goalin MDS therapy is to improve health-related QOL (HRQOL), and a
structured evaluation of QOL is recommended in most MDS therapy
guidelines. Much of the disease burden of MDS, especially in lower-risk
MDS, isadecreased QOL which causes disease-related symptoms (for
example, fatigue) and psychosocial sequelae?”*?*>*'2 Several vali-
dated instruments exist to quantify HRQOL in individuals with MDS,
including the European Organization for Research and Treatment of
Cancer Quality of Life Questionnaire Core 30 (EORTC QLQ-C30), the
Functional Assessment of Cancer-Anaemia (FACT-An), Haematological
Malignancy Patient-Reported Outcome (HM-PRO) scale, the Quality of
Lifein Myelodysplasia Scale (QUALMS) and the Quality of Life E (QOL-E)
scale”*>%, Other instruments that quantify fatigue include the Multi-
dimensional Fatigue Inventory (MFI) and the Brief Fatigue Inventory
(BF1)»%*, Generic HRQOL instruments, such as the 36-item Short Form
(SF-36), the 12-item Short Form (SF-12), the 5-item European Quality of
Life Five Dimensions (EQ-5D) and the European Quality of Life Visual
Analogue Scale (EQ-VAS), are also used®°>*2, The plethora of HRQOL
instruments suggests that no single instrument is entirely adequate.
For example, it is difficult to reach conclusions about whether drugs
thatimprove fatigue do so by increasing haemoglobin concentration,
decreasing RBC transfusion frequency or acombination of both?%*2¢¢,
Unfortunately, few randomized controlled trials have included HRQOL
asanend point®®.

Outlook

Challenges

MDSis acomplex, heterogeneous cancer thatisincreasinginincidence
and prevalence and is expected to continue doing so as populations
age and moreindividuals with cancer exposed to DNA-damaging drugs
and radiation therapy live longer. The aetiology (or aetiologies) is in
most cases unknown but some cases are related to or associated with
antecedent haematological conditions. Other cases develop after expo-
sure to mutagenic and/or carcinogenic drugs and ionizing radiation,
ofteninthe context of anticancer therapy (Fig. 3). With afew exceptions,
the pathogenesis and pathophysiology of MDS are poorly understood.
Despite the existence of several survival prognostic and predictive
models/scores for MDS, none of these is especially accurate at the
individual level and most are of modest value in directing therapy.
Consensus statements and clinical practice guidelines are useful but
again of limited value at the individual level (reviewed elsewhere®).
Only five drugs are approved by the FDA for the treatment of MDS but
several others are used to treat MDS-associated bone marrow failure.
Drug development in MDS has been slow because of the substantial
disease heterogeneity, and there is also a limited understanding of
how most approved drugs work.

Drugsin development

Clinical trials of drugs being developed for MDS are under way (those
registered with ClinicalTrials.gov are presented in Supplementary
Fig.1). Most studies are uncontrolled and unblinded, with few hetero-
geneousindividuals and diverse prior therapies and prognoses. Assuch,
itisimpossible to critically comment on drug safety and/or efficacy.
Some drugs in development are discussed below.

Emavusertib. Preclinical data suggest that the IRAK4 inhibitor ema-
vusertib (CA-4948) is active in MDS cells with spliceosome mutations,
including U2AF1and SF3B1, and thisdrugisbeing evaluatedina clinical
trial, aloneorincombinationwithazacitidine or venetoclaxinindividuals
with higher-risk MDS and AML (NCT04278768).

IDH1and IDH2 inhibitors. /DHI or IDH2 mutations occur in 5% of MDS
cases””. The prognostic significance of these mutations is controver-
sialand is affected by other co-varieties, including co-mutations” %",
Several trials of ivosidenib?? (a small-molecule inhibitor of IDHI,
NCT04493164) and enasidenib?? (an IDH2 inhibitor, NCT03383575)
included individuals with high-risk MDS. Some trials were in individuals
withadvanced MDS and/or AML whereas others were in untreated indi-
viduals. Some are single drug studies whereas others are combination
studies'*192¢%2 Tyosidenib and enasidenib have only been tested in
individuals with the relevant mutation and neither is approved by the
FDA or EMA for individuals with MDS. Given the lack of suitable trials,
itistoo early tocomment on their safety and efficacy in MDS.

Eltrombopag. Eltrombopag, a thrombopoietin receptor agonist,
was tested in a randomized phase Il trial in individuals with low-risk
or intermediate-1-risk MDS and platelets <30 x 10%/1 (ref.'**). Platelet
concentrationimprovedin~50% of individuals and severe bleeding epi-
sodeswere reduced. Other studies report similar data?”>*®. In another
randomized phase Il study in individuals with intermediate-2-risk or
high-risk MDS and platelets <25 x 10%/1, individuals receiving eltrom-
bopag had considerable fewer clinically relevant thrombocytopenic
events”’. Eltrombopag is not approved by the FDA for the therapy of
MDS and hasawarning of anincreased risk of death and of progression
of MDS to AML>®,

Magrolimab. Magrolimab, an anti-CD47 monoclonal antibody, is
intended to reverse the CD47 macrophage ‘don’t eat me’ signal®* !,
Combining magrolimab with azacitidine should increase the induc-
tion of apoptosis of MDS cells by macrophages. In a phase Ib trial,
95 individuals with intermediate-risk to very-high-risk MDS received
magrolimab with azacitidine, with an overall response rate of 75% and
a complete response rate of ~33%. Responses were highest in people
witha TP53mutation (40% complete remission, median overall survival
16.3 months)**2,

Venetoclax. The BCL-2 inhibitor venetoclax has been tested in
combination with azacitidine in a phase Ib study (NCT02942290)
in 57 individuals with untreated high-risk MDS?**. This study reported
anoverall response rate of ~-80% and a ~40% complete remission rate.
Median response duration was 15 months and median progression-
free survival was 18 months. However, 97% of individuals had grade 3
or higher adverse events. Another phase Ib study (NCT02966782)
enrolled 46 individuals with advanced MDS who received venetoclax
with or without azacitidine?®*. The overall response rate was -50% and
the complete response rate was ~13%. Progression-free survival at
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6 months was-75%%*. Individuals with biallelic TP53 mutations did not
respond®®. Itisimpossible to know from these datawhether venetoclax
issafeand effectivein MDS or whether there is an advantage of adding
venetoclax to hypomethylating drugs.

Basicresearch

Progress in treating MDS could be accelerated if our understanding
of its aetiology, biology and pathophysiology were substantially
increased. Progress is being made albeit slowly. In the interim, treat-
ment of MDS is predominately symptomatic rather than disease
modifying, with the possible exception of hypomethylating drugs and
transplantation. The pace of research in MDS has been dramatic
and, hopefully, abetter understanding and new therapies are on the
horizon (Supplementary Fig. 2).

Perspectives

Insummary, substantial progress is being made in our understanding of
thebiology of MDS, in classifying MDS and in predicting outcomes. Pro-
gress, albeit lessimpressive, is also being made in expanding and improv-
ing MDS therapy. Several new drugs are in development and there is
renewed interest inHCT inindividuals with high-risk MDS. Furthermore,
progressisoccurringinthe establishment of international collaborative
studies, which should accelerate therapy advances. Nevertheless, more
isneeded toreach theimportant goals of athorough understanding of
MDS pathogenesis and personalized treatment of this syndrome.
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