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A B S T R A C T   

Biological events that contribute to the pathogenesis of myelodysplastic syndromes/neoplasms (MDS) are 
becoming increasingly characterized and are being translated into rationally designed therapeutic strategies. 
Herein, we provide updates from the first International Workshop on MDS (iwMDS) of the International Con
sortium for MDS (icMDS) detailing recent advances in understanding the genetic landscape of MDS, including 
germline predisposition, epigenetic and immune dysregulation, the complexities of clonal hematopoiesis pro
gression to MDS, as well as novel animal models of the disease. Connected to this progress is the development of 
novel therapies targeting specific molecular alterations, the innate immune system, and immune checkpoint 
inhibitors. While some of these agents have entered clinical trials (e.g., splicing modulators, IRAK1/4 inhibitors, 
anti-CD47 and anti-TIM3 antibodies, and cellular therapies), none have been approved for MDS. Additional 
preclinical and clinical work is needed to develop a truly individualized approach to the care of MDS patients.   

1. Introduction 

Myelodysplastic syndromes/neoplasms (MDS) are clonal myeloid 

neoplasms that are characterized by dysplastic changes in one or more 
hematopoietic lineages in the peripheral blood and/or bone marrow 
leading to cytopenias and a variable risk of progression to acute myeloid 

Fig. 1. Overview of MDS pathophysiology: MDS are clonal neoplasms that arise from mutations in hematopoietic stem cells. The pathogenesis of MDS include 
somatic mutations or cytogenetic changes, which occur in most patients; aging, exposure to cytotoxic chemotherapy and/or ionizing radiation or environmental 
toxins (e.g., tobacco, benzene) are associated with MDS development. Immune dysregulation, inflammation, and apoptosis are also associated with MDS 
development. 
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leukemia (AML) [1,2]. Over the last three decades several factors 
contributing to the pathogenesis of MDS including epigenetic and im
mune dysregulation, as well as recurrent genetic alterations have been 
increasingly characterized [3–7]. These advances are now being 
increasingly incorporated into MDS classification (e.g., SF3B1-mutant 
MDS, MDS/AML with TP53 mutation) and risk stratification tools, such 
as the Molecular International Prognostic Scoring System (IPSS-M) 
[2,5,8–10]. In the future, it is hoped that novel therapeutic modalities 
will also become available to target specific aspects of MDS biology as 
part of an enhanced personalized care strategy for patients with this 
disorder. However, except for the approval of luspatercept, these 
breakthroughs in the understanding of MDS pathogenesis have so far 
only had modest consequences on MDS treatment. Fig. 1 provides an 
overview of the various pathophysiologic processes contributing to 
MDS. 

In this review, we provide recent updates on the basic and trans
lational science as well as novel investigational aspects of MDS biology 
and therapy, as discussed by members of the International Consortium 
of MDS (icMDS) during the inaugural international workshop on MDS 
(iwMDS) held in Miami, FL, USA in June 2022. This conference included 
a panel of international experts with expertise in preclinical and clinical 
MDS research encompassing basic/translational scientists, medical on
cologists/hematologists, pathologists, and representatives from regula
tory agencies. For a review on the current research priorities and clinical 
management of MDS, we would like to refer the reader to our com
panion manuscript as well as other recent publications [11,12]. 

2. Preclinical models of MDS 

In contrast to other malignancies, human MDS cell lines are rare and 
patient-derived xenograft models are inherently limited by immunode
ficiency of the host. Genetically modified mouse models are only 
applicable to a specific MDS subtype and limited by their failure to 
adequately capture the clonal complexity inherent to human disease 
[13]. 

As discussed in greater detail below, MDS pathophysiology is char
acterized by immune dysregulation [14]. Modelling physiologic human 
hematopoiesis in mice requires the expression of diverse human cyto
kines. These insights led to the development of multi-cytokine knock-in 
mouse models such as MISTRG permissive for the engraftment of 
patient-derived MDS hematopoietic stem and progenitor cells [15]. 
Recent validation studies have shown that the MISTRG mouse model is 
able to replicate the human MDS phenotype including progression to 
secondary AML [15]. An alternative approach to enhance engraftment is 
the co-transplantation of mesenchymal stromal cells leading to variable 
engraftment rates of 1–89%, which can potentially be increased by 
coadministration of humanized bone marrow matrix material 
[13,16–18]. Such mouse models can serve as a valuable tool to inves
tigate novel combination therapies. Additional model optimization (e.g., 
increasing erythro- and thrombopoiesis by humanization of murine 
hepatocytes and novel engraftment protocols) is further expected to 
assist in the better understanding of the MDS immune milieu and the 
factors driving disease progression [19]. However, it is important to note 
that current xenograft models lack mature neutrophils and have no 
adaptive immune system due to the absence of B- and T-cells [13]. 
Additionally, peripheral blood cells in these models remain mostly of 
murine origin. 

3. Genetic aspects of MDS pathogenesis and management 

3.1. Moving towards a molecular definition of MDS 

The enrichment of certain somatic mutations in MDS patients and 
their prognostic implications were initially described more than a 
decade ago, and our knowledge of the molecular landscape of MDS 
continues to expand with the wider use of more sensitive and broader 

sequencing techniques [6,7,20–22]. The strong association between 
genetic alterations and certain clinical and histopathologic characteris
tics has led to the introduction of several new molecularly defined MDS 
subtypes by both the 5th edition of the WHO classification of myeloid 
neoplasms and a similar publication by the International Consensus 
Classification (ICC) [1,2,23]. Table 1 provides an overview of key as
pects of the 4th and 5th edition of the WHO and ICC classifications of 
MDS and related myeloid neoplasms. For example, MDS with mutated 
SF3B1 has replaced the previous category of MDS with ring sideroblasts, 
which reduces the impact of interobserver variability on diagnosis, and 
also has therapeutic implications with the recent approval of luspa
tercept for the treatment of anemia in patients with transfusion- 
dependent MDS with ring sideroblasts, which is highly associated with 
the presence of SF3B1 mutations [1,8,24,25]. 

It has also been shown that the specific characteristics of certain 
mutations have distinct prognostic implications. Bernard et al. have 
demonstrated that the adverse prognostic impact of TP53 mutations in 
MDS patients is predominately related to patients with biallelic TP53 
loss [10]. Other adverse cytogenetic features such as a complex karyo
type may also supersede the prognostic effect of blast count across the 
spectrum of MDS and AML [10,26,27]. The prognostic implications of 
TP53 mutations are also reflected in various molecularly-inspired risk 
stratification tools such as the IPSS-M [5]. Accordingly, MDS with 
biallelic TP53 inactivation has been introduced as a new MDS sub-entity 
in the WHO and ICC classifications [1,2,5,9,28]. However, conflicting 
data remain regarding the prognostic implications of TP53 allelic state 
in myeloid neoplasms creating a significant challenge for clinical man
agement of such patients [10,27,29]. Potential causes include differ
ences in patient, disease, and treatment characteristics across studies; 
although some of this data may be confounded by differences in clas
sification of the monoallelic and biallelic mutation state. Overall, the 
vast majority of TP53 mutant patients with excess blasts (i.e., ≥5%), 
complex karyotype, higher variant allele frequency (VAF), and/or 
biallelic mutation have poor prognosis, likely representing >80% of 
patients but correct identification of patients with a more indolent 
course (e.g., monoallelic TP53 mutations) can be clinically important 
given the differences in prognosis [5,30]. Table 2 provides an overview 
of recent studies on the prognostic impact of TP53 mutations and allelic 
status in MDS. 

The emphasis on molecular testing in the workup of MDS patients 
also raises logistical questions related to timely and universal access to 
molecular and cytogenetic testing results for all patients with MDS, 
especially in resource-limited settings. If NGS testing results are not 
available in a timely manner, the strong association of a complex 
monosomal karyotype as well as 17p abnormalities can potentially serve 
as a surrogate for the biallelic TP53 mutation [26,31]. It remains to be 
seen how these novel, molecular risk stratification tools will be incor
porated into clinical decision-making including timing of referral for 
allogeneic hematopoietic cell transplantation (allo-HCT). It is also 
important to note that serial molecular testing (e.g., at the time of 
progression to AML or disease relapse) can be helpful for both research 
and clinical purposes as the emergence of potentially targetable muta
tions such as FLT3, IDH1, and IDH2 has been reported in a subset of 
patients [32,33]. 

3.2. Germline predisposition 

While the median age at diagnosis of MDS patients in the United 
States is 77 years [34], characterization of pathogenic germline variants 
in genes such as DDX41, GATA2, RUNX1, SAMD9L, SAMD9, and those 
involved in DNA damage repair and telomere biology has led to iden
tification of hereditary forms of MDS in a subset of patients [35,36]. It is 
important to note that these germline variants have variable penetrance 
and the risk of developing MDS therefore varies depending on the 
affected gene and even on the specific variant within a gene. For 
example, patients with mutations in GATA2, SAMD9L, or SAMD9 tend to 
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develop MDS in childhood or as young adults. Conversely, MDS onset in 
patients with germline pathogenic DDX41 variants is much later in life 
and occurs at an age similar to that of non-familial MDS [37,38]. In
dividuals with a pathogenic germline CEBPA variant in the N-terminus 
have a near 100% lifetime risk of AML, whereas risk is lower in those 
with C-terminus variants [39]. With up to 20% of MDS patients diag
nosed before age 40 years and 6% of patients older than 60 years 
harboring pathogenic germline mutations, it is incumbent upon pro
viders to test for these mutations as the appropriate identification of 
such patients can have important implications not only for the affected 
patients themselves but also for their families and with regards to donor 
selection for allo-HCT and genetic counseling [40]. This is highlighted 
by recent data identifying that in a cohort of 404 MDS patients of any 
age who underwent an allo-HCT from a related donor, pathogenic or 
likely pathogenic germline variants were present in 7% of patients 
across all ages [40]. 

The identification of such germline variants is also essential for the 
correct classification of the specific subtype of myeloid neoplasms since 
the WHO and ICC include a separate category of myeloid neoplasms 
associated with germline predisposition [1,2]. While germline genetic 
testing is universally recommended for patients with certain solid tu
mors (e.g., ovarian cancer, pancreatic cancer) [41], there is limited 
guidance as to which patients with MDS should undergo germline ge
netic testing. The National Comprehensive Cancer Network (NCCN) has 
proposed clinical (e.g., age < 50 years, clinically suspected genetic 
predisposition syndrome, family history, multiple cancers in the same 
patient, >2 first degree relatives, hypocellular MDS, monosomy 7) and 
molecular criteria (e.g., potential pathogenic germline variant found on 
somatic mutation panels) for germline genetic testing [11]. However, 
the value, sensitivity, and specificity of those recommendations to 
identify this subset of MDS patients are unknown. Additionally, the 
method of testing for germline mutations predisposing to MDS is also 
subject of debate, and whole exome sequencing has been suggested in 
specific cases [42]. Regardless, NCCN guidelines highlight the impor
tance of appropriate post-test counseling and active surveillance for 
individuals with a variant of unknown significance and those with a 
pathogenic variant who are asymptomatic [11]. 

3.3. Updates on Clonal Hematopoiesis and MDS precursor states 

With the wider use of increasingly sensitive next-generation 
sequencing techniques, including error corrected sequencing, it is 
increasingly common to detect somatic mutations in genes associated 
with myeloid malignancies in patients without a hematologic malig
nancy. Clonal hematopoiesis of indeterminate potential (CHIP) is 
defined as the presence of a somatic mutation in a gene associated with a 
hematologic malignancy that is originating in the hematopoietic stem 
and progenitor cells and is detected at a VAF of ≥2% using routine NGS 
from the peripheral blood [43]. The VAF cut off of 2% was chosen given 
that it was the lower limit of detection for most clinical sequencing 
panels and supported by longitudinal data showing that these clones 
were most likely to be clinically consequential or to progress. Multiple 
studies have demonstrated that the prevalence of CH increases with age 
with prevalence rates of 5–15% in otherwise healthy individuals in their 
70–80's and > 20% in octogenarians. The presence of CH has been 
associated with a variety of cardiovascular, pulmonary, and aging- 
related diseases as well as an increased risk of hematologic malig
nancies and all-cause mortality [44–48]. 

If CH is detected in the context of persistent and unexplained cyto
penias, it is termed as clonal cytopenia of undetermined significance 
(CCUS) [1,49–51]. Compared to individuals with unexplained cytope
nais and no somatic mutations, CCUS confers a substantially higher risk 
of evolution into a manifest hematologic malignancy (hazard ratio [HR]: 
13.9, p < 0.001) [43,52,53]. Acknowledging the implications of CH, 
both the WHO and ICC classifications for the first time include specific 
definitions of both CHIP and CCUS, which is an important step to 

Table 1 
Comparison of WHO 2016, WHO 2022, and ICC 2022 classification schemes of 
MDS subtypes.  

WHO 2016 [203] WHO 20221 ICC 20222 

MDS with low-blast count (<5% bone marrow blasts) 
MDS with single lineage 

dysplasia (MDS-SLD) 
MDS with low blasts (MDS- 
LB) <5% BM and < 2% PB 

MDS, not otherwise 
specified with single 
lineage dysplasia (MDS, 
NOS-SLD) 

MDS with multi-lineage 
dysplasia (MDS-MLD) 

MDS, not otherwise 
specified with multi- 
lineage dysplasia (MDS, 
NOS-MLD) 

MDS with ring 
sideroblasts:   

• With single lineage 
dysplasia (MDS-RS- 
SLD)  

• With multi-lineage 
dysplasia (MDS-RS- 
MLD) 

MDS with low blasts and 
mutated SF3B1 or MDS 
with ring sideroblasts (if 
≥15% RS and SF3B1 wild- 
type) 

MDS with mutated 
SF3B1 

MDS with isolated del(5q) MDS with low blasts and 
isolated 5q deletion (MDS- 
5q) 

MDS with del(5q) 

MDS unclassifiable Not included Not included 
Not included Not included MDS, not otherwise 

specified without 
dysplasia (e.g., 
monosomy 7/del(7q)) 

Not included MDS, hypoplastic (MDS-h) Not included 
MDS with increased blast count (≥5% bone marrow blasts) 
MDS excess blasts-1 

(MDS-EB1; 5–9% bone 
marrow blasts) 

MDS with increased blasts- 
1 (MDS-IB1; 5–9% bone 
marrow and/or 2–4% 
peripheral blood blasts) 

MDS excess blasts 
(5–9% bone marrow 
and/or 2–9% peripheral 
blood blasts) 

MDS excess blasts-2 
(MDS-EB2; 10–19% 
bone marrow or 
peripheral blood blasts 
or Auer rods) 

MDS with increased blasts- 
2 (MDS-IB2; 10–19% bone 
marrow or 5–19% 
peripheral blood blasts or 
Auer rods) 

MDS/AML (10–19% 
bone marrow or 
peripheral blood blasts) 

Not included MDS with fibrosis (MDS-f; 
5–19% bone marrow or 
2–19% peripheral blood) 

Not included 

Genetically defined entities 
AML-defining genetics1 AML-defining genetics 

independent of bone 
marrow and peripheral 
blood blast count 

AML-defining genetics 
with ≥10% bone 
marrow and peripheral 
blood blasts 

Not included MDS with biallelic TP53 
inactivation 
(Two or more TP53 
mutations, or 1 mutation 
with evidence of TP53 
copy number loss or 
cnLOH) 

MDS with mutated TP53 
(Multi-hit TP53 
mutation, or TP53 
mutation (VAF >10%) 
and loss of 17p) and 
MDS/AML with 
mutated TP53 (Any 
somatic TP53 mutation 
(VAF > 10%) 

Clonal hematopoiesis 
Not included Clonal hematopoiesis 

(CHIP, CCUS)2 
Pre-malignant clonal 
cytopenias and CCUS2 

1: AML-defining genetic abnormalities: Acute promyelocytic leukemia (APL) 
with t(15;17)(q24.1;q21.2)/PML::RARA; APL with other RARA rearrangements; 
AML with t(8;21)(q22;q22.1)/RUNX1::RUNX1T1; AML with inv.(16)(p13.1q22) 
or t(16;16)(p13.1;q22)/CBFB::MYH11; AML with t(9;11)(p21.3;q23.3)/MLLT3:: 
KMT2A; AML with other KMT2A rearrangements; AML with t(6;9)(p22.3; 
q34.1)/DEK::NUP214; AML with inv.(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2)/ 
GATA2; MECOM(EVI1); AML with other MECOM rearrangements; AML with 
other rare recurring translocations; AML with mutated NPM1; AML with in- 
frame bZIP CEBPA mutations (ICC only); AML with RBM15::MRTFA fusion 
(WHO only); AML with NUP98-rearrangement (WHO only). 
2: cytopenias are defined as follows: hemoglobin <13g/dL in males and < 12g/ 
dL in females for anemia, absolute neutrophil count <1.8 × 109/L for leuko
penia, and platelets <150 × 109/L for thrombocytopenia. 
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harmonize definitions for clinical trials as well as population- and dis
ease registry-based research [1,2]. 

A major area of ongoing research has focused on factors driving the 
progression of CH to an overt neoplasm. A better understanding of these 
processes could enable risk stratification of individuals with CHIP and 
CCUS and risk mitigation efforts to reduce the risk of cardiovascular 
complications and potentially delay – or even prevent – the progression 
to a hematologic malignancy. Progression risk appears to be driven by 
both clone-intrinsic and -extrinsic factors. For example, clonal growth 
rates were substantially different across mutations ranging from 5% for 
mutations in DNMT3A to over 50% for SRSF2 mutations and the rates of 
clonal expansion varied across a patient's lifespan in a recent longitu
dinal cohort study [54]. Additionally, the risk of a specific adverse 
outcome depends, among others, on the clonal complexity, defined by 
the clone size, co-occurring mutations, nature of mutations, and asso
ciated mosaic chromosomal abnormalities/somatic copy number alter
ations [52,54–56]. Multiple studies have also highlighted the impact of 
extrinsic factors such as cytotoxic chemotherapy and radiation on clonal 
evolution, clonal expansion, and CHIP prevalence [57–61]. For 
example, patients with CHIP had an increased risk of all-cause mortality, 
therapy-related myeloid neoplasms, and cardiovascular events 
compared to patients without CHIP in a study of 401 patients with non- 
Hodgkin lymphoma who underwent an autologous HCT [60]. The high 
mortality of therapy-related myeloid malignancies raises the question of 
whether patients with high-risk CH should have an individualized 
approach when being considered for additional chemo- or radiation 
therapy, and if modalities that are least likely to modulate clonal se
lection pressures (e.g. monoclonal antibodies, tyrosine kinase inhibitors) 

should be preferred. An example of mutation specific clonal expansion 
was seen in therapy-related myeloid neoplasms (t-MN) in patients 
treated with PARP inhibitors (rucaparib), where t-MN risk directly 
correlated with the presence of TP53 mutations, while other mutations 
such as DNMT3A and ASXL1, did not increase the risk [62]. 

Due to the high rate of progression to an overt myeloid neoplasm in 
some patients with CCUS, preventive therapeutic interventions could be 
of great clinical relevance. Clinical trials using the IDH1 inhibitor ivo
sidenib (NCT05030441) in individuals with CCUS and an IDH1 muta
tion, high dose of ascorbic acid in TET2 mutant CCUS (NCT03418038) 
or the anti-interleukin 1-β monoclonal antibody canakinumab 
(NCT05641831) are ongoing [63]. Additional ongoing trials test enasi
denib (NCT05102370), metformin (NCT04741945), and atorvastatin/ 
rosuvastatin (NCT05483010) in individuals with CCUS. It remains to be 
seen if these interventions can change the natural history of the disease 
(i.e., eliminate the CH clone or prolong development of an overt myeloid 
neoplasm) and whether the presence of CH should influence other 
medical decisions, for example, with regards to the management of 
cardiovascular risk factors or omission of adjuvant cytotoxic 
chemotherapy. 

4. Immunologic aspects 

Immune dysregulation has been identified as a key aspect in the 
pathogenesis of MDS affecting both the innate and adaptive immune 
system [3,4]. For example, upregulation of inhibitory immune check
point receptors such as PD-1/PD-L1 has been identified in MDS patients 
with TP53 mutations [64,65]. However, in contrast to various solid 

Table 2 
Summary of selected studies on the prognostic impact of TP53 allelic status in MDS patients.  

Author (ref.) Patient population Treatment characteristics Definition of TP53 allelic status Outcomes 

Bernard et al. 
[10] 

3324 MDS patients (378 with 
TP53 mutation) 

Peri-diagnostic or pre- 
treatment samples 

Monoallelic: single TP53 mutation 
Multi-hit: Multiple TP53 mutations, TP53 
mutation + chromosomal deletion or 
cnLOH at the TP53 locus 

AML transformation and OS worse for multi- 
hit vs mono-hit; OS similar for mono-hit vs 
wild-type 

Grob et al. [27] 230 TP53-mutant AML (n = 186 
patients) and MDS-EB patients (n 
= 44) treated on HOVON-SAKK 
trials between 2001 

Diagnostic and CR bone 
marrow samples 
All patients treated with 
induction chemotherapy 

Biallelic TP53 mutations defined as ≥2 
TP53 gene variants regardless of VAF; TP53 
gene variant + cytogenetic aberration 
involving chromosome 17p; or TP53 
mutation with VAF >55% 

No OS difference between AML and MDS-EB 
patients with TP53 mutation; no OS 
difference between mono- vs biallelic TP53 
mutation with both worse than TP53 wild- 
type 

Weinberg et al. 
[26] 

299 AML and MDS patients with 
complex karyotype; 247 with 
TP53 mutation 

Initial diagnosis or pre- 
treatment samples 

Multi-hit TP53 mutations defined as ≥2 
TP53 gene variants; TP53 gene variant 
+17p loss by karyotype; or TP53 mutation 
with VAF >60% 

No OS difference between AML and MDS 
patients; OS independent of bone marrow 
blast percentage; no OS difference between 
mono- vs biallelic TP53 mutation with both 
worse than TP53 wild-type for AML patients; 
for MDS patients OS worse with multi- vs 
mono-hit 

Stengel et al. 
[204] 

1520 MDS and AML patients (180 
with TP53 mutations) 

Not provided TP53 single hit defined as mutation, 
deletions or cnLOH; 
TP53 double hit defined as TP53 mutation 
+ deletion or cnLOH or ≥ 2 TP53 mutations 

TP53 double-hit mutations more common in 
MDS with ≥5% blasts compared with MDS 
with <5% blasts; OS worse for double-hit vs 
single-hit TP53 mutation 

Montoro 
Gomez et al. 
[205] 

140 MDS patients with del(5q); 
14% (n = 20) with TP53 mutation 

Not reported TP53 monoallelic: only 1 mutation present; 
TP53 multi-hit: multiple mutations or 
mutation + deletion or cnLOH 

Median OS similar for TP53 wild type, 
monoallelic and multi-hit TP53 mutations 

Bahaj et al. 
[30] 

7400 patients with myeloid 
malignancies (579 with biallelic, 
192 probably monoallelic and 239 
probably biallelic TP53 
mutations) 

Not reported TP53 biallelic: single TP53 hit and VAF 
>50%, or ≥ 2 TP53 mutations + combined 
VAF > 50%, or TP53 mutation + del(17p) 
Probably biallelic: TP53 mutation with 
VAF > 23% 
Probably monoallelic: TP53 mutation with 
VAF <23% 

OS comparable for probably monoallelic 
TP53 mutations and TP53 wild-type and 
worse for probably biallelic; 
OS similar for AML and MDS patients among 
biallelic TP53 mutations 

Zeidan and 
Bewersdorf 
et al. [29] 

61 TP53-mutant AML (n = 37) and 
MDS (n = 24) and 144 TP53 wild- 
type patients 

Patients enrolled in 
randomized FUSION trial 
of azacitidine +/−
durvalumab [67,206] 

Multi-hit TP53 mutations: defined per ICC 
as ≥2 distinct TP53 mutations (VAF ≥ 10%) 
or a single TP53 mutation + cytogenetic 
deletion involving 17p, TP53 mutation with 
VAF >50%, or TP53 mutation + complex 
karyotype. 
Alternative definition per Grob et al. [27] 

OS superior for TP53 wild-type vs TP53- 
mutant. No difference for TP53 mono- vs 
multi-hit using either definition 

AML – acute myeloid leukemia; cnLOH – copy number neutral loss-of-heterozygosity; MDS – myelodysplastic syndrome; OS – overall survival; VAF – variant allele 
fraction. 
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tumors, the use of anti-PD1/PD-L1 or anti-CTLA-4 antibodies in patients 
with MDS and AML either as monotherapy or in combination with 
azacitidine (AZA) only had limited efficacy [66–68]. Understanding the 
causes (e.g., differences in the tumor microenvironment) underlying the 
limited efficacy of immune checkpoint inhibitors in AML and MDS is 
essential to improve outcomes [69]. Preclinical data suggest that adding 
the BCL2 inhibitor venetoclax to anti-PD1 therapy can increase the 
number of PD-1+ T effector memory cells and led to a survival advantage 
in syngeneic murine tumor models compared to monotherapy with 
either agent [70]. Additionally, several novel checkpoint inhibitors have 
been developed and are being evaluated in clinical trials including anti- 
TIM3, anti-LAG3, and anti-CD47 [71,72]. Fig. 2 provides an overview of 
the mechanism of action of these novel immunotherapy targets. 

4.1. Anti-TIM3 

T cell immunoglobulin and mucin domain-containing protein 3 
(TIM3) is a co-inhibitory receptor that was first identified on interferon- 
γ (IFN-γ) producing CD4+ and CD8+ T-cells and is up-regulated on 
exhausted T-cells in chronic viral infections and cancer [73]. Initially, 
the role of TIM3 in the anti-cancer immune response was uncertain due 
to the absence of a defined inhibitory signaling motif [73]. However, 
subsequent studies have shown that interaction of TIM3 with galactin-9, 
which results in the oligomerization of TIM3 on the cell surface and 
release of BAT3, ultimately leads to the inhibition and death of T-cells 
[74]. Emerging data also show a key role of TIM3 in the anti-tumor 
immunity exerted by dendritic cells and inflammasome activation 
[75]. As such, deficiency of TIM3 on dendritic cells enhanced mainte
nance of stem-like CD8+ effector T-cells and antigen presentation to 
CD8+ T-cells [76]. Additionally, it has been shown that TIM3 and 
galactin-9 are co-expressed by leukemic stem cells and this autocrine 
secretion of galactin-9 leads to self-renewal of leukemic stem cells 
[77,78]. This effect is further amplified by preventing IL-1 mediated 
pyroptosis of leukemic stem cells [78]. As the resistance to cytotoxic 
chemotherapy of leukemic stem cells is a main contributor to disease 
relapse, targeting TIM3 could have anti-leukemic properties. 

The anti-TIM3 antibody sabatolimab has shown clinical efficacy in 
phase Ib clinical trials of patients with newly diagnosed AML and higher- 
risk (HR)-MDS [79]. Among the 51 patients with HR-MDS treated with 
sabatolimab + hypomethylating agents (HMA), the ORR was 56.9% 
(19.6% CR) with a median duration of response of 16.1 months and 25% 
of responding patients experiencing an immune-related adverse event 
[79]. The randomized, placebo-controlled, phase II STIMULUS-MDS1 
trial (NCT03946670), in which sabatolimab was added to HMA for pa
tients with HR-MDS, did not meet its primary endpoint (CR + progres
sion-free survival [PFS]). However, there was a delayed separation of 
the PFS curves (11.1 months with sabatolimab + HMA vs 8.5 months 
with placebo + HMA; p = 0.102) and a suggestion of benefit among 
patients with lower disease burden [80]. The randomized phase III trial 
(NCT04266301) of AZA +/− sabatolimab with a primary endpoint of OS 
has now fully accrued more than 500 patients and will provide the 
definitive answer on use of sabatolimab in HR-MDS [81]. 

4.2. Anti-CD47 

CD47 is expressed on a variety of cells and interacts with signal 
regulatory protein (SIRP)-α on macrophages and dendritic cells resulting 
in the inhibition of phagocytosis [82,83]. Upregulation of CD47 by 
leukemic stem cells has been identified as an adverse prognostic factor in 
myeloid malignancies and blockade of CD47 by monoclonal antibodies 
has been shown to induce phagocytosis of tumor cells by macrophages 
as well as activation of the adaptive immune system via presentation of 
tumor antigens by dendritic cells [82,83]. Upregulation of CD47 has also 
been identified in MDS patients, particularly higher risk patients, and 
could be a harbinger for progression of MDS to AML [84,85]. 

Based on preclinical studies showing that treatment with anti-CD47 
antibodies enabled phagocytosis of AML leukemic stem cells in murine 
models [83], the anti-CD47 antibody magrolimab has demonstrated 
synergistic effects in combination with AZA [82,86]. In a single arm 
phase Ib/II trial of previously untreated patients with HR-MDS treated 
with magrolimab + AZA the ORR was 74.7% (32.6% CR) with numer
ically comparable efficacy among TP53 wild-type (ORR: 78.7%; CR 

Fig. 2. Novel immunotherapy targets in MDS: 1) T cell immunoglobulin and mucin domain-containing protein 3 (TIM3) is a co-inhibitory receptor that was 
identified on T-cells and is up-regulated on exhausted T-cells. The anti-TIM3 antibody sabatolimab has shown clinical efficacy in phase Ib clinical trials of patients 
with newly diagnosed AML and higher-risk (HR)-MDS; 2) CD47 is expressed on a variety of cells and interacts with signal regulatory protein (SIRP)-α on macrophages 
and dendritic cells resulting in the inhibition of phagocytosis. Anti-CD47 antibodies enabled phagocytosis of AML leukemic stem cells. Several anti-CD47 are being 
investigated, including magrolimab, evorpacept, and TT1–621. 3) Cellular therapies such as CAR-NK cells are being tested in AML patients. 
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31.1%) and TP53-mutant patients (ORR: 68.0%; CR 40.0%) [86]. While 
encouraging, these results will need to be confirmed in the ongoing, fully 
accrued ENHANCE trial, which compares magrolimab + AZA with AZA 
+ placebo (NCT04313881). Whether addition of magrolimab to AZA +
venetoclax in older or intensive chemotherapy-ineligible patients with 
AML also increases therapeutic efficacy is currently being evaluated in a 
randomized phase III trial (NCT05079230). Notably, early data from a 
single arm triplet therapy trial have shown the combination to be safe 
without worsening of cytopenias and to be efficacious in both TP53 
mutant and TP53 wildtype patients [87]. 

As treatment with magrolimab can be limited by on-target hemolytic 
anemia (especially during the first cycle of treatment), novel anti-CD47 
antibodies with reduced on-target, off-tumor effects would be welcome 
additions to improve safety, while maintaining anti-tumor efficacy [86]. 
Evorpacept (ALX148) is a fusion protein consisting of a modified SIRPα 
D1 domain fused to an inactive human immunoglobulin Fc region [88]. 
In a first-in-human, phase I dose-escalation and dose-expansion study 
that enrolled 110 patients with various advanced solid tumors, evor
pacept was given as monotherapy or combined with either pem
brolizumab or trastuzumab (in HER2-positive tumors) demonstrating 
safety and some anti-tumor activity [89]. Evorpacept is also being 
studied in MDS patients in combination with AZA (NCT04417517) and 
in combination with AZA + venetoclax in newly-diagnosed AML pa
tients (NCT04755244) [90,91]. Among patients enrolled in the phase I 
studies, the safety profile was comparable to AZA monotherapy and 
AZA + venetoclax, respectively, with objective responses documented in 
patients with both newly diagnosed and relapsed/refractory (R/R) dis
ease [90,91]. There are numerous additional CD47/SIRPα agents in both 
pre-clinical and clinical development in myeloid malignancies (e.g., TTI- 
621) [92]. 

4.3. Other investigational immunologic targets 

PD-1H (also known as VISTA) is a homolog to PD-1 or PD-L1 within 
the CD28 family and is expressed by hematopoietic cells including 
myeloid cells and human AML blasts [93–95]. PD-1H is also present on 
tumor infiltrating immune cells including macrophages and has been 
shown to induce resistance to ipilimumab in prostate cancer models 
[96,97]. Additionally, PD-1H blockade suppresses tumor growth in 
various solid tumor and AML models with potential synergy in combi
nation with PD-1 blockade [93,94]. However, whether anti-PD-1H 
therapy could provide clinically meaningful efficacy in AML and MDS 
patients remains to be elucidated. 

Activation of pattern recognition receptors is essential to the func
tion of the innate immune system. The overlap of lower-risk MDS with 
autoimmunity and aberrant inflammatory responses has been appreci
ated for several decades with immunosuppressive therapy constituting 
an option for a subset of lower-risk MDS patients [3,98,99]. This overlap 
is also exemplified by molecularly and clinically defined disease entities 
such as VEXAS syndrome [100,101]. Case series as well as a recent 
multicenter phase II trial also support the use of HMA as a therapeutic 
strategy especially among patients with an associated MDS [101,102]. 
Additionally, an enhanced inflammatory response and the emergence of 
an aberrant inflammatory monocytic cell population have been associ
ated with disease progression in a murine model of Tet2-mutant CH 
[103]. A detailed review of the contribution of the innate immune sys
tem to MDS pathophysiology is beyond the scope of this review but is 
available elsewhere [3,4,14]. IRAK1/4 are downstream mediators of 
toll-like and IL-1 receptor signaling leading to the activation of several 
other pathways including NFκB and MAPK as well as cross-talk with 
other pro-inflammatory signals such as the NLRP3 inflammasome 
[14,104–106]. In patients with splicing factor-mutant MDS, abnormal 
oncogenic isoforms of IRAK4 have been shown to be upregulated 
[107,108]. This aberrant inflammatory signaling leads to defects in the 
differentiation of hematopoietic stem and progenitor cells resulting in 
myeloid skewing, dysplasia, cytopenias, and clonal expansion [14,109]. 

IRAK4 inhibition with emavusertib is currently being explored in a 
phase I/II clinical trial (NCT0427868) in patients with HR-MDS or R/R 
AML with predefined subsets of patients with spliceosome or FLT3 
mutations as well as in patients with LR-MDS (NCT05178342) [110]. 
Among 15 patients with spliceosome and FLT3 mutations, 7 patients had 
an objective response (47%; CR + CRh for AML and CR + mCR for MDS 
patients) with rhabdomyolysis being a dose-limiting toxicity requiring a 
temporary hold of enrollment in the phase I part of the study [110]. 
Additional safety and efficacy data are needed especially for potential 
combination therapies and in patients without splicing factor mutations. 
Other parts of the inflammasome and Myddosome complex (e.g., HT- 
6184) are also being explored in preclinical studies but no safety and 
efficacy data in MDS patients are available to date [111]. 

Cellular therapies such as chimeric antigen receptor (CAR) T-cells, 
bispecific T-cell engagers, and CAR-NK cells have primarily been tested 
in AML patients and data on the safety and efficacy of these products in 
MDS are limited [72,112–114]. Recent data have also suggested synergy 
between BH3 mimetics such as venetoclax and NK cells in vitro and in 
vivo [115]. However, dedicated research is needed to define the optimal 
position of cellular therapies in the MDS treatment landscape in order to 
gather robust safety and efficacy data on potential combination 
therapies. 

5. Targeting the pro-survival machinery in MDS 

Targeting pro-survival BCL-2 has re-shaped the treatment landscape 
of older AML patients and those considered unfit for intensive chemo
therapy based on pivotal phase III studies combining venetoclax with 
low-intensity therapies [116,117]. Enhanced expression of BCL-2 has 
been observed in more advanced stages of MDS, supporting the clinical 
rationale to investigate the role of venetoclax in combination with AZA 
in patients with higher-risk MDS [118]. A phase Ib study 
(NCT02942290) evaluating venetoclax in combination with AZA in 78 
patients with treatment-naïve IPSS intermediate-2 or high-risk MDS 
demonstrated an intention-to-treat ORR of 80%, including CRs in 40% of 
patients [119]. In contrast to historical experience with AZA mono
therapy, clinical responses appeared to be achieved more rapidly, with a 
median time to CR of 2.6 months (range 1.2–19.6). Median OS for all 
AZA + venetoclax treated patients was 28.2 months (95% CI: 17.7–not 
reached), with post-study allo-HCT performed in 23% of the study 
population [119]. In contrast to AML, venetoclax in MDS was only 
tolerable for 14 days per 28-day cycle [120]. Genomic subgroup ana
lyses revealed high response rates across mutation subgroups, including 
an ORR of 83% in TP53 mutated MDS. Similar results have been re
ported from a single center, phase I/II study (NCT04160052) of 23 HR- 
MDS patients treated with AZA + venetoclax at MD Anderson Cancer 
Center. The ORR in this study was 87% (95% CI: 66–97%) with AZA 75 
mg/m [2] for 5 days + venetoclax 400 mg for 14 days established as the 
recommended phase II dose [121]. Accrual to the pivotal phase III study 
(VERONA; NCT04401748) comparing AZA + venetoclax with AZA +
placebo in newly diagnosed patients with HR-MDS has been completed 
and results are awaited. Although longer-term tolerability of AZA +
venetoclax in MDS is limited, the rapid and high response rate associated 
with this regimen may be beneficial for patients planned to undergo allo- 
HCT. Similarly encouraging results have been reported from a phase Ib 
study of AZA + venetoclax in patients with R/R MDS. Among 44 patients 
enrolled, the ORR was 39% with most responses being mCRs (n = 14 
patients; 32%). Notably, 36% of patients achieved transfusion inde
pendence and the median OS among the cohort was 12.6 months [122]. 

6. Epigenetic aspects of MDS pathogenesis 

Epigenetics refers to the reversible, spatiotemporal regulation of 
gene expression by means of DNA methylation and histone modification 
without changing the underlying DNA sequence (Fig. 3) [123,124]. 
While mutations in epigenetic regulators such as DNMT3A, ASXL1, and 
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TET2 are among the most frequently encountered mutations in MDS, 
and aberrant DNA methylation patterns have been shown in MDS and 
AML patients [5,6,125], neither the presence of these mutations nor 
promoter methylation status predicts clinical response to HMA therapy 
[126,127]. 

A major challenge with studying epigenetics in MDS is that 
methylation changes affect not only the promoter region of a given gene 
but also other regulatory elements both proximally and distally to the 
gene of interest requiring extensive, genome-wide studies to fully cap
ture the extent of epigenetic dysregulation [128,129]. Thus, assessing 
gene expression and DNA methylation patterns simultaneously could be 
an important novel technology to predict response to epigenetic thera
pies. Baseline differences in DNA methylation in MDS cases sensitive vs 
resistant to AZA have been demonstrated as well as in chronic myelo
monocytic leukemia (CMML) cases sensitive and resistant to decitabine 
[130,131]. In both instances differentially methylated regions are 
enriched at distal intergenic regions and enhancers [131]. 

Modifying aberrant epigenetic processes is specific to the underlying 
mutation. While DNMT3A mutations have been implicated in the self- 
renewal process of hematopoietic stem cells via the regulation of tran
scription factor expression (e.g., PU.1, RUNX1, FLI1), a second-hit mu
tation appears to be necessary for leukemogenesis and no specific 
therapeutics targeting aberrant DNMT3A function have been developed 
to date [132–135]. Similar to DNMT3A, TET2 loss-of-function mutations 
result in the increased self-renewal and impaired differentiation of he
matopoietic stem and progenitor cells [136,137]. As vitamin C is a 
required cofactor for TET2 function, treatment with vitamin C has been 
shown to promote myeloid differentiation and reverse DNA 

hypermethylation in preclinical AML models leading to an ongoing 
clinical trial of patients with intermediate or high risk MDS with a TET2 
mutation (NCT03433781) [63,138]. Mutations in IDH1 and IDH2 are 
infrequent in MDS but cause epigenetic changes via the generation of the 
oncometabolite 2-hydroxyglutarate [139–141]. While the IDH1 inhibi
tor ivosidenib and IDH2 inhibitor enasidenib have been approved for the 
treatment of AML for several years, data in MDS are limited but early 
results appear promising with an ORR of 81% (95% CI: 54–96%; 44% 
CR) among IDH1-mutant R/R MDS patients treated with ivosidenib 
[142–145]. Similar results from a recent trial of IDH2-mutant HR-MDS 
patients treated in the frontline setting with enasidenib + AZA (ORR: 
74%; CR 26%) or with enasidenib monotherapy after HMA failure (ORR: 
35%; CR 22%) have recently been published [146]. Olutasidenib is 
another IDH1 inhibitor that has recently been approved for the treat
ment of R/R IDH1-mutant AML and has also demonstrated efficacy in 
MDS patients [147]. 

In addition to the reversal of aberrant DNA methylation, targeting 
posttranslational histone modifications has been another area of active 
research [123]. KMT2A gene rearrangements promote leukemogenesis 
by the overexpression of HOXA genes but are rarely present in MDS 
[148]. For example, DOT1L has been identified as a histone modifier and 
implicated in the inappropriate expression of HOXA genes in patients 
with NPM1-mutant AML and AML with KMT2A gene fusions [149,150]. 
Inhibition of DOT1L has been shown to have anti-leukemic effects in 
several genetically defined AML models (e.g., cohesion and DNMT3A 
mutations) [150,151]. However, clinical efficacy of the DOT1L inhibitor 
pinometostat in patients with AML and KMT2A gene rearrangements 
was limited with only 2 CRs reported among 51 patients enrolled in a 

Fig. 3. Epigenetic therapeutics in MDS: Modifying aberrant epigenetic processes is specific to the underlying mutation. 1) IDH1 inhibitor ivosidenib and IDH2 
inhibitor enasidenib are currently being investigated in MDS; 2) vitamin C is a cofactor for TET2, treatment with vitamin C has been shown to promote myeloid 
differentiation and reverse DNA hypermethylation; 3) hypomethylating agents are approved for the treatment of MDS. 4) A first in class BAP1 inhibitor abrogated 
truncated ASXL1 gene expression and tumor growth in vivo, which could provide a rationale for future clinical trials in MDS; 5) Various approaches to targeting MLL 
rearrangements are currently in various stages of clinical development and include DOT1L inhibitors as well as menin inhibitors. 6) Lysine-specific demethylase 
(LSD)-1 is a histone H3 lysine demethylase that regulates hematopoiesis and terminal differentiation of hematopoietic progenitor cells. Several LSD-1 inhibitors have 
been developed. 
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phase I study [152]. Various additional approaches such as menin in
hibitors targeting KMT2A gene rearrangements are currently in various 
stages of clinical [153,154]. Although current trials with menin in
hibitors (e.g., NCT04065399, NCT04067336) are focusing on patients 
with KMT2A rearrangements as well as mutations in NPM1 in AML, a 
number of early phase studies will include R/R MDS and patients with 
MLL-PTD alterations. Additionally, MDS patients with >10% blasts are 
also eligible for enrollment in some AML trials (e.g., BEAT-AML; 
NCT03013998). Of note, KMT2A rearrangements are considered an 
AML-defining genetic abnormality in both the ICC and WHO classifi
cations, and a diagnosis of AML rather than MDS can be made in patients 
with <20% blasts in such cases [1,2]. 

Lysine-specific demethylase (LSD)-1 is a histone H3 lysine deme
thylase and scaffolding protein that in conjunction with the corepressor 
CoREST regulates hematopoiesis and terminal differentiation of he
matopoietic progenitor cells via the transcription factors GFI1 and GFI1b 
[155,156]. Thus, LSD1 inhibition leads to the differentiation of AML 
blasts by reactivation of PU.1 and CEBP alpha-dependent enhancers 
[157–159]. Several LSD-1 inhibitors have been developed and are being 
tested either as monotherapy or in combination with AZA and ven
etoclax (NCT04748848) or all-trans retinoic acid (NCT02273102) in 
clinical trials enrolling patients with myeloid malignancies. However, 
data available to date are limited [160,161]. 

Finally, mutations in chromatin modifier genes such as ASXL1 and 
EZH2 constitute another class of epigenetic targets. Mutations in ASXL1 
have been identified as an early founder event in the preleukemic he
matopoietic stem cell clone and are also among the most common mu
tations encountered in CH [44]. Additionally, ASXL1 mutations confer 
an adverse prognosis in both AML and MDS with no mutation-specific 
therapy available [162,163]. Although there remains uncertainty 
regarding the specific mechanisms by which ASXL1 mutations drive 
leukemogenesis, the most common ASXL1 mutations lead to a truncated 
protein that enhances activity of the histone H2A lysine 119 deubiqui
tinase BAP1 [164–166]. A first in class BAP1 inhibitor abrogated trun
cated ASXL1 gene expression and tumor growth in vivo, which could 
provide a rationale for future clinical trials [166]. Additional preclinical 
data also suggest that ASXL1-mutant cells are vulnerable to inhibition of 
Polycomb Repressive Complex (PRC1), which protects ASXL1-mutant 
cells from apoptosis and cellular senescence [167,168]. 

7. Telomere biology as a therapeutic target in MDS 

Telomerase activity and expression of human telomerase reverse 
transcription (hTERT) have been shown to be increased in MDS cells 
[169,170]. The telomerase inhibitor imetelstat has been shown to 
induce apoptosis in malignant cells and to have a disease-modifying 
potential in MDS and myeloproliferative neoplasms [171,172]. Among 
57 patients with transfusion-dependent, ESA-refractory LR-MDS without 
del(5q) treated with imetelstat in the phase II IMerge trial 37% of pa
tients achieved RBC transfusion independence for at least 8 weeks (23% 
≥24 weeks; median duration of transfusion independence of 65 weeks) 
[169]. Independent of molecular subtypes, imetelstat also led to CR and 
mCRs in 10% and 13% of patients, respectively, with resolution of 
dysplasia and reduction in VAF of driver mutations suggesting a po
tential disease-modifying treatment effect on the malignant clone [169]. 
Additionally, inhibition of telomerase activity and expression of hTERT 
among responders was demonstrated supporting the on-target effect of 
imetelstat [169]. Hematologic AEs seen were common with imetelstat 
(grade ≥ 3 thrombocytopenia 54%, neutropenia 60%, anemia 19%) 
with AST elevations and bronchitis being the most common grade ≥ 3 
non-hematologic AEs (18% of patients) [169]. The placebo-controlled 
IMerge phase III trial of imetelstat vs placebo (NCT02598661) in 
transfusion-dependent LR-MDS patients has completed accrual, and a 
press release from the sponsor indicated that the trial has met its primary 
endpoint and results are expected to be shared in near future [173]. 

8. Targeting aberrant splicing in MDS 

Mutations in RNA splicing factor genes such as SF3B1, SRSF2, 
U2AF1, and ZRSR2 are among the most frequently encountered muta
tions in MDS [174]. While SF3B1 mutations define a distinct molecular 
subtype of MDS in both the WHO and ICC classifications and have been 
associated with a favorable prognosis, U2AF1 and SRSF2 mutations are 
enriched in HR-MDS and AML and confer an adverse prognosis 
[1,8,153,175–177]. Pre-mRNA splicing is essential for the regulation of 
gene expression and proteomic diversity via alternative splicing with 
mutations affecting diverse pathways including DNA damage response, 
immune signaling, and epigenetic regulations [174]. While splicing 
factor mutations confer a high risk of progression to an overt myeloid 
malignancy among patients with CH, these mutations are not clearly 
leukemogenic in isolation based on murine models, although further 
work is needed to elucidate how mutations in splicing factor genes lead 
to the development of myeloid malignancies [54,174]. Splicing muta
tions are also detected in other malignancies (e.g., chronic lymphocytic 
leukemia), and it is important to verify the identification of its clonal 
presence with the associated diagnosis within each patient [178]. 

It has been proposed that cells with splicing factor mutations are 
dependent on the residual function of the remaining wild-type gene, 
which might render them susceptible to synthetic lethality induced by 
treatment with a splicing modulator [179]. This concept has been tested 
in a recent phase I trial of H3B-8800, an oral SF3b complex modulator 
[180]. Among 84 patients with AML, MDS, or CMML who were enrolled 
irrespective of the presence of splicing mutations there were no CRs, 
although 15% of patients with lower-risk MDS achieved red blood cell 
transfusion independence [181]. Whether restricting enrollment to pa
tients with splicing factor mutations would have yielded different results 
is unclear and further investigation of H3B-8800 in patients with SF3B1 
mutant MDS with transfusion dependence is ongoing [181]. Interest
ingly, elevated pre-treatment expression of aberrant transcripts of 
Transmembrane Protein 14C (TMEM14C), an SF3B1 splicing target 
encoding a mitochondrial porphyrin transporter, could serve as a pre
dictive biomarker but warrants additional validation [181]. 

RBM39 is an RNA splicing factor that is required for survival of AML 
cells with splicing factor mutations and can be targeted for proteasomal 
degradation by molecular glues such as E7820 or indisulam 
[153,174,182]. In vitro studies showing the anti-leukemic effects of 
RBM39 degradation provided the preclinical rationale for clinical trials 
of both indisulam and E7820 in AML and MDS [183,184]. The addition 
of indisulam to idarubicin and cytarabine in patients with R/R-AML 
(independent of the presence of splicing factor mutations) had only 
limited activity (ORR 35% for the triplet), while E7820 monotherapy in 
splicing factor-mutant R/R AML and MDS did not yield any responses 
[183,184]. Correlative studies from the E7820 trial showed evidence of 
successful RBM39 degradation and splicing inhibition in bone marrow 
samples of clinical trial patients, illustrating a disconnect between 
effective splicing inhibition and clinical efficacy, which may suggest that 
targeting splicing mutations alone might be insufficient for clinical ef
ficacy in R/R higher-risk disease [184]. A recent study suggested that 
splicing modulators can lead to the generation of neoantigens, which 
could provide the rationale for combining splicing modulators with 
immune checkpoint inhibitors [185]. 

Another strategy is the targeting of dysregulated cellular processes 
and pathways that are downstream of mutated splicing factors. Splicing 
factor mutations have been shown to induce accumulation of R-loops 
and associated DNA damage. This leads to ataxia telangiectasia and 
Rad3-related protein (ATR) pathway activation and preferential sensi
tivity to ATR inhibitors, providing a rationale for targeting ATR 
signaling in patients with splicing factor mutant myeloid malignancies 
[186–189]. A phase 1b clinical trial assessing AZD6738 (ceralasertib), 
an ATR inhibitor, in MDS or CMML patients is being conducted 
(NCT03770429). 
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9. Future considerations and clinical implications 

While preclinical advances in the pathophysiology of MDS have yet 
to be translated into clinical practice, several recent developments are 
encouraging. Better animal models and an improved ability to model 
clonal evolution over time provide important tools for both preclinical 
screening of novel therapeutics. Collection of serial samples from pa
tients on both standard and investigational therapies will allow us to 
better understand the impact of these therapies on clonal architecture 
[54]. Molecular testing is also likely going to become more broadly 
available and used more widely for both risk stratification and definition 
of MDS subtypes as well as differentiating MDS from other disorders 
such as aplastic anemia and MDS/MPN overlap syndromes 
[1,5,190,191]. A detailed discussion of the implications of molecular 
testing results for risk stratification, clinical trial design, and clinical 
management decisions is beyond the scope of this review. We have 
discussed our top 10 research agenda items in a separate commentary 
[192]. Importantly, the recently published IPSS-M has been retrospec
tively validated and is being increasingly incorporated into clinical 
practice, but additional prospective validation is needed [5,9,28]. The 
icMDS endorses the recently published International Working Group 
(IWG) 2023 response criteria for HR-MDS which proposed the use of 
IPSS-R of >3.5 and IPSS-M risk categories of moderate-high, high, and 
very high to define HR-MDS for clinical trials [193]. 

Additionally, the recent publication of the 5th edition of the WHO 
classification of myeloid neoplasms and the ICC has introduced several 
areas of inconsistency with regards to the diagnostic criteria and defi
nition of MDS subtypes [1,2]. A notable difference between the two 
classifications is the introduction of an “AML/MDS overlap” category in 
the ICC for patients with 10–19% bone marrow blasts based on data 
showing that the prognosis of MDS patients with increased blasts is 
comparable to patients with oligoblastic AML [194,195]. As the WHO 
classification retains a ≥ 20% bone marrow blast threshold, this poses 
challenges for clinical trial design, access to and reimbursement for 
medications, and psychological consequences for patients who receive 
different opinions and diagnoses. It will remain to be seen how this di
chotomy affects clinical practice and how the differences can be 
reconciled. The icMDS has published a commentary stressing the urgent 
need for one harmonized classification system to be used in clinical 
practice and clinical trials and presented the first data from an ongoing 
comparative analysis that uses large, international, molecularly anno
tated databases to highlight areas of potential improvements for both 

classifications in an evidence-based fashion [23,192,196]. These efforts 
have led to the proposal of a data-driven roadmap to harmonize the two 
classifications that will be discussed in more depth in subsequent pub
lications [23,192,196]. 

Longitudinal assessment of measurable residual disease (MRD) 
assessment in MDS is not part of routine clinical practice yet and will 
require a better understanding of the association between genetic and 
immunophenotypic changes during therapy and meaningful clinical 
benefit. Any utility of MRD testing in MDS is likely to be context 
dependent but may have important implications for treatment decision- 
making (e.g., maintenance therapy after allo-HCT) [197–200]. 

Elucidating the various contributing factors to MDS pathophysiology 
including the role of inflammation has enabled the development of 
several novel investigational therapies such as IRAK1/4 inhibitors and 
targeting of the NLRP3 inflammasome [105,109,110]. Additionally, it is 
conceivable that in the foreseeable future several molecularly targeted 
therapies might become available (e.g., for patients with splicing factor 
or TP53 mutations) and that the one-size-fits-all approach of HMA 
monotherapy will be a relic of the past [86,181]. However, the final 
results of the ongoing randomized phase III trials of AZA + magrolimab 
and AZA + venetoclax and longer duration of follow up are needed 
before a new standard of care can be defined. Table 3 provides an 
overview of selected ongoing randomized phase III trials in MDS. 
Additionally, this increasingly complex therapeutic landscape raises 
questions regarding the optimal sequencing of therapies especially after 
progression on novel combination treatments. While encouraging, there 
are currently no on-label targeted therapies for any molecular subtype 
other than luspatercept for patients with SF3B1 mutations and lenali
domide in patients with del(5q) [25]. Despite the high expectations for 
molecular testing and its implications for clinical practice in MDS, it is 
also important to keep in mind that NGS results are either not readily or 
not at all available (in resource-limited settings), might not be reim
bursed or have a turnaround time for results of several weeks, which 
could lead to disparities in patient care globally. Standardization and 
consensus guidelines are thus important and have recently been devel
oped [201]. 

Another potentially practice-changing trend is the attempt to inter
vene early at the stage of CH and ideally prevent progression to an overt 
myeloid neoplasm. However, at this point it remains to be seen whether 
treatments (e.g., IDH inhibitors) for patients with high-risk CCUS can 
change the natural history of the disease or if disease progression is 
inevitable. It is also important to assess whether early intervention 

Table 3 
Selected ongoing or recently completed, randomized trials in HR-MDS.  

Agent Phase Intervention Patient population Preliminary results NCT 
registration 

APR-246 Phase 
III 

APR-246 + AZA vs 
AZA + placebo 

TP53-mutant HR-MDS; no 
prior HMA 

Not available; phase I/II studies with ORR of 62–73% (47–50% CR) 
[207,208] 

NCT03745716 

Magrolimab Phase 
III 

Magrolimab + AZA vs 
AZA + placebo 

HR-MDS; no prior HMA Not available; ORR 74.7%, 32.6% CR [86] NCT04313881 

Sabatolimab Phase 
II 

Sabatolimab + HMA vs 
HMA + placebo 

HR-MDS; previously 
untreated 

No difference in CR rate or OS with addition of sabatolimab (CR rate 
21.5% with sabatolimab+HMA vs 17.7% with placebo+HMA; p =
0.769: median OS 19.0 vs 18.0 months (hazard ratio 0.905 [95% CI: 
0.565, 1.450]) [80]. 

NCT03946670 

Phase 
III 

Sabatolimab + AZA vs 
AZA + placebo 

HR-MDS; previously 
untreated 

Not available NCT04266301 

Venetoclax Phase 
III 

Venetoclax + AZA vs 
AZA + placebo 

HR-MDS; no prior HMA Not available NCT04401748 

Pevonedistat Phase 
III 

Pevonedistat + AZA vs 
AZA monotherapy 

HR-MDS, HR-CMML or 
oligoblastic AML; 
previously untreated 

HR-MDS cohort: median EFS: 19.2 vs 15.6 months (HR, 0.887; 95% CI: 
0.659–1.193; P = 0.431). Median OS: 21.6 vs 17.5 months (HR, 0.785; 
P = 0.092) [209] 

NCT03268954 

Tamibarotene 
(SY-1425) 

Phase 
III 

Tamibarotene + AZA 
vs AZA + placebo 

RARA-positive, newly 
diagnosed HR-MDS 
patients 

Not available NCT04797780 

Allo-HCT – allogeneic hematopoietic cell transplantation; AML – acute myeloid leukemia; AZA – azacitidine; CI – confidence interval; CMML – chronic myelomo
nocytic leukemia; CR – complete remission; EFS – event-free survival; HMA – hypomethylating agent; HR – hazard ratio; HR-MDS – higher-risk myelodysplastic 
syndrome; ORR – overall response rate; OS – overall survival. 
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strategies might worsen outcomes due to increased clonal complexity 
and poorer response to therapy. It remains unclear what the optimal 
guidance for patients with high-risk CCUS undergoing treatment with 
cytotoxic chemotherapy/radiation therapy for a solid tumor should be 
and how cardiovascular complications of CH can be best mitigated 
[202]. 

In summary, there have been significant advances in many fields of 
MDS research that helped to better delineate the genetic and immuno
logic pathophysiology of MDS, which have enabled several clinical trials 
of novel agents. However, none of these novel agents have been 
approved for the treatment of MDS patients to date and additional 
preclinical and clinical work is needed to enable a better, individualized 
approach to the care of MDS patients. 

10. Research agenda  

- Advancing the development and increasing the dissemination of 
reliable, preclinical models of human MDS  

- Establish tools to predict, and ultimately reduce, risk of progression 
of clonal hematopoiesis to myeloid neoplasms including MDS  

- Formulate and validate unified MDS diagnostic and response criteria 
- Develop novel treatment strategies directed at the underlying path

ophysiology of MDS  
- Understanding molecular and biological consequences of different 

mutations in MDS to allow development of rationally designed 
therapies 

11. Practice points  

- The WHO and ICC 2022 classifications have introduced several 
changes to the MDS subclassification focusing on molecular markers 
(e.g., TP53) to define MDS subgroups  

- Molecular testing has enabled a more nuanced and individualized 
approach to risk stratification of MDS patients  

- Novel therapies for MDS using targeting splicing, immunologic and 
epigenetic disease aspects are in development  

- Clonal hematopoiesis can be a precursor to myeloid neoplasms and 
has been included in the WHO and ICC classifications for the first 
time 
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