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Títol: Caracterització del sistema immunitari, les cèl·lules mare hematopoètiques i els 

biomarcadors moleculars en les síndromes mielodisplàstiques (SMD) i la leucèmia 

mielomonocítica crònica (LMMC): Implicacions per a l'estratificació i el tractament. 

 

 

Introducció: 

 

Les síndromes mielodisplàstiques (SMD) i la leucèmia mielomonocítica crònica (LMMC) són 

neoplàsies hematològiques clonals caracteritzades per presentar una hematopoesi ineficaç, 

inflamació crònica i alteracions moleculars complexes. Aquestes patologies també presenten 

disfunció immunitària, que contribueix a la progressió de la malaltia, l'evasió clonal i la 

resistència terapèutica. La interacció entre les cèl·lules mare hematopoètiques (HSC), el 

microambient inflamatori, la disfunció immunitària i les alteracions genètiques subjacents és 

fonamental per comprendre aquests processos i dissenyar estratègies terapèutiques 

dirigides. 

 

 

Hipòtesi: 

 

La progressió i resistència terapèutica en les SMD i la LMMC estan impulsades per 

mecanismes moleculars, cel·lulars i immunològics que inclouen jerarquies diferenciades de 

HSC, patrons co-mutacionals i senyalització inflamatòria. Aquestes interaccions afavoreixen 

l’evolució clonal, la disfunció del microambient medul·lar i la supervivència cel·lular mediada 

per vies com MCL1 i NF-κB, configurant noves oportunitats per a l’estratificació de pacients i 

el disseny de teràpies dirigides. 

Aquesta hipòtesi es basa en la premissa que comprendre com la inflamació crònica, les 

alteracions moleculars i la interacció immunitària afecten les HSC i els seus progenitors 

permetrà identificar biomarcadors predictius de resposta terapèutica i dissenyar estratègies 

específiques per superar la resistència, com la inhibició de IL-1β. 

 

 

Objectius: 

 

• Analitzar les jerarquies de HSC i el seu impacte en la progressió de les SMD i la 

LMMC. 
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• Identificar mecanismes de resistència terapèutica relacionats amb la dependència de 

MCL1 i la seva associació amb vies com la senyalització de RAS en la LMMC, a més 

de la resistència a inhibidors de BCL2. 

• Avaluar el paper de la inflamació crònica en les dinàmiques cel·lulars, la disfunció 

hematopoètica i les interaccions entre HSC i el sistema immunitari en les SMD i la 

LMMC. 

• Caracteritzar patrons co-mutacionals en la LMMC per definir subgrups clínicament 

rellevants i explorar la seva associació amb la progressió de la malaltia, la resposta 

terapèutica i els resultats clínics. 

 

 

Mètodes: 

 

• Estudis transcripcionals mitjançant seqüenciació d'ARN unicel·lular (scRNA-seq) i 

accessibilitat cromatínica unicel·lular (scATAC-seq) van caracteritzar jerarquies 

cel·lulars i estats moleculars en mostres de pacients amb SMD i LMMC, proporcionant 

informació clau sobre els mecanismes de diferenciació i resistència. 

• Estudis funcionals amb cultius cel·lulars van analitzar els efectes de tractaments 

específics sobre les HSC i els seus progenitors. Aquests es van complementar amb 

anàlisis de proteïnes mitjançant citometria de flux i western blots per validar les vies 

implicades en la supervivència cel·lular i la resistència terapèutica. A més, es va 

utilitzar la imatge multiplex d’immunofluorescència per mapar les interaccions entre 

cèl·lules al microambient medul·lar, destacant les contribucions del sistema immunitari 

i els senyals inflamatoris a la progressió clonal. 

• Per a l'anàlisi de patrons co-mutacionals en la LMMC, es va desenvolupar una eina 

computacional basada en models mixtos i l'algoritme de maximització d’expectativa 

(EM), utilitzant dades de seqüenciació de nova generació (NGS). Aquest enfocament 

va permetre identificar subgrups definits per perfils genòmics i correlacionar-los amb 

característiques clíniques i pronòstic. 

• Un assaig clínic de fase II va avaluar l’impacte de canakinumab, un inhibidor de IL-1β, 

en la inflamació crònica, les interaccions immunitàries i l’hematopoesi en pacients amb 

SMD de baix risc prèviament tractats. 
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Resultats principals: 

 

Els estudis transcripcionals en SMD i LMMC van identificar jerarquies de HSC amb un biaix 

cap a progenitors granulomonocítics (GMP), que depenen de senyals inflamatoris mediats 

per TNFα que activen la via de NF-kB per a la seva supervivència. Aquest biaix es va associar 

amb la progressió clonal i la resistència a inhibidors de BCL2, identificant configuracions 

jeràrquiques específiques com a factors clau en la resistència terapèutica. 

 

L’anàlisi de la LMMC va revelar que subpoblacions clonals dependents de MCL1 estan 

associades funcionalment amb mutacions en RAS. Aquesta interacció potencia la 

supervivència clonal i la resistència a teràpies convencionals, suggerint un paper rellevant 

d’aquesta relació en l’evolució de la malaltia. 

 

L’assaig clínic de fase II va mostrar que canakinumab redueix significativament la inflamació 

crònica i millora l’hematopoesi en pacients amb SMD de baix risc. Les respostes van ser 

sostingudes, especialment en aquells pacients amb menor complexitat genètica, i es van 

acompanyar d’una modulació immunològica, evidenciada per la supressió de limfòcits T 

proinflamatoris i un efecte positiu en l’equilibri del microambient medul·lar. 

 

L’anàlisi de patrons co-mutacionals en la LMMC va permetre identificar subgrups clínics amb 

perfils de risc diferenciats, associats amb la supervivència global i la progressió clonal. 

Aquests resultats avalen l’ús de biomarcadors moleculars per personalitzar els tractaments i 

millorar l’estratificació del risc. 

 

 

Conclusions: 

 

Aquesta tesi ofereix una visió integrada dels mecanismes que impulsen la progressió i 

resistència en les SMD i la LMMC. Els resultats subratllen el paper de les jerarquies de HSC, 

la relació funcional entre MCL1 i RAS en la LMMC, i l’impacte de la inflamació crònica i la 

disfunció immunitària en la progressió clonal. A més, els resultats de l’assaig clínic amb 

canakinumab reforcen el potencial de les teràpies dirigides al microambient inflamatori i al 

sistema immunitari per millorar els resultats clínics en subgrups específics de pacients. Aquest 

enfocament estableix noves bases per al desenvolupament de tractaments personalitzats 

més eficaços. 
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1. Introduction to Myeloid Neoplasms 

 

Myeloid neoplasms represent a heterogeneous group of clonal hematological disorders 

originating from a small population of disease-initiating hematopoietic stem cells (HSCs). 

These aberrant cells demonstrate persistence and expansion during standard therapeutic 

interventions, significantly driving disease progression and relapse (1). The hallmark of these 

malignancies is the dysregulated proliferation and aberrant myeloid differentiation, which 

disrupts normal hematopoiesis and leads to various clinical presentations, including 

cytopenias, morphological dysplasia, occasionally leukocytosis and organomegaly, and, in 

more advanced disease stages, transformation to acute myeloid leukemia (AML). The 

spectrum of myeloid neoplasms encompasses a diverse group of disorders, including 

myelodysplastic syndromes (MDS) and myelodysplastic/myeloproliferative neoplasms 

(MDS/MPN), such as chronic myelomonocytic leukemia (CMML). Each disease within this 

group is characterized by distinct pathological and genetic features (2). Advances in molecular 

research have uncovered recurrent genetic mutations and aberrant signaling pathways 

shedding light on the pathophysiology and prognostic landscape of myeloid neoplasms. These 

molecular and cytogenetic abnormalities are pivotal in classifying disease subtypes, assessing 

risk, and guiding therapeutic interventions. This introduction explores the biological and clinical 

complexity of myeloid neoplasms, with a focus on the mechanisms driving their initiation and 

progression, while addressing the challenges posed by their heterogeneity and treatment 

resistance. 

 

The clinical and biological diversity of myeloid neoplasms depends on whether there is an 

excessive proliferation of one or more myeloid lines, an absence or alteration in the maturation 

of myeloid precursors, or ineffective and/or dysfunctional myelopoiesis. Thus, if myeloid 

precursors have maturation defects with or without proliferative advantages, they will give rise 

to AML. Conversely, if myeloid precursors mature effectively, chronic MPNs will develop, and 

if they mature ineffectively or dysfunctionally, MDS will result. Finally, myeloid neoplasms that 

present features characteristic of both MDS (morphological dysplasia, cytopenias, risk of 

evolution to AML) and MPNs (leukocytosis, thrombocytosis, visceromegalies) constitute the 

group of MDS/MPN neoplasms. CMML is a prominent entity within the MDS/MPN neoplasm 

group. While monocytosis is essential for diagnosis, additional features such as splenomegaly 

and bone marrow (BM) dysplasia may also be present, highlighting the dual dysplastic and 

proliferative nature of the disease. CMML shares molecular and clinical features with both 

MDS and MPNs, and thus, occupies a unique position within the spectrum of myeloid 

neoplasms, making it particularly challenging to classify and treat effectively. 



 

3 
 

The 2022 WHO classification of myeloid neoplasms (3) included the following categories: 

• Myeloid precursor lesions 

• Myeloproliferative neoplasms 

• Mastocytosis 

• Myelodysplastic neoplasms 

• Myelodysplastic/myeloproliferative neoplasms 

• Acute myeloid leukemia 

• Secondary myeloid neoplasms 

• Myeloid/lymphoid neoplasms 

• Acute leukemias of mixed or ambiguous lineage 

Patients with MDS and CMML face limited curative treatment options and continue to 

experience very poor prognoses (4). Recent years have seen a surge in novel investigational 

approaches, leading to the identification of new therapeutic targets for both disorders. 

However, despite promising preclinical and early-phase trial results, the majority of these 

drugs have not succeeded in phase III trials. The reasons behind these failures are 

multifaceted, with disease heterogeneity in MDS and CMML emerging as a key factor. This 

complexity underscores the urgent need for refined stratification systems that can better 

classify patients based on specific disease biology, facilitating more accurate patient selection 

and monitoring within clinical trials. 

 

 

2. Definition of Myelodysplastic Syndromes and Chronic Myelomonocytic Leukemia 

 

MDS represent a diverse group of clonal HSC disorders (5, 6). Hallmarks of MDS include 

cytopenias, morphological dysplasia affecting one or more hematopoietic lineages, impaired 

hematopoiesis, and an increased risk of progression to AML (7-9). MDS are most commonly 

characterized by a hypercellular or normocellular BM; however, hypocellularity is observed in 

approximately 10–15% of cases (10, 11).CMML, another clonal disorder arising from HSCs, 

shares features of both myeloproliferative neoplasms (MPNs) and MDS. CMML is 

characterized by the presence of relative and absolute monocytosis in peripheral blood (PB) 

accompanied by dysplasia in the BM. Patients frequently present with cytopenias, particularly 

anemia and thrombocytopenia, and some cases exhibit hepatomegaly and/or splenomegaly. 

Similar to MDS, CMML has an inherent propensity to evolve into AML (2, 12-15). The overlap 

in clinical and biological features between MDS and CMML reflects shared yet distinct 

pathogenic mechanisms, emphasizing their interconnected nature within the broader 
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spectrum of myeloid neoplasms. 

 

 

3. Evolution of the Nosological Classification of Myelodysplastic Syndromes and 

Chronic Myelomonocytic Leukemia: Rationale for a Unified Analysis in this Doctoral 

Thesis 

 

The term "myelodysplastic syndrome" (MDS) was officially introduced in 1982; however, 

before its formal adoption, this group of disorders was referred to by several different names 

(7). Rhoads and Barker introduced the term "refractory anemia" to define cases of anemia 

unresponsive to therapy (16). A decade later, Hamilton-Patterson described "preleukemic 

anemia" to characterize refractory anemia cases that later progressed to acute leukemia (17). 

By 1956, Björkman had further refined the classification with the term "refractory anemia with 

ring sideroblasts" (18). Subsequently, different terms emphasizing the risk of leukemic 

evolution were used for these pathologies: preleukemia (19), quiescent acute leukemia (20), 

and preleukemic syndrome (21) emphasized the potential for leukemic transformation in these 

disorders. In 1974, Sexauer et al. introduced "subacute myelomonocytic leukemia," (22), while 

Miescher and Farquet coined the term "chronic myelomonocytic leukemia" (CMML) in the 

same year (23). 

 

The French-American-British (FAB) group played a pivotal role in shaping modern 

classifications. In 1976, they coined the term "dysmyelopoietic syndromes" to describe 

conditions with features overlapping those of acute leukemia but with a more indolent course, 

typically in elderly patients (24). A 30% BM blast threshold was established to distinguish MDS 

from AML, with CMML and refractory anemia with excess blasts (RAEB) being the initial 

subtypes. By 1982, the FAB group expanded this classification to include refractory anemia 

(RA), refractory anemia with ring sideroblasts (RARS), refractory anemia with excess blasts 

in transformation (RAEB-T), and CMML (7). These categories were later revised in the World 

Health Organization (WHO) classifications of 2001 (12), 2008 (25), 2017(14) and 2022(2). 

Additionally, CMML was reclassified under MDS/MPN due to its overlapping features with both 

MDS (e.g., cytopenias, dysplasia, risk of AML progression) and MPN (e.g., leukocytosis, 

splenomegaly, thrombocytosis). 

 

The historical evolution of these classifications highlights the increasing complexity and 

refinement in understanding MDS and CMML. The FAB and WHO classifications from 2001, 

2008, 2017 and 2022 will be reviewed in the section titled “Diagnosis and Classification of 

Myelodysplastic Syndromes and Chronic Myelomonocytic Leukemia.”  
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As previously discussed, since CMML was classified as a specific subtype of MDS, prognostic 

scoring systems have been commonly applied across both pathologies. Although specific 

prognostic indices for CMML were available, they were based on small patient series and were 

not widely adopted by the scientific community (26, 27). In 2002, the MD Anderson prognostic 

scoring system (MDAPS) was introduced, representing the first score based on a larger series 

of 213 CMML patients. However, its application remained limited (28-30). Since 2013, various 

CMML-specific prognostic indices have emerged, with the CMML-specific prognostic scoring 

system (CPSS) being the most widely accepted tool for CMML-specific prognostic assessment 

(31). In 2022, the Revised International Prognostic Scoring System for MDS (IPSS-M) was 

introduced as a robust and reliable tool that can be applied to both MDS and CMML (32, 33). 

Unlike previous systems, IPSS-M incorporates a broader range of clinical and molecular data, 

improving the accuracy of risk stratification by integrating genetic abnormalities alongside 

traditional factors such as cytopenias and blast percentage. This comprehensive approach 

has been validated in large patient cohorts, demonstrating its ability to more accurately predict 

overall survival (OS) and leukemic transformation in both MDS and CMML populations (34, 

35). 

 

Given this background, while current classifications distinguish CMML as a separate entity 

from MDS within the category of MDS/MPN neoplasms, the significant clinical and biological 

overlap between these two diseases provides a strong rationale for a unified analysis in this 

doctoral thesis. Both conditions share fundamental pathophysiological mechanisms, including 

clonal hematopoiesis, inflammatory signaling, and a predisposition to progression into AML, 

highlighting their interconnected biological continuum. Moreover, therapeutic responses and 

resistance mechanisms often align, further justifying their joint examination. Importantly, MDS 

and CMML are frequently grouped together in clinical trials, with shared treatment protocols 

and outcome measures applied across both patient populations. This shared inclusion in 

research underscores the practical significance of a combined approach, offering critical 

translational opportunities to refine therapeutic strategies. By leveraging the overlapping 

features of these diseases while recognizing their unique characteristics, this thesis aims to 

advance our understanding of their pathogenesis, prognosis, and treatment, fostering 

significant progress in the field of myeloid neoplasms. 
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4. Epidemiology 

4.1 Myelodysplastic Syndromes  

 
Myelodysplastic syndromes (MDS) are typically diagnosed in individuals between the ages of 

70 and 75, with a higher prevalence observed in men, at an approximate ratio of 2:1 (36, 37). 

Due to diagnostic complexities and the subtleties associated with MDS, accurately 

determining its incidence remains challenging. Current estimates suggest an incidence rate of 

3–5 cases per 100,000 individuals per year in the general population, rising substantially to at 

least 20 cases per 100,000 annually in individuals over the age of 70 (36). With the progressive 

aging of the population, MDS is increasingly relevant in daily clinical practice (36, 38). 

 

4.2 Chronic Myelomonocytic Leukemia  

 
Chronic myelomonocytic leukemia (CMML) is most commonly diagnosed in individuals 

between the ages of 65 and 75, with a higher prevalence observed in men at a ratio of 

approximately 1.5–3:1 (31, 39, 40). Accurate data on the incidence of CMML are limited, as 

epidemiological studies have variably classified it either within the chronic myeloid leukemias 

or as a subset of MDS (14). Some studies estimate that CMML accounts for around 30% of 

cases traditionally categorized under MDS (41). While the exact incidence remains uncertain, 

it is generally approximated at four cases per 100,000 individuals per year (36, 42). 

 

5. Etiology 

5.1 Myelodysplastic Syndromes  

 
Primary or de novo MDS arises in the absence of a prior history of chemotherapy or 

radiotherapy exposure, which distinguishes it from treatment-related myeloid neoplasms (43). 

The etiology of de novo MDS has been linked to environmental toxins such as benzene, 

tobacco, ammonia, solvents, and pesticides (43, 44). Additionally, acquired aplastic anemia 

has been associated with an increased risk of developing MDS (45, 46). 

 

Certain familial syndromes involving germline mutations predispose individuals to MDS or 

AML. The 2022 WHO classification includes a dedicated chapter on these entities, termed 

"Myeloid neoplasms associated with germline predisposition" (2). These syndromes can be 

categorized based on the underlying germline mutation and the presence or absence of non-

hematologic disorders: 
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1. Myeloid neoplasms with germline predisposition without a pre-existing platelet disorder 

or organ dysfunction: This group includes germline mutations in CEBPA and DDX41, 

typically manifesting as MDS or AML without notable systemic dysfunction. 

2. Myeloid neoplasms with germline predisposition and pre-existing platelet disorder: 

Germline mutations in RUNX1, ANKRD26, or ETV6 are linked to a history of platelet 

abnormalities, including altered platelet counts or functional defects in affected 

individuals. 

3. Myeloid neoplasms with germline predisposition and potential organ dysfunction: 

o GATA2: Linked to syndromes such as MonoMAC (monocytopenia and 

mycobacterial infections), familial MDS/AML, and Emberger syndrome 

(characterized by lymphedema and predisposition to myeloid malignancies). 

o Telomere biology disorders: Germline mutations in TERC or TERT and 

dyskeratosis congenita. 

o BM failure syndromes: Conditions like Fanconi anemia, Diamond-Blackfan 

anemia, Shwachman-Diamond syndrome, and severe congenital neutropenia, 

typically presenting in childhood. 

o Syndromic associations: MDS linked to germline GATA1 mutations in Down 

syndrome, juvenile myelomonocytic leukemia linked to germline NF1 in 

neurofibromatosis, and PTPN11 in Noonan syndrome. 

 

5.2 Chronic Myelomonocytic Leukemia 

 
The etiology of CMML remains poorly understood. However, like MDS, environmental 

exposures to toxicants such as benzene, tobacco, ammonia, solvents, and pesticides are 

thought to increase the risk of CMML (47). As highlighted in the case of MDS, when there is a 

documented history of prior chemotherapy or radiotherapy, the diagnosis shifts to treatment-

related CMML, a subset of treatment-related myeloid neoplasms. 

 

The 2017 WHO classification of myeloid neoplasms associated with germline predisposition 

includes neurofibromatosis (NF1 mutations) and Noonan syndrome (PTPN11 mutations) as 

conditions linked to CMML-like diseases (14). Germline mutations in these genes predispose 

individuals to juvenile myelomonocytic leukemia (JMML), a pediatric disorder with overlapping 

clinical and molecular features with CMML (48-50).  

 

In addition to germline mutations, somatic mutations in genes within the RAS-signaling 

pathway, such as NF1, PTPN11, NRAS, KRAS, and CBL, are frequently associated with the 

proliferative forms of CMML. These mutations enhance the sensitivity of hematopoietic 
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progenitor cells (HPCs), particularly myeloid progenitors to growth factors like granulocyte-

macrophage colony-stimulating factor (GM-CSF), promoting autonomous clonal expansion 

and driving disease progression (51-53). Collectively, these genetic insights underscore the 

complexity of CMML pathogenesis and highlight the critical role of both germline and somatic 

mutations in shaping disease biology and progression. 

 

 

6. Foundations of MDS and CMML Pathogenesis 

 

MDS and CMML are complex hematologic malignancies rooted in the dysregulation of 

hematopoiesis. Both diseases arise from clonal HSCs that acquire genetic and epigenetic 

aberrations, resulting in ineffective blood cell production and an elevated risk of progression 

to AML. The pathogenesis of MDS and CMML arises from a multifactorial interplay of genetic 

mutations, chronic inflammatory signaling, immune dysregulation, and profound alterations 

within the BM microenvironment. 

 

Understanding the pathogenesis of these disorders requires a holistic exploration of their 

foundational elements, including the role of HSCs and their differentiation hierarchies, the role 

of inflammation and immune system dysfunction, and the molecular alterations that drive 

clonal evolution. Additionally, the unique features of the BM niche and tumor 

microenvironment play pivotal roles in shaping disease progression and therapeutic 

resistance. 

 

In the sections that follow, we delve into the primary components that underpin MDS and 

CMML pathogenesis. We begin by examining the hierarchical organization of HSCs and their 

dysregulation in disease, highlighting recent insights into the molecular and functional diversity 

of these cells. We then explore the critical role of inflammation and immune dysregulation, 

emphasizing how chronic inflammatory signaling promotes clonal dominance and impairs 

normal hematopoiesis. This is followed by a detailed analysis of the molecular landscape of 

MDS and CMML, including the key somatic mutations, cytogenetic aberrations, and epigenetic 

disruptions that drive these diseases.  

 

By integrating these elements, this comprehensive framework provides a deeper 

understanding of the complex pathogenesis of MDS and CMML, offering novel insights for 

better diagnostic and prognostic assessment, and personalized therapeutic strategies. 
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6.1 Hematopoietic Stem Cells: Hierarchy and Dysregulation 

6.1.1 The Hematopoietic Hierarchy: Structure and Dynamics 

 

A comprehensive understanding of MDS and CMML pathogenesis requires an in-depth 

exploration of hematopoiesis, a tightly regulated process that produces all blood cell types. 

This process is orchestrated by BM HSCs, which possess the dual abilities of self-renewal 

and differentiation into downstream progenitor cells (54). Preclinical evidence in animal studies 

initially characterized the hematopoietic hierarchy as a stepwise, hierarchical differentiation of 

HSCs (55, 56). However, advances in single-cell transcriptomics and other multi-omics 

approaches have refined this understanding, uncovering previously unrecognized HSC 

subpopulations and revealing the complexity of lineage commitment (57). Hematopoiesis is 

now viewed as a dynamic continuum, with lineage specification governed by transcriptional 

states and influenced by transcription factor activity (58-62). 

 

Hematopoiesis is the process of continuously replenishing blood cells from an undifferentiated 

common precursor, the HSC. HSCs, immunophenotypically defined as CD34+, CD38-, CD90+, 

CD45RA-, possess two defining properties: multipotency, enabling the generation of all 

differentiated blood cell types, and long-term self-renewal, which ensures the lifelong 

production of identical progeny through cell division. The regulation of the balance between 

self-renewal and differentiation is critical for producing mature blood cells while maintaining a 

stable HSC pool. (63). At the apex of the hematopoietic hierarchy are long-term HSCs (LT-

HSCs), a rare population that primarily remains quiescent, typically proliferating only under 

stress conditions (54). Under physiological conditions, HSCs undergo an asymmetric cell 

division, resulting in the production of two distinct cell types. One cell is an identical copy of 

the original HSC, while the other is a multipotent progenitor cell (MPP) (64). These progenitor 

cells eventually mature into specialized blood cell types, each performing distinct functions 

essential for maintaining homeostasis and immune defense within the body (Figure 1) (54). 

Further downstream, MPPs give rise to oligopotent progenitors: the lymphoid-primed 

multipotent progenitors (LMPPs), which preserve stem cell properties (62, 65), and the 

common myeloid progenitors (CMPs). The myeloid lineage further restricts into granulocyte-

monocyte progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPs) (61). The 

former give rise to terminally differentiated basophils, eosinophils, neutrophils, and 

macrophages, and the latter terminally differentiate into erythrocytes or megakaryocytes (64). 

Recent findings suggest that megakaryocytes may arise directly from stem cells (66). The 

differentiation route that they follow, either step-wise or directly from HSCs, results in 

functionally distinct megakaryocyte subpopulations (67). LMPPs, in turn, produce common 
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lymphoid progenitors (CLPs) but retain myeloid differentiation capacity, being also able to 

differentiate to GMPs (65, 68, 69).  

 

 

Figure 1. Schematic of adult human hematopoiesis. LT-HSCs give rise to multipotent 
progenitors (MPPs), which subsequently differentiate into two primary pathways: myeloid-biased 
common myeloid progenitors (CMPs) and lymphoid-biased lymphoid-primed multipotent 
progenitors (LMPPs). CMPs further differentiate into megakaryocyte-erythrocyte progenitors 
(MEPs) and granulocyte/monocyte progenitors (GMPs), while LMPPs generate common lymphoid 
progenitors (CLPs). MEPs yield megakaryocytes and erythrocytes, while GMPs differentiate into 
granulocytes, monocytes, and dendritic cells. CLPs predominantly give rise to lymphoid lineages, 
including natural killer (NK) cells, B cells and T cells. Figure created using BioRender. 

 

 

Although the aforementioned hematopoietic stem and progenitor cell (HSPC) populations are 

commonly referred to in order to define the differentiation state of cells throughout 

hematopoiesis, single-cell transcriptomics data have uncovered that hematopoiesis may be 

far more of a continuous process than originally modeled (70). Moreover, functional analysis 

of hematopoietic cell states led to the concept of the punctuated continuum hematopoietic 

model (71). This model proposes the existence of discrete cell states within the continuous 

transcriptomic landscape, where each state is formed by a heterogeneous pool of cells that 

are variably primed to give rise to different hematopoietic lineages. Indeed, HSCs demonstrate 

functional heterogeneity and can differ in their contribution to the lymphoid and myeloid cell 

lineages. A recent study using DNA barcoding in endogenous adult HSCs in mice to trace the 

HSC contribution to major hematopoietic cell lineages demonstrated that, although the 
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majority of HSCs give rise to a single lineage, many HSCs also clonally contribute to multiple 

lineages, specifically lymphoid and myeloid cells. These results suggested a close 

developmental relationship between the myeloid and lymphoid lineages (72).  

 

The differentiation potential of HSCs is not static and can be influenced by aging and external 

stressors (73). In this context, HSCs with a balanced production of lymphoid and myeloid cells 

are more prevalent during youth (74), whereas aging is associated with increased proportions 

of HSCs with myeloid-biased output, resulting in myeloid skewing and decreased 

lymphopoiesis (75-77). Furthermore, it was recently demonstrated that depleting such 

myeloid-biased HSCs is able to restore characteristic features of a more youthful immune 

system (78). Changes in differentiation potential can also be triggered by emergency 

hematopoiesis associated with acute infection, promoting a transcriptional rewiring of HSCs 

that changes their identity and cellular output from lymphoid- towards myeloid-biased in order 

to supply elevated numbers of granulocytes (79, 80). Collectively, these data demonstrate that 

a tight regulation of the differentiation potential of HSCs adapts to specific conditions and is a 

key mechanism to determine hematopoietic output; and thus, the dominance of aberrant HSCs 

with altered differentiation is associated with disease-specific abnormal hematopoiesis. 

 

 

6.1.2 HSC Dysregulation in MDS and CMML 

 

Genetic studies have demonstrated that MDS and CMML arise from HSCs that exhibit 

aberrant differentiation (6, 81, 82) and persist even during clinical remission to standard 

therapies (83-85). Elegant clonotypic and transcriptional studies support that 

immunophenotypically-defined HSPC hierarchies are preserved in MDS and CMML patients, 

facilitating their isolation and study across genetically diverse patient populations (6, 81, 83, 

86). 

 

Malignant HSCs follow distinct myeloid-biased differentiation trajectories, resulting in 

hierarchies enriched in either CMPs or GMPs (6, 81, 86). These differentiation pathways 

remain stable throughout HMA therapy, as evidenced in a cohort of over 100 genetically 

diverse patients, suggesting they represent intrinsic disease mechanisms rather than transient 

hematopoietic states (83). Genomic and transcriptomic analyses indicate these trajectories 

originate from either LT-HSCs or LMPPs, each giving rise to distinct CMP or GMP-enriched 

hierarchies, respectively (83). To maintain consistency, this discussion will use "CMP pattern" 

to describe LT-HSC-derived hierarchies and "GMP pattern" for those arising from LMPP 

differentiation. 
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Mechanistically, distinct MDS and CMML hierarchies are associated with specific genetic and 

cytogenetic abnormalities. For instance, “CMP pattern” patients are frequently linked to TP53 

mutations and 5q deletions, (6, 86), while the granulomonocytic hierarchy is enriched for 

mutations in RUNX1 and STAG2 (83). These findings align with the emerging concept of 

mutation-driven HSC fate bias, where specific genetic alterations influence HSC differentiation 

pathways, guiding their development into distinct HSC hierarchies (87). However, such 

genotype-hierarchy associations are only observed in a subset of MDS and CMML cases, 

suggesting that additional factors, such as cooperative genetic interactions or uncharacterized 

mutations, may also play a role. 

 

Interestingly, driver mutations are almost universally identified in the primitive LT-HSC 

population, indicating that these cells are consistently either preleukemic or leukemic (6, 83). 

In contrast, LMPPs in the granulomonocytic trajectory tend to harbor a higher mutational 

burden, pointing to a potential role for cumulative genetic hits in shaping specific hierarchies 

(83). These observations highlight the importance of the number and nature of genetic 

alterations in determining the differentiation trajectories of HSCs and the resultant MDS 

hierarchies (Figure 2). Further genetic and mechanistic studies focusing on HSC biology are 

essential to unravel the complexities of these differentiation processes and their contribution 

to MDS pathogenesis. 
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Figure 2. Distribution of Founder Mutations in Hematopoietic Stem and Progenitor Cell 
(HSPCs) in “CMP Pattern” and “GMP Pattern" MDS/CMML Patients. (A) Variant allele 
frequencies (VAFs) of somatic mutations in oncogenes and leukemia-associated genes, derived 
from whole-exome sequencing analyses, are shown across various hematopoietic stem and 
progenitor cell (HSPC) populations and total BM mononuclear cells (MNCs) in representative 
“CMP pattern” (left) and “GMP pattern” (right) patients. VAFs are presented without adjustments 
for copy number variations. Crossed-out boxes indicate instances where specific cell populations 
were either unavailable or lacked sufficient read coverage at the respective loci, preventing 
accurate mutation assessment. (B) VAFs of somatic mutations identified in total BM MNCs and 
neutrophils are displayed for CMP-pattern (left) and GMP-pattern (right) patients during 
hematologic response to hypomethylating agents (HMAs). Results highlight the stability or 
evolution of these mutations during treatment. Figure adapted from Ganan-Gomez et al. (83). 

 

 
The pathogenesis of CMML shares significant similarities with MDS, as both conditions appear 

to originate from HSCs. Seminal work by Itzykson et al highlights that CMML arises from a 

CD34⁺CD38⁻CD90⁺ stem cell harboring driver mutations, which confer a competitive 

advantage over non-clonal HSCs, establishing clonal dominance (88). Among these early 

mutations, alterations in TET2 are believed to play an initiating role, promoting clonal 

expansion and skewing hematopoiesis towards granulomonocytic progenitors (88, 89).  

 

The sequence of genetic events in CMML progression remains under active investigation (13). 

Founding mutations often involve TET2, which may undergo biallelic inactivation through 

various mechanisms, including mutations on both alleles, copy-neutral loss of heterozygosity 

(CN-LOH), or microdeletions affecting the 4q24 locus on the unmutated allele (88, 90, 91). 
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The proposed model suggests a linear and progressive acquisition and accumulation of 

mutations, where early SRSF2 mutations often synergize with TET2 alterations to drive clonal 

dominance and facilitate the expansion of granulomonocytic progenitors. In vivo studies 

showed that TET2-deficient mice develop hematopoiesis with marked granulomonocytic 

expansion, further supporting this model (92). These findings suggest that co-mutations in 

TET2 and SRSF2 may serve as a genetic hallmark of CMML (52, 88). 

 

Emerging as an early phase in the CMML evolutionary continuum, oligomonocytic CMML 

(OM-CMML) is characterized by relative monocytosis (≥10% monocytes) with an absolute 

monocyte count between 0.5 and 1.0 × 10⁹/L. This condition shares significant overlaps in 

terms of clinical, morphological, cytogenetic, and molecular features with overt CMML, 

reflecting their common pathogenic origins (91, 93). Research indicates that approximately 

25–30% of OM-CMML cases progress to overt CMML, underscoring its role as a precursor 

state in disease progression (93). The molecular profile of OM-CMML is characterized by 

multi-hit TET2 mutations, often co-occurring with SRSF2 mutations, further aligning it with the 

genetic framework of CMML (91). Recognizing OM-CMML as a distinct phase in CMML 

evolution offers opportunities for earlier diagnosis and targeted interventions, which may alter 

the disease trajectory and improve patient outcomes (93, 94). Second-order mutations 

frequently occur at the level of myeloid progenitor cells, such as the MPP and CMP stages. 

These mutations often involve additional alterations in TET2 and SRSF2, which drive 

differentiation along the granulocyte-monocyte progenitor (GMP) axis, ultimately resulting in 

clonal monocytosis (88). Subsequent mutations, including those in DNMT3A, RUNX1, 

SETBP1, and SF3B1, contribute to the development of the myelodysplastic (MD) variant of 

CMML (95, 96). In parallel, the acquisition of ASXL1 mutations, activating mutations in the 

oncogenic RAS pathway, and JAK2V617F mutations lead to the myeloproliferative (MP) 

phenotype of CMML (95-97).  

 

RAS pathway mutations are particularly significant in proliferative CMML, where they enable 

hypersensitivity GM-CSF, a hallmark of this subtype. This hypersensitivity is accompanied by 

autonomous growth in granulomonocytic colony cultures, distinguishing proliferative CMML 

from dysplastic CMML and other MDS subtypes (98). Consistently, RAS pathway mutations, 

while common in proliferative CMML, are rare in OM-CMML, further delineating the molecular 

distinctions across the CMML spectrum (93). Additionally, RAS pathway mutations, coupled 

with somatic copy number alterations, play a critical role in the progression of CMML to AML 

(97). 
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Additionally, ASXL1 mutations, present in about 40% of CMML cases, play a dual role. They 

act as initiator mutations, driving granulomonocytic differentiation even in the absence of TET2 

mutations, and they can also promote progression to more aggressive forms and AML (96).  

 

 

6.2 Immune Landscape: Tumor Immunity and Immune Escape 

6.2.1 Bone Marrow Microenvironment and Immune Interactions 

 

The immune system, composed of diverse immune cells, plays a central in recognizing 

and combating non-self pathogens. In cancer, the dynamic interactions between immune 

cells, malignant cells, the tumor microenvironment, and therapeutic interventions have 

become a major area of study for the scientific community (99). Among immune cells, T 

lymphocytes, with their ability for antigen-specific cytotoxicity, stand out as key members. 

Their potential in cancer immunotherapy and vaccine development has driven extensive 

research into their biology and mechanisms of action (100). 

 

T cells are essential for adaptive immunity, coordinating targeted responses to foreign 

antigens while ensuring tolerance to self-antigens (101). They maintain immune system 

balance by eliminating pathogens, suppressing the proliferation of malignant cells, and 

preventing the development of autoimmune conditions (102). The differentiation and 

functional specialization of T cells is a tightly regulated process critical for effective and 

supervised immune responses (103, 104). 

 

In the context of cancer, T cells are integral to tumor surveillance, identifying and eliminating 

malignant cells. However, when T cell differentiation and function are disrupted, immune 

surveillance mechanisms fail, fostering an immunosuppressive tumor microenvironment that 

promotes cancer initiation and progression. Dysregulated T cell homeostasis not only 

facilitates immune evasion but also modulates responses to therapy, significantly influencing 

clinical outcomes (105). The delicate balance between immunosurveillance and immune 

escape is essential for preventing malignant transformation. Disruptions in immune regulatory 

pathways can shift this equilibrium, driving the expansion of malignant clones in numerous 

cancers (100, 106), including those originating in HSCs (107). Understanding these 

mechanisms is needed for designing effective strategies to modulate T cell function and 

improve therapeutic outcomes in cancer patients. 

 

The immune system is essential for preserving hematopoietic equilibrium through its roles in 
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immune surveillance and tolerance. However, in MDS and CMML, this delicate balance is 

disrupted, resulting in immune evasion, clonal expansion, and disease progression (108, 109). 

These myeloid malignancies are characterized by a profoundly dysfunctional immune 

microenvironment, driven by chronic inflammation and both quantitative and qualitative 

dysregulation of T cell subpopulations (107, 110). Understanding the role of T cells in MDS 

and CMML pathogenesis provides a foundation for novel therapeutic approaches targeting 

immune dysfunction. 

 

 

6.2.2 T Cell Dysregulation in MDS and CMML  

 

CD4+ helper T cells, CD8+ cytotoxic T cells, and regulatory T cells (Tregs) each play 

specialized roles in supporting immune regulation. CD4+ T cells interact with other immune 

cells, such as CD8+ T cells, B cells, and antigen-presenting cells, primarily through the 

secretion of cytokines (111). CD8+ T cells are key effectors of cytotoxicity, targeting and 

eliminating infected or malignant cells. Meanwhile, Tregs are critical for maintaining immune 

tolerance (112), but in the context of malignancies, they can suppress anti-tumor immunity, 

thereby facilitating tumor progression (109). In MDS and CMML, both quantitative and 

qualitative dysregulation of these T cell subsets disrupts the delicate equilibrium between 

immune activation and suppression.  

 

 

CD4+ T cells 

 

CD4+ T cells act as immune orchestrators, supporting CD8+ T cells, B cells, and antigen-

presenting cells (APCs) through cytokine production, including IFN-γ and TNF-α (111) and 

proper humoral response. Upon activation of the T-cell receptor (TCR), antigen naïve CD4+ T 

cells differentiate into 6 distinct functional subtypes, namely, Th-1, Th-2, Th-17, Th-22 cells, T 

follicular helper (Tfh) cells, and Treg cells, each characterized by the secretion of specific 

cytokines, which functionally activate APCs and CD8+ T cells (113). 

 

Traditionally, CD4+ T cells have been broadly categorized into two groups, Th-1 and Th-2, based 

on their cytokine profiles (114). Th-1 cells secrete IFN-γ, TNF-α, and interleukin (IL)-2, which are 

crucial for cell-mediated immunity and defense against intracellular pathogens (115, 116). In 

contrast, Th-2 cells secrete IL-4, IL-5, and IL-13, which drive humoral immunity and protect 

against extracellular pathogens (114). Under normal physiological conditions, the differentiation 

of Th-1 and Th-2 cells is tightly regulated to maintain a balance between cellular and humoral 
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immunity. This equilibrium ensures an effective and coordinated immune response while 

preventing overactivation or suppression. 

 

In MDS and CMML, this balance is disrupted, with a notable reduction in Th-1 cell counts compared 

to healthy donors (HDs). Reduced Th-1 levels are inversely associated with higher BM blast 

counts, highlighting their role in regulating malignant cell proliferation and maintaining immune 

control (117). Additionally, elevated levels of IL-4, predominantly produced by Th-2 cells, serve as 

an independent predictor of shorter OS in intermediate- to higher-risk MDS patients (118). 

Interestingly, T cells exposed to monocytes derived from MDS patients exhibit a skewed 

differentiation towards the Th-2 phenotype (119). This observation supports the notion that Th-2 

cells depend on the effective anti-tumor activity of Th-1 cells, rather than directly contributing to 

tumor evasion through their own polarization (120, 121).  

 

The following sections will delve deeper into the dysregulation of CD4+ T cell subsets, highlighting 

their role in the immune imbalance observed in MDS and CMML. 

 

 

Th-17/22 cells  

 

Th-17 and Th-22 cells, modulate inflammation and immune activation (122, 123), with 

overlapping yet distinct contributions to disease progression in MDS and CMML.  

 

Th-17 cells secrete pro-inflammatory cytokines, including IL-17 and IL-23, which are vital for 

defending against bacterial and fungal infections (124). However, aberrant IL-17 expression 

has been implicated in autoimmune diseases and cancers, as it fosters a pro-inflammatory 

cytokine environment that stimulates dysfunctional myeloid cell expansion, promotes 

angiogenesis, and establishes an immune-suppressive tumor milieu permissive to tumor 

growth and clonal expansion (125, 126). Lower-risk MDS patients exhibit elevated Th-17 cell 

counts and IL-17 levels in the PB and BM compared to higher-risk patients, correlating with 

increased expression of RAR-related orphan receptor genes that drive Th-17 differentiation 

(127). This pro-inflammatory milieu, marked by elevated cytokines such as IL-6, IL-21, IL-22, 

and IL-23, leads to increased HSC apoptosis and ineffective hematopoiesis (128, 129).  

 

Th-22 cells secrete IL-22, IL-13, and TNF-α, contributing to both protective immune functions 

and pathological inflammatory processes (130). IL-22, although protective against tissue 

inflammation, can also contribute to disease pathogenesis by promoting pro-inflammatory 

effects (131). In MDS, Th-22 cells are notably elevated in patients with advanced-stage 
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disease and are closely associated with elevated levels of pro-inflammatory cytokines, 

including TNF-α and IL-6. This chronic inflammatory signaling likely promotes Th-22 

polarization and expansion, further exacerbating immune escape and facilitating clonal 

evolution (132).  

 

Together, Th-17 and Th-22 cells exemplify the complex interplay between inflammation and 

immune dysfunction in the pathogenesis of MDS. 

 

 

T Regulatory cells (Tregs)  

 

Tregs are essential for preserving immune homeostasis by mitigating excessive immune 

responses against self and non-self antigens. However, Treg cells can also play an active role 

in inhibiting tumor specific-immunity, thus facilitating immune evasion of cancer cells (133). 

Tregs exert their immunosuppressive effects through the secretion of cytokines such as IL-10 

and TGF-β, thereby inhibiting effective immune activation and antitumor responses (134) by 

secreting immunosuppressive cytokines (e.g., IL-10 and TGF-β) (135). Increased Treg levels 

and immunosuppressive activity undermine effective immune activation, resulting in impaired 

antitumor responses and creating a permissive environment for immune evasion and tumor 

progression (136).  

 

In MDS and CMML, Treg counts are elevated in the PB and BM of higher-risk patients compared 

to those with lower disease burden. This increase is thought to result from the expression of 

tumor-associated antigens on malignant cells during disease progression, which stimulates Treg 

expansion (137, 138). Interestingly, Treg levels tend to decrease following a positive therapeutic 

response but rise again with therapy failure, highlighting their dynamic nature in response to 

treatment (139). These observations suggest that the aberrant expansion and activity of Tregs 

play a central role in suppressing immune surveillance, thereby promoting the progression of 

MDS and CMML (137, 140, 141). This underscores the importance of understanding Treg-

mediated immune dysfunction in the pathogenesis of these hematologic malignancies. 

 

 

CD8+ cytotoxic T cells 

 

CD8+ cytotoxic T cells directly kill tumor cells and function as potent effectors in tumor 

surveillance and immune defense (142, 143). Upon recognition of pathogens, CD8+ T cells 

activate different mechanisms to kill infected or malignant cells by secreting pro-inflammatory 
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cytokines such as TNF-α and IFN-γ, releasing cytotoxic mediators (e.g., perforin and granzymes), 

or activating the Fas/FasL pathway (144). CD8+ T cells may also regulate HSC pool dynamics in 

the BM milieu (145). The functional exhaustion of CD8+ T cells, induced by prolonged antigenic 

stimulation and the immunosuppressive tumor microenvironment, represents a hallmark feature 

of several cancers (143, 144).  

 

In lower-risk MDS CD8+ T cell counts (138, 146), which suppress malignant clones but disrupt 

normal hematopoiesis, are increased, leading to BM HSPC exhaustion (147). Conversely, in 

higher-risk MDS, CD8+ T cells are reduced in number, exhibit diminished cytotoxic function, 

and overexpress immune checkpoint proteins like PD-1 and its ligand PD-L1, enabling 

malignant cells to evade immune detection (148). Using mass cytometry and single-cell RNA 

sequencing (scRNA-seq), distinct CD8+ T cell subsets, such as CD57+CXCR3+ cells, seemed 

to be enriched in non-responders to hypomethylating agents (HMAs) and are linked to poor 

survival outcomes in higher-risk MDS and AML patients (149). These findings support the 

dynamic interaction between leukemic cells and the immune system, shaping disease 

progression and therapeutic response. 

 

 

6.2.3 T Cell Evasion in MDS 

 

Immune evasion is a hallmark of cancer, enabling malignant clones to proliferate and 

outcompete normal cells (99). This process is particularly pronounced in MDS, where an aging 

immune system becomes increasingly prone to dysfunction (150). Overexpression of immune 

checkpoint molecules such as PD-1, PD-L1, and CTLA-4 contributes to T cell exhaustion and 

creates a tumor microenvironment favorable for immune escape (151).  

The interaction between PD-1 and its ligand PD-L1 impairs TCR-mediated T cell activation 

and cytokine production, undermining immune response. In MDS, PD-1 is upregulated on 

effector and regulatory T cells, while PD-L1 is overexpressed on CD34+ HSPCs, reinforcing 

the escape of malignant cells from immune surveillance (152-156). Additionally, elevated 

levels of inflammatory cytokines, including IFN-γ, TNF-α, and S100A9, commonly found in the 

BM microenvironment of CMML and MDS patients, further enhance PD-1/PD-L1 expression, 

exacerbating immune evasion (157-159).  

 

CTLA-4, another immune checkpoint receptor, delivers inhibitory signals to T cells, dampening 

immune responses and facilitating tumor growth (160). Additionally, CTLA-4 expression in 

MDS and CMML HSPCs correlates with disease progression, showing higher levels in 

advanced stages and higher-risk subtypes, where it contributes to immune evasion and 



 

20 
 

transformation to AML (161). 

 

Among the master regulators of immune suppression in cancer are the co-inhibitory receptors 

TIM-3 and TIGIT, which play significant roles in modulating immune responses. TIM-3 is 

expressed on a variety of immune cells, including Th-1 cells, CD8+ cytotoxic T cells, regulatory 

T cells (Tregs), and natural killer (NK) cells. It induces apoptosis in Th-1 cells and modulates 

the production of key cytokines, such as TNF-α and IFN-γ (162, 163). TIM-3 expression is 

elevated in MDS and CMML BM CD8+ T cells and correlates with reduced levels of cytotoxic 

molecules, such as perforin and granzyme B, alongside increased susceptibility to apoptosis 

due to CD95 upregulation. This ultimately suppresses CD8+ T cell function and enables 

immune escape (162). Importantly, TIM-3 is overexpressed on MDS/CMML leukemic stem 

cells, highlighting its potential as a therapeutic target, with dual benefits of depleting malignant 

cells and restoring immune function (164). TIGIT, another co-inhibitory receptor, is remarkably 

elevated in higher-risk MDS and contributes to the diminished responsiveness of CD4+ T cells, 

CD8+ T cells, and NK cells. Its elevated expression inhibits the production of key effector 

cytokines, including CD107a, IFN-γ, and TNF-α, thereby facilitating the proliferation of 

malignant clones (153).  

 

The immune profiles of MDS patients differ significantly based on disease risk (Figure 3) 

(165). Lower-risk MDS is predominantly associated with a pro-inflammatory BM 

microenvironment, driven in part by activation of the NLRP3 inflammasome. This environment 

is characterized by an increase in pro-inflammatory T cell populations, such as Th-17 cells, 

which secrete cytokines including IL-6, IL-21, and IL-23. These cytokines contribute to HSC 

aberrant differentiation, apoptosis, and impaired hematopoiesis (128, 129). In contrast, higher-

risk MDS transitions toward an immunosuppressive state dominated by regulatory T cells 

(Tregs) (137, 138). These cells suppress immune activation through the secretion of cytokines 

like IL-10 and TGF-β and by recruiting and inhibiting CD8+ T cell activation, thereby promoting 

immune tolerance and facilitating disease progression (140, 141).  
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Figure 3. Immune profiles in lower-risk and higher-risk MDS. (Left panel) Lower-risk MDS exhibits 
intensified immune cell activity, with increased numbers of CD8+ T cells displaying enhanced functional 
activation. (Right panel) In contrast, higher-risk MDS is marked by an immunosuppressive 
microenvironment that facilitates immune evasion. This stage is characterized by a significant reduction 
in CD8+ T cell numbers and an increase in regulatory T cells (Tregs). MSC: mesenchymal stem cell. 
Figure adapted from Rodriguez-Sevilla et al. (166).  

 

 

Immune evasion mechanisms, including altered cytokine profiles and immune checkpoint 

overexpression, further exacerbate the shift from inflammation in lower-risk MDS to immune 

suppression in higher-risk cases (167). Elevated levels of cytokines such as IFN-γ and TNF-

α found in the BM microenvironment of MDS and CMML patients (157, 158), drive the 

upregulation of PD-L1 on MDS blasts and PD-1 on HSCs and suppressor cells, reinforcing 

immune evasion pathways (168). Similarly, molecules like S100A9, a central molecule in 

MDS pathophysiology (159), induce the expression of programmed death 1 (PD-1) on 

HSPCs and that of PD-L1 on myeloid-derived suppressor cells (169), while co-inhibitory 

receptors such as TIM-3 and TIGIT impair antigen presentation and suppress immune 

responses, further promoting immune escape (169).  

 

Emerging T cell-based therapies offer promising avenues to target dysfunctional T cell 

populations and enhance antitumor responses. However, despite the therapeutic potential of 
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these new approaches, the complexity of MDS and CMML-related immune dysregulation 

has not yet been completely deciphered. Dissecting the interactions between T cell subtypes 

and malignant cells during disease progression, as well as the dynamic changes in T cell 

populations in response to therapy, is essential for advancing more effective therapeutic 

strategies. A detailed exploration of these approaches will be presented in the subsequent 

section, "Treatment of Myelodysplastic Syndromes and Chronic Myelomonocytic Leukemia”. 

 

 

6.3 The Role of Inflammation in Myeloid Disorders 

6.3.1 Chronic Inflammation: A Driver of Hematopoietic Dysregulation 

 

Inflammation is a highly conserved and intricate process that is central to responding to 

infection, repairing tissue damage, and maintaining homeostasis. However, with aging, the 

adequate resolution of acute inflammation often diminishes, giving rise to a state of 

persistent, low-grade inflammation—a phenomenon known as “chronic inflammation” (170). 

While initially protective, prolonged inflammatory activity can become harmful, contributing to 

the development of multiple pathologies, including myeloid malignancies (171). 

 

HSCs are a functionally heterogeneous cell population that plays a crucial role in the 

systemic inflammatory response (172, 173). HSCs respond to external inflammatory signals 

by adapting their cellular functions, creating a dynamic axis that aligns peripheral stressors 

with hematopoietic output. (174, 175). In aging individuals, BM HSPCs exhibit a decline in 

self-renewal potential, coupled with a shift towards myeloid lineage differentiation and 

compromised immune surveillance, increasing the risk of disease onset (176). This decline 

is partly driven by a phenomenon termed “inflammaging,” which involves sustained low-

grade inflammation and an upregulation of pro-inflammatory cytokines, such as IL-6 and 

TNF-α, leading to amplified inflammatory signaling at the cellular level (177). Chronic 

exposure to inflammatory stimuli, whether due to recurrent infections or non-infectious 

inflammatory triggers, exerts a detrimental effect on HSPC function, particularly impacting 

self-renewal capacity and inducing a shift from quiescence to active differentiation (178-181). 

The resultant functional impairment of HSCs is predominantly due to enhanced cellular 

proliferation rather than an overall suppression of hematopoiesis (182). Over time, this 

chronic inflammatory state promotes age-related changes within the HSC compartment, 

leading to the accumulation of DNA damage and somatic mutations (183). Although many of 

these mutations remain phenotypically silent, some confer proliferative fitness, driving clonal 

expansion of mutated HSPCs in a process referred to as clonal hematopoiesis of 

indeterminate potential (CHIP). 
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Numerous studies have evidenced the central role of inflammatory signaling in driving the 

initiation and progression of hematologic malignancies, particularly within the evolutionary 

continuum of myeloid neoplasms (107, 184). Pro-inflammatory cytokines, including IFN-γ, IL-

1β, and TNF-α, have been shown to stimulate clonal expansion of premalignant cells, 

particularly in cases of clonal hematopoiesis of indeterminate potential (CHIP) driven by 

TET2 and DNMT3A mutations. Unlike normal HSPCs, these mutant clones display a 

resistance to depletion by inflammation, providing them with a selective growth advantage 

(185-188). Thus, chronic inflammatory signaling induces external pressures on HSCs that 

favor the clonal outgrowth of cells with advantageous mutations, leading to progressive 

clonal expansion and, potentially, malignancy. 

 

Mutations in DNMT3A, TET2, and ASXL1 confer mutant HSPCs with a competitive 

advantage in inflammatory environments by enabling resistance to inflammation-induced 

damage, such as apoptosis and exhaustion (189, 190). TET2 plays a pivotal role in 

maintaining HSC homeostasis, and its depletion enhances HSC survival and proliferation 

under inflammatory conditions (191, 192). For example, Tet2-deficient HSPCs exhibit 

increased expansion in response to inflammatory cytokines like IL-6 and TNF-α and show 

resistance to demethylation at differentiation-associated transcription factor binding sites. 

Similarly, DNMT3A mutations promote clonal fitness through IFN-γ signaling, as observed in 

chronic infection models of Mycobacterium avium (186) and inflammatory conditions such as 

ulcerative colitis (193). Mutant ASXL1 clones further exploit inflammatory signals, with 

enhanced resistance driven by feedback from mutant progeny cells (194). Together, these 

findings highlight the role of inflammatory signaling in shaping the clonal dynamics of mutant 

HSPCs, driving clonal expansion and progression toward overt myeloid neoplasms, such as 

MDS and CMML. 

 

The nucleotide-binding oligomerization, leucine-rich repeat, and pyrin domains–containing 

protein 3 (NLRP3) inflammasome, a key biological driver of MDS, triggers pyroptosis, a type 

of inflammation-mediated cell death (195), causing ineffective hematopoiesis, particularly in 

the context of TET2 and ASXL1 mutations (159). Activation of the NLRP3 inflammasome is 

induced by both extrinsic factors, such as Toll-like receptor (TLR) signaling, and intrinsic 

mechanisms, including somatic mutations. This activation leads to the release of pro-

inflammatory cytokines IL-1β and IL-18, which synergize with IL-6, TNF-α, and IL-8 to create 

a pro-inflammatory microenvironment that sustains the proliferation and survival of aberrant 

MDS stem cells in preclinical models (175, 186, 196). Collectively, these findings underscore 

the pivotal role of the NLRP3 inflammasome in fostering a permissive inflammatory niche 

that supports clonal dominance and disease progression in chronic myeloid neoplasms. 
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6.3.2 Inflammation and Immune Dysregulation in MDS and CMML 

 

Inflammation and immunity are tightly interconnected, with inflammatory signals driving 

immune cell activation and responses. The maintenance of a precise equilibrium between 

pro-inflammatory and anti-inflammatory signals is crucial for preserving immune 

homeostasis (197). Immune dysregulation, a hallmark of MDS and CMML, significantly 

affects hematopoiesis and alters both innate and adaptive immunity through the secretion of 

pro- and anti-inflammatory cytokines (184). T cell–mediated immune imbalance is driven by 

cell-intrinsic and -extrinsic factors that lead to immune exhaustion, the loss of immune 

surveillance, and the expansion of mutant clones. 

 

Chronic and unresolved inflammation significantly impairs adaptive immune function. 

Prolonged exposure to inflammatory stimuli results in a restricted TCR repertoire and 

diminished potential for memory cell formation (198), and B cells display reduced antibody 

diversity (199). These inflammation-induced responses result in immune deregulation, which 

increases the levels of circulating pro-inflammatory cytokines, thus promoting the persistent 

infiltration of macrophages and neutrophils and hampering tissue homeostasis (200). Thus, 

chronic inflammation leads to immune dysregulation, which affects immune surveillance and 

predisposes individuals to cancer, including MDS. 

 

In CHIP, somatic mutations in DNMT3A, TET2, and ASXL1 inherently alter immune 

signaling. The effects of CHIP-related loss-of-function mutations involving epigenetic 

regulators have been studied extensively to improve the clinical activity of chimeric antigen 

receptor (CAR) T-cell therapies for hematologic cancers. Indeed, TET2-deficient CAR T cells 

exhibit an abnormal epigenetic landscape and functional changes, characterized by the 

heightened production of TNF-α, IL-2, and IL-6 upon stimulation and an increased cytotoxic 

profile (201). Interestingly, DNMT3A depletion increases CAR T cells’ proliferative capability 

without inducing the classical exhaustion phenotype acquired upon chronic stimulation, 

possibly because of increased IL-10 secretion (202). Conversely, TET2 mutations impair B-

cell functions, reducing plasma cell differentiation and antigen-specific antibody production 

while promoting lymphomagenesis (203). Moreover, DNMT3A-deficient B cells, while initially 

maintaining normal responses to model antigen exposure, eventually progress to an 

aggressive chronic lymphocytic leukemia (CLL)-like phenotype characterized by high 

penetrance, underscoring their predisposition to malignant transformation (204, 205). 

 

Regarding the innate immune system, macrophages lacking TET2 exhibit elevated 

expression of pro-inflammatory chemokines and cytokines, including IL-1β, IL-6, IL-8, and IL-
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18, compared to their wildtype counterparts (206-208). Furthermore, neutrophils harboring 

TET2 mutations display reduced secondary and tertiary granule content, indicative of a less 

mature phenotype relative to non-mutant cells (209). At the mechanistic level, TET2 

mutations impair the epigenetic regulation of neutrophil maturation, leading to 

hypermethylated chromatin states and diminished phagocytic function. Collectively, these 

findings highlight the diverse impact of CHIP mutations across distinct cell types, revealing 

that their pro-inflammatory effects extend well beyond myeloid cells. 

 

A major challenge in elucidating how pre-leukemic conditions progress into overt 

hematologic malignancies lies in understanding the mechanisms by which mutant clones 

outcompete their normal counterparts. Clonal cytopenia of undetermined significance 

(CCUS)—marked by persistent cytopenias and clonal hematopoiesis but lacking the 

morphologic or clinical features indicative of MDS (210-212)—presents a crucial opportunity 

to investigate the immune dysfunction that arises prior to overt disease. In this context, 

scRNA-seq of BM mononuclear cells (BM MNCs) from CCUS patients with DNMT3A or 

TET2 mutations has shown that CD8+ T effector and NK cells adopt a hyperactivated 

phenotype. However, this state coincides with significant downregulation of NF-κB-mediated 

inflammatory signaling genes, indicating a reduced pro-inflammatory response vital for 

effective anti-tumor immunity (213). Despite their hyperactivated state, CCUS NK cells 

secrete significantly less IFN-y, exhibit impaired cytolytic capabilities, and express increased 

levels of exhaustion markers (e.g., increased expression of CD57, CD244, LAG3, TIGIT, and 

PCDC1). Targeted single-cell DNA sequencing and immunophenotypic analyses revealed 

that NK cells harbor similar mutational burdens to myelomonocytes, which suggests that 

MDS driver mutations such as DNMT3A or TET2 affect NK cell functions (213). In MDS and 

CMML patients, TET2-mutated NK cells display diminished immune surveillance of 

malignant clones, likely due to the reduced expression of killer immunoglobulin-like 

receptors, perforin, and TNF-α (214). These findings reveal a paradox within the immune 

microenvironment of pre-leukemic stages, characterized by hyperactivation yet profound 

functional impairment. Notably, the fact that NK cells harbor mutations at levels comparable 

to the monocytic and myeloid compartments highlights the significant impact of driver 

mutations, such as DNMT3A and TET2, on innate immune dysfunction. This genetic 

impairment induces irreversible dysfunction in NK cells, profoundly impairing their immune 

surveillance capacity. Consequently, malignant cells evade immune surveillance, enabling 

uncontrolled expansion and driving disease progression during these pre-leukemic stages. 

 

Thus, chronic inflammation observed in patients with CHIP or CCUS critically contributes to 

disease initiation by disrupting immune system regulation. This imbalance is further 
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pronounced in conditions like MDS and CMML, where T-cell exhaustion undermines 

antitumor immunity and promotes the rise of immune tolerance. 

 

 

6.3.3 Inflammation as a Potential Therapeutic Target in MDS and CMML 

 

Inflammation is a key contributor to the development of MDS and CMML, disrupting 

hematopoiesis and fostering a microenvironment that supports clonal evolution and immune 

evasion. Targeting inflammatory pathways has emerged as a promising strategy to mitigate 

immune dysregulation and halt disease progression, particularly in lower-risk patients where 

inflammation is a dominant factor. 

Advances in understanding the molecular mechanisms of inflammation in MDS and CMML 

have identified several therapeutic targets, currently under investigation in preclinical and 

clinical settings. Inhibitors of interleukin-1 receptor-associated kinases (IRAK1/4), which 

mediate Toll-like receptor signaling, have shown promise in reducing inflammatory cytokine 

production and restoring hematopoietic balance. Targeting the S100A9 signaling pathway, 

central to inflammation-driven immune suppression and clonal expansion, represents another 

viable strategy (159). Therapeutic agents targeting the transforming growth factor-beta (TGF-

β) pathway, IL-6, TNF-α are also being explored as strategies to reinvigorate immune 

surveillance and suppress malignant progression (169).  

 

A detailed evaluation of these therapies, including specific drug candidates, mechanisms of 

action, and ongoing clinical trials, is presented in the "Emerging treatments for MDS and 

CMML: biological rationales and clinical translation" section of this thesis. 

 

In summary, chronic inflammation perpetuates immune dysregulation and fosters malignant 

progression in MDS and CMML. By disrupting inflammatory feedback loops, emerging 

therapies offer the potential to enhance hematopoiesis, reinvigorate immune surveillance, and 

improve outcomes. Future research should focus on refining these strategies and extend their 

applicability to higher-risk disease contexts. 

 

 

6.4 Molecular Pathogenesis of MDS And CMML 
 

The molecular basis of MDS and CMML is primarily driven by the gradual accumulation of 

genetic alterations in HSCs over time. With aging, HSCs progressively acquire somatic 

mutations and chromosomal abnormalities, conferring selective advantages to mutant clones 
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over normal cells (6, 215-217). These genetic changes often originate in small populations of 

BM cells, a phenomenon termed clonal hematopoiesis of indeterminate potential (CHIP). Over 

time, additional driver mutations or external pressures, such as chronic inflammation or prior 

chemotherapy, facilitate the expansion of CHIP clones, leading to overt disease (218). In MDS 

and CMML, this progression can ultimately result in the transformation to acute myeloid 

leukemia (AML), often following treatment failure, when malignant clones acquire secondary 

mutations or undergo clonal evolution (216, 218-220).  

 

Recent advancements in next-generation sequencing (NGS) have significantly expanded our 

understanding of MDS and CMML, revealing recurrent mutations in key pathways such as 

DNA methylation, chromatin remodeling, RNA splicing, and signal transduction (221, 222). 

NGS-targeted panels have become essential for CMML diagnostics, particularly due to the 

lower prevalence of cytogenetic abnormalities in these patients (observed in 70–80% of cases) 

and the challenges posed by ambiguous presentations, such as mild dysplasia or monocytosis 

(28). 

 

 

6.4.1 Genetic Landscape and Key Mutations in MDS 
 

Cumulative scientific evidence has demonstrated that MDS arises through a multistep process 

characterized by recurrent genetic mutations or cytogenetic abnormalities, driving the 

preferential clonal expansion of mutant HSCs over their wildtype counterparts (223). Single-

cell technologies and functional studies in murine models have further elucidated the multistep 

genetic processes driving MDS pathogenesis. These studies reveal that recurrent genetic 

mutations and cytogenetic aberrations promote clonal dominance of mutant HSCs, facilitating 

their expansion at the expense of normal hematopoiesis. Understanding the functional impact 

of these mutations is essential, as they target diverse cellular pathways and contribute to the 

initiation, progression, and phenotypic variability of MDS (Figure 4). 

 

A) Splicing Factors 

Splicing factors are genes encoding components of the spliceosome, a complex 

ribonucleoprotein machinery essential for pre-mRNA processing. The spliceosome ensures 

the accurate removal of introns and the ligation of exons to produce mature messenger RNA 

(mRNA) (224). Mutations in spliceosome genes disrupt canonical splicing, resulting in aberrant 

inclusion of introns or the generation of mis-spliced exons. These events lead to the production 

of dysfunctional or truncated proteins, which can interfere with normal cellular processes. Such 

disruptions contribute to the dysplastic phenotypes characteristic of MDS (225).  
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Mutations in spliceosome components are among the most frequent genetic aberrations in 

MDS, occurring in up to 60% of cases (226-228). The most commonly affected genes include 

SF3B1, SRSF2, U2AF1, and ZRSR2. These mutations are predominantly heterozygous and 

are usually mutually exclusive, reflecting distinct pathophysiological roles and selective 

pressures in HPCs (226, 229). The impact of these mutations extends beyond aberrant 

splicing, influencing cellular homeostasis, clonal evolution, and disease phenotype. For 

instance, SF3B1 mutations are closely associated with the formation of ring sideroblasts, a 

hallmark feature in a subset of MDS (230). In contrast, mutations in SRSF2 and U2AF1 lead 

to broader defects in hematopoietic differentiation, further contributing to the characteristic 

dysplasia of the disease (231). These findings underscore the important role of splicing factor 

mutations in shaping the clinical and molecular phenotype of MDS. 

 

B) Epigenetic Regulators 

Epigenetic regulators constitute the second most frequently mutated group of genes in MDS 

(232). These mutations can be broadly classified into two primary categories: those that 

disrupt DNA methylation and those that alter histone modification: 

• DNA Methylation Factors: DNA methylation, particularly at CpG islands within gene 

promoters and regulatory enhancer regions, is an essential mechanism for controlling 

gene expression. Alterations in methylation patterns can lead to dysregulated gene 

activity, commonly resulting in the hypermethylation of tumor suppressor genes and 

those involved in DNA repair. Such epigenetic changes contribute to the disruption of 

HSC function in MDS (233). In MDS, hypermethylation frequently affects genes 

involved in cell proliferation and adhesion, contributing to disease pathogenesis.  

Prominent examples of genes frequently affected by DNA methylation include TET2 

and DNMT3A, which often acquire frameshift or nonsense mutations (234). These 

mutations, alongside those in splicing factors, ASXL1, and TP53, are common in CHIP, 

indicating their potential role as early or initiating events in disease evolution (235). 

• Histone Modifiers: Histones, which package DNA into nucleosomes and form 

chromatin, undergo various post-translational modifications—such as acetylation, 

methylation, and ubiquitination—that regulate chromatin accessibility and gene 

expression (236). In MDS, mutations frequently occur in genes encoding histone-

modifying enzymes, notably ASXL1 and EZH2, which are often associated with a loss 

of function (237, 238). These mutations lead to impaired chromatin architecture and 
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aberrant gene expression patterns, contributing to hematopoietic dysregulation and 

the development of dysplastic phenotypes.  

C) Cohesin Complex Components 

The cohesin complex, consisting of proteins such as SMC1A, SMC3, RAD21, STAG1, and 

STAG2, is essential for maintaining sister chromatid cohesion during mitosis, facilitating 

post-replicative DNA repair, and regulating transcription (239). Mutations in cohesin complex 

genes in MDS are typically heterozygous deletions or point mutations, often leading to a loss 

of function (240). Among these, STAG2 mutations are the most prevalent, with a reported 

frequency of 5–10% (241). Disruption of cohesin function contributes to chromosomal 

instability and transcriptional dysregulation, both of which are critical drivers of clonal 

evolution and malignant transformation in MDS (242). 

 

D) Transcription Factors 

The maintenance of HSC function and the appropriate differentiation of these cells into mature 

blood cell lineages depend on the tightly regulated activation of lineage-specific transcriptional 

programs. Transcription factors serve as master regulators of these processes by 

orchestrating the expression of genes required for proper cellular function, proliferation, and 

differentiation. In MDS, mutations in critical transcription factors such as RUNX1, GATA2, and 

ETV6 are commonly identified. These genetic alterations play a crucial role in disrupting 

normal hematopoiesis, driving disease initiation, and contributing to its progression (243-245). 

 

Mutations in these transcription factors disrupt hematopoietic differentiation and increase 

clonal fitness, driving disease progression. RUNX1 mutations, often resulting in loss of 

function or dominant-negative variants, impair lineage commitment and lead to the 

accumulation of dysplastic cells (245, 246). Alterations in GATA2 compromise progenitor cell 

survival and immune function, increasing the risk of transformation to secondary AML (247, 

248). Similarly, mutations in ETV6 contribute to genomic instability, further promoting clonal 

evolution (244, 249). Collectively, these mutations undermine cellular homeostasis and create 

a permissive environment for malignant transformation, underscoring their central role in MDS 

pathogenesis. 

 

E) Signal Transduction Molecules 

Signal transduction is the process by which extracellular signals, triggered by the binding of 

ligands to cell surface receptors, are transmitted through a cascade of intracellular reactions 

to modulate gene expression, ultimately controlling key cellular processes such as proliferation 

and apoptosis (250). In MDS, mutations in components of these signaling pathways frequently 
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result in their constitutive activation, even in the absence of external signals. This aberrant 

activation disrupts normal regulatory mechanisms, driving uncontrolled cellular proliferation 

and contributing to disease progression.  

Mutations in signal transduction genes, while less frequent in MDS compared to other myeloid 

neoplasms, occur in approximately 10–15% of cases (251). Commonly mutated genes include 

members of the RAS signaling pathway (NRAS, KRAS, CBL, PTPN11, NF1) and JAK2. These 

alterations, often missense mutations or small insertions/deletions, result in persistent 

activation of downstream signaling cascades, promoting clonal expansion and malignant 

transformation. Despite their relatively low prevalence, these mutations play a significant role 

in the pathogenesis of MDS by altering cellular growth dynamics and fostering an environment 

(i.e., pro-inflammatory) conducive to disease maintenance and progression (252). 

 

F) TP53 Pathway 

The TP53 gene, located on the short arm of chromosome 17, encodes the p53 transcription 

factor, a pivotal regulator of genomic stability. This tumor suppressor plays an essential role 

in responding to genotoxic stress by orchestrating cellular processes such as cell cycle arrest, 

DNA repair, and apoptosis, thereby safeguarding genomic integrity (253, 254). 

 

While TP53 mutations are found in roughly 10% of de novo MDS cases, they are highly 

prevalent in complex karyotype cases, observed in up to 30-50% of these patients (255, 256). 

Moreover, TP53 mutations are detected in roughly 20% of MDS cases with isolated del(5q) 

and can reach up to 40% in secondary MDS cases (257, 258).  

 

Recent classification systems, including the 5th edition of the World Health Organization 

(WHO) classification of myeloid neoplasms (3) and the International Consensus Classification 

(ICC) (259), have recognized multi-hit TP53-mutated MDS and AML as distinct clinical entities 

due to their unique molecular and clinical features. These TP53 mutations often involve "multi-

hit" events, characterized by biallelic inactivation of TP53, typically through a combination of 

point mutations and chromosomal abnormalities on chromosome 17, and are strongly 

associated with complex karyotypes (260) and are less commonly associated with mutations 

in other genes (256). Multi-hit TP53 mutations are particularly notable for their association with 

high-risk disease features, a greater likelihood of transformation to AML, and markedly 

reduced OS, independent of traditional prognostic models such as IPSS-R (256, 261). While 

the specific type of TP53 mutation does not seem to influence prognosis, the overall mutational 

burden and the dominance of TP53-mutated clones significantly impact clinical outcomes 

(261).  
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Figure 4. Overview of the somatic mutational landscape in MDS and CMML. The illustration 
highlights the most frequent somatic mutations involved in disease initiation (founder mutations) and 
progression to secondary AML (sAML) (secondary mutations). Adapted from Rodriguez-Sevilla et at. 
(262). 

 
 
6.4.2 Genetic Landscape and Key Mutations In CMML 

 
CMML is characterized by a high frequency of somatic mutations affecting various biological 

pathways, with significant overlap with MDS, yet presenting unique molecular features (13). 

Meggendorfer and colleagues demonstrated that over 90% of CMML cases harbor mutations 

in at least one of the following nine genes: TET2, SRSF2, ASXL1, CBL, EZH2, JAK2, KRAS, 

NRAS, and RUNX1 (263). In patients with CMML, the somatic mutation burden is estimated 

at 10–15 variants per kilobase within coding regions of the genome, similar to AML but 

considerably lower than highly mutagenic cancers such as melanoma and lung cancer (264). 

These mutations affect a diverse array of cellular processes, including epigenetic regulation, 

pre-mRNA splicing, signal transduction pathways, transcriptional control, and DNA damage 

response, as previously detailed.  

 

Epigenetic regulatory genes are among the most frequently mutated in CMML, underscoring 

their critical role in disease pathogenesis. TET2 mutations, present in approximately 60% of 

patients, impair DNA demethylation, leading to dysregulated gene expression. While these 

mutations do not significantly affect OS (265, 266), their absence in ASXL1-mutated CMML 

patients (ASXL1mt/TET2wt) is linked to worse outcomes and diminished responses to HMAs 

(267, 268). ASXL1, mutated in ~40% of cases, disrupts chromatin regulation by interfering 

with polycomb-group repressive complexes, promoting transcriptional dysregulation and 

oncogenesis. In contrast to TET2, ASXL1 mutations are consistently associated with a poor 

prognosis. EZH2 mutations, although rare (<5%), frequently co-occur with ASXL1 mutations, 

particularly in myeloproliferative (MP) CMML phenotype (269).  
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Spliceosome mutations, particularly in SRSF2, are observed in ~50% of CMML cases (40). 

While SRSF2 mutations alone do not appear to have a direct impact on OS (263, 265), they 

are associated with a distinct disease phenotype, often observed in older patients and 

characterized by milder anemia and diploid karyotype (40). SF3B1 mutations, commonly seen 

in MDS with ring sideroblasts, are present in ~10% of CMML cases and are associated with 

favorable AML-free survival (95). U2AF1 and ZRSR2 mutations are less frequent and lack 

consistent prognostic significance (226). 

 

Signal transduction pathway mutations, particularly those in the RAS signaling cascade (e.g., 

NRAS, KRAS, CBL, PTPN11), occur in ~30% of CMML patients and are strongly associated 

with myeloproliferative phenotypes (265). JAK2V617F mutations (~10%) are linked to MP-like 

features, such as elevated hemoglobin and platelet levels, though they do not significantly 

impact OS or AML transformation rates (270). CBL mutations, often accompanied by 

uniparental disomy on chromosome 11q, are associated with enhanced RAS signaling and 

proliferative phenotypes (265, 271). 

 

Transcription factor RUNX1 is frequently mutated in CMML (272). RUNX1 mutations, 

observed in 10–15% of cases, are associated with lower platelet counts and higher rates of 

AML transformation, though they have no clear impact on OS (273, 274). Mutations in other 

transcription factors are less common. For instance, GATA2 mutations contribute to 

hematopoietic dysregulation and disease progression (271). 

 

The sequence of mutational events in CMML is an area of ongoing research. Early driver 

mutations often occur in TET2 or SRSF2 at the HSPC level, promoting clonal hematopoiesis 

as it was discussed before in “HSC Dysregulation in MDS and CMML”. Secondary mutations, 

including those in ASXL1 or RAS pathway genes, shape disease phenotypes by accelerating 

differentiation along the granulocyte-monocyte progenitor (GMP) axis, leading to clonal 

monocytosis. Subsequent acquisition of mutations in genes such as RUNX1 and TP53 drive 

disease progression and transformation to AML (275). 

 

The integration of NGS and advanced genomic technologies has significantly improved CMML 

diagnostics while providing a deeper understanding of its molecular basis. These 

advancements have enhanced prognostic stratification and paved the way for the 

development of more precise targeted therapies. 
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6.5 Cytogenetic Landscape of Myelodysplastic Syndromes and Chronic 
Myelomonocytic Leukemia 

 
Cytogenetic analysis is a core element of the diagnostic evaluation for MDS and CMML, 

providing critical information for diagnosis, prognosis, and treatment planning (13, 37). A 

minimum of 20 metaphases is recommended for accurate analysis; however, the detection of 

a clonal abnormality can yield meaningful clinical insights even with fewer metaphases. When 

metaphases are insufficient or a normal karyotype is observed, additional genomic techniques 

such as fluorescence in situ hybridization (FISH), comparative genomic hybridization (CGH) 

arrays, or single nucleotide polymorphism (SNP) arrays can uncover cryptic abnormalities and 

enhance the genomic assessment.  

 

Recent advances in technology, particularly optical genome mapping (OGM), have greatly 

improved the resolution of cytogenetic studies in myeloid neoplasms (276). OGM enables 

high-resolution imaging of structural variants, balanced translocations, and copy number 

alterations, often outperforming traditional karyotyping and array-based methods (277). By 

visualizing long DNA molecules, OGM can uncover cryptic rearrangements and complex 

abnormalities that are required for better understanding of the disease (278). 

 

OGM has proven particularly valuable for identifying recurrent abnormalities in MDS and 

CMML, such as complex karyotypes and cryptic deletions (279, 280). For example, OGM can 

refine the detection of high-risk chromosomal abnormalities, such as those involving 

chromosome 7, by revealing additional genomic complexities. Its capability to provide 

comprehensive genomic profiling in a single assay significantly simplifies the diagnostic 

workflow, reducing the need for multiple sequential tests. 

 

When integrated with conventional cytogenetics and advanced molecular techniques, OGM 

offers a more complete view of the genomic landscape in MDS and CMML. This integration 

helps clinicians better understand the genetic drivers of these diseases, enabling more precise 

patient management and treatment optimization. 

 

 

6.5.1 Cytogenetic Alterations in Myelodysplastic Syndromes  

 

Cytogenetic abnormalities are a hallmark of MDS, identified in approximately 40–50% of 

patients with de novo cases and up to 80% of secondary MDS (281-283). Most of these 

alterations involve the loss of genetic material, either as deletions (partial loss of a 

chromosome segment) or monosomies (complete loss of a chromosome). In contrast, gains 
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in genetic material—excluding trisomy 8 (+8)—and structural rearrangements, such as 

translocations and inversions, are relatively infrequent in MDS (284, 285). 

 

The most common cytogenetic abnormalities in MDS include del(5q) (15%), -7/del(7q) (10%), 

+8 (8%), and del(20q) (5%) (78,79). Less frequent alterations include -Y, -17/17p-, and -

18/18q- (79). Importantly, while these abnormalities are highly characteristic of MDS, they are 

not pathognomonic and can also be detected in other hematologic disorders, particularly 

CMML (Figure 5).  

 
Figure 5. Cytogenetic landscape depicting the most common chromosomal alterations in MDS. 
Highlighted regions represent recurrent abnormalities, including deletions (del(5q), del(20q), del(7q)), 
monosomies (-7, -Y), trisomy (+8), and complex karyotypes involving chromosome 17 (-17/17p-). These 
alterations are critical for diagnosis, prognosis, and treatment planning in MDS. Abbreviations: chr, 
chromosome. Figure created using BioRender 
 
 

Cytogenetic abnormalities in MDS can occur as isolated events, in pairs, or as part of a 

complex karyotype involving three or more aberrancies. Complex karyotypes, which are 

strongly associated with adverse outcomes, underscore the prognostic significance of both 

the type and number of cytogenetic alterations (286). These features have been consistently 

validated as independent prognostic factors, influencing disease trajectory and treatment 

strategies (285, 287). 

 

A pivotal study by Schanz et al. analyzed 2,902 patients, leading to the development of a 

cytogenetic scoring system that is now widely used in clinical practice (288). This system 

categorizes cytogenetic abnormalities into five risk groups based on their prognostic 

significance and incorporates 20 distinct alterations (Table 1). This framework has become 
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indispensable for risk stratification and therapeutic planning, offering a structured approach to 

individualized patient care. 

 
Table 1. Prognostic classification of cytogenetic alterations in MDS, as Proposed by Schanz et 
al. (288). 

Risk Group Cytogenetic Alterations* 
Median Survival 

(Years) 

Very Good -Y, del(11q) 5.4 

Good 
Normal karyotype, del(5q), del(12p), del(20q), double 

including del(5q) 
4.8 

Intermediate 
del(7q), +8, +19, i(17q), any other single or double alteration 

in independent clones 
2.7 

Poor 
-7, inv(3)/t(3q)/del(3q), double including -7/del(7q), complex (3 

abnormalities) 
1.5 

Very Poor Complex (>3 abnormalities) 0.7 
 
*All abnormalities listed as isolated alterations unless otherwise specified. 
 
 

This classification remains integral to understanding MDS prognosis, enabling clinicians to 

tailor therapeutic strategies to individual patient risk profiles. 

 

 

6.5.2 Cytogenetic Alterations in CMML 

 

Clonal cytogenetic abnormalities are found in approximately 20–30% of CMML cases, a 

significantly lower frequency compared to their higher prevalence in MDS, reflecting distinct 

cytogenetic profiles between the two disorders (289-291). These abnormalities are not 

exclusive to CMML and show significant overlap with those found in other myeloid neoplasms. 

 

The most recurrent abnormalities in CMML include trisomy 8 (+8), monosomy 7 (-7), and 

partial deletion of the long arm of chromosome 7 (del(7q)). Studies analyzing large cohorts of 

CMML patients with available cytogenetic data—each involving approximately 400 patients—

report that 6–7% of patients have +8, 4–6% exhibit -Y, 3–6% display a complex karyotype, 

and 1.5–5.5% harbor chromosome 7 abnormalities (289-291). Other classical MDS-

associated cytogenetic abnormalities, such as del(5q) or del(20q), are less commonly 

observed in CMML, occurring in fewer than 1% (289, 290), and ~2% of cases, respectively 

(289-291). 

 

These findings reveal the cytogenetic complexity of CMML and its shared features with MDS, 

particularly in terms of recurrent abnormalities. They emphasize the importance of a thorough 

diagnostic approach that combines clinical, morphological, molecular, and cytogenetic data to 

achieve accurate diagnosis and better inform patient management. 
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7. Clinical Manifestations 

 

Some patients with MDS or CMML are asymptomatic and are diagnosed incidentally during 

routine blood tests that reveal mild cytopenia or monocytosis. However, most patients present 

with symptoms linked to cytopenias, with anemia being the most common and often the 

primary reason they seek medical attention. Patients with thrombocytopenia or neutropenia 

are at increased risk for bleeding and infection, respectively. As the disease advances, 

patients may develop constitutional symptoms such as fatigue, fever, weight loss, and night 

sweats, which signal more advanced stages of the disease (13, 37). 

 

Visceromegaly is rare in MDS but is relatively common in CMML, particularly in proliferative 

forms of the disease characterized by a leukocyte count ≥13,000/mm3 (292). In these cases, 

organ infiltration may lead to additional manifestations, such as splenomegaly, hepatomegaly, 

cutaneous involvement, gingival hypertrophy, and lymphadenopathy, reflecting the systemic 

nature of the proliferative variants. 

 

Systemic inflammatory and autoimmune diseases (SIAD) are associated with MDS and CMML 

in 10–20% of cases and can significantly influence the clinical course of these conditions 

(293). While the exact impact of SIAD on OS and progression to acute leukemia remains 

unclear, their presence often complicates management and requires careful therapeutic 

consideration. Immune thrombocytopenia (ITP) is one of the autoimmune manifestations 

observed in both MDS and CMML. However, its clinical features and the best approaches for 

managing it remain poorly understood due to the limited availability of large-scale studies (293, 

294). 

 

 

8. Diagnosis and Classification of Myelodysplastic Syndromes and Chronic 

Myelomonocytic Leukemia 

 

Despite the progress made with advanced molecular assays, cytological evaluation remains 

the cornerstone for diagnosing MDS and CMML. BM smears stained with panoptic stain are 

used to perform a detailed quantitative assessment of dysplasia, while Perls’ stain is applied 

to evaluate iron deposits within the mononuclear phagocyte system and to quantify 

sideroblasts. PB smears, also stained with panoptic stain, are critical for the qualitative 

evaluation of dysplastic features and for determining the percentage of circulating blasts. 
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According to WHO criteria, significant dysplasia is identified in a myeloid lineage 

(megakaryocytic, erythroid, or granulocytic) when 10% or more of cells in that lineage exhibit 

dysplastic features (Table 2). For accurate assessment, it is recommended to evaluate 30 

megakaryocytes, 200 neutrophils, and 200 erythroid precursors. Blast percentages should be 

determined by performing a differential count on 200 white blood cells in PB and 500 cells in 

BM (2, 14, 15, 41). Both the WHO classification and various publications from the International 

Working Group on Morphology of Myelodysplastic Syndromes (IWGM-MDS) describe the 

following dysplastic features (295-299): 

 

Table 2. Key morphological dysplastic features in MDS and CMML. This table summarizes the 

main dysplastic findings across the granulocytic, erythroid, and megakaryocytic lineages. 

Lineage Dysplastic Features 

Granulopoiesis 

unusual cell size (either abnormally large or small), cytoplasmic hypo- or 

degranulation, Döhle bodies, nuclear hyposegmentation (pseudo Pelger-Huët 

anomaly), nuclear hypersegmentation, pseudo-Chediak-Higashi granules, Auer 

rods, ring-shaped nuclei, mirror-image nuclei, and hypercondensed chromatin 

clumping. 

Erythroid 

internuclear bridges, nuclear contour irregularities, karyorrhexis, multinuclearity, 

megaloblastic changes, PAS positivity, cytoplasmic vacuolization, and ring 

sideroblasts (sideroblasts with five or more hemosiderin granules arranged 

perinuclearly, covering at least one-third of the nuclear perimeter). 

Megakaryopoiesis 
hypolobulated or monolobulated megakaryocytes, binucleation, separated 

nuclei, and micromegakaryocytes. 

 

This classification ensures a systematic evaluation of dysplastic features across 

hematopoietic lineages (Figure 6), providing a robust foundation for accurate diagnosis and 

characterization of disease. 

 
Although following WHO 2017 criteria a MDS diagnosis could be established in absence of 

dysplasia based on a list of defining cytogenetic abnormalities, the 2022 update from the 

International Consensus Classification (ICC) has further evolved the diagnostic criteria for 

MDS, expanding it to include cases lacking overt dysplasia if certain molecular abnormalities 

are identified, in addition to some cytogenetic alterations (259). Key markers include biallelic 

TP53 mutations (biTP53), complex karyotypes, SF3B1 mutations with a variant allele 

frequency (VAF) ≥10%, isolated deletion of chromosome 5q [del(5q)], and specific alterations 

on chromosome 7 (such as monosomy 7 or del(7q)). 
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Figure 6. Depiction of myelodysplastic features in hematopoiesis. This illustration highlights the 
diverse morphological abnormalities observed in MDS and CMML, affecting multiple hematopoietic 
lineages and demonstrating characteristic dysplastic features across cell types. Figure 
created using BioRender. 

 

 

This updated framework builds on a deeper understanding of the molecular landscape of 

MDS, offering a more comprehensive diagnostic approach for cases that might previously 

have been categorized as CCUS despite significant clonal abnormalities. By incorporating 

molecular and cytogenetic findings, the ICC 2022 criteria aim to enhance diagnostic accuracy, 

enabling the earlier and more precise identification of patients with subtle or early-stage MDS 

and supporting more effective, targeted clinical management strategies. 
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8.1 Myeloid Continuum in MDS and CMML Pathogenesis: CHIP, CCUS, CMUS and 

CCMUS 

 

Hematologic malignancies arise from the clonal expansion of HSCs, driven by mutations that 

disrupt their finely-tuned regulation of proliferation and differentiation. These clones, 

depending on their genetic and epigenetic alterations, generate heterogeneous phenotypes. 

While many mutations remain phenotypically silent, some confer a proliferative advantage, 

enabling mutant cells to outcompete normal HSPCs. This clonal dominance, when not 

associated with overt hematologic disease, is referred to as CHIP. 

 

CHIP may evolve into CCUS, in which clonally expanded cells are associated with persistent 

and unexplained cytopenia (Figure 7). Compared with MDS, CCUS has a lower mutation 

burden, reduced genetic complexity, and no evidence of dysplasia (210-212, 300). However, 

like MDS patients, CCUS patients have PB cytopenias and often require transfusions (301). 

A progressive transition between CHIP, CCUS, and MDS is thought likely (300), with CCUS 

representing an intermediate stage among the clonal hematopoietic disorders (Figure 7). 

DNMT3A, TET2, and ASXL1 mutations occur in 70-80% of patients with CHIP or CCUS (302). 

In MDS, these mutations are linked to a higher clonal burden and an evolving co-mutational 

landscape that drives disease progression (300).  

 

Clonal monocytosis of undetermined significance (CMUS), a precursor state to CMML, has 

been increasingly recognized as a distinct clinical entity (259). Analogous to CCUS, CCMUS 

is characterized by clonal hematopoiesis with mild monocytosis (absolute monocyte count of 

0.5–1.0 × 10⁹/L) but lacks the dysplastic or proliferative features typical of overt CMML. For 

the WHO, CMUS and CCMUS are included within the broad definition of CCUS, reflecting its 

shared characteristics with other early clonal hematopoietic disorders (2). In contrast, the ICC 

introduces a distinct category for CMUS, recognizing it as a unique precursor stage (259). 

Both classifications highlight CMUS as part of the broader spectrum of clonal myeloid 

neoplasms and stress its potential to progress to CMML, influenced by additional genetic and 

environmental factors (303). 
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Figure 7. Clonal evolution across the spectrum of myeloid neoplasms. Schematic representation 
of clonal progression from pre-leukemic stages, CHIP and CCUS, to overt disease, categorized into 
lower-risk and higher-risk MDS. Colored circles depict the clonal architecture of various mutant clones. 
Key mutations associated with each stage are indicated within dashed circles. Lower-risk MDS, 
characterized by an indolent disease course and favorable prognosis, predominantly involves mutations 
in the SF3B1 splicing gene. Higher-risk MDS is a more aggressive disease with additional mutations in 
TP53, RUNX1, STAG2, and RAS pathway genes. Adapted from Rodriguez-Sevilla et al. (304). 
 

 
To better understand how diagnostic and prognostic frameworks in MDS and CMML have 

evolved, it is important to consider the trajectory of risk stratification tools and classification 

systems developed over time. These systems have adapted alongside advances in molecular 

and cytogenetic research, with the goal of improving disease characterization and risk 

prediction for both MDS and CMML (Figure 8). The different diagnostic and prognostic 

milestones for MDS and CMML will be explained in detail in the following section. 
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Figure 8. Timeline of diagnostic and prognostic milestones in MDS and CMML. This figure 
provides a chronological overview of the major diagnostic and prognostic systems developed for MDS 
and CMML, starting with the introduction of cytogenetic analysis in the 1970s and culminating in the 
latest advancements in molecular risk stratification models. FAB, French-American-British 
classification; IPSS, International Prognostic Scoring System; MDAPS, MD Anderson Prognostic 
Scoring System; WPSS, WHO Prognostic Scoring System; MDS-LR, Low-Risk MDS prognostic model; 
MDAS, MD Anderson Scoring System for MDS; FPSS, French Prognostic Scoring System; IPSS-R, 
Revised International Prognostic Scoring System; CPSS, CMML-specific Prognostic Scoring System; 
GFM Score, Groupe Francophone des Myélodysplasies Score; Mayo Model, Prognostic model 
developed at the Mayo Clinic for MDS; Mayo Molecular Model, Molecular-based prognostic model from 
Mayo Clinic for MDS; CPSS-Mol, Molecular-based CMML Prognostic Scoring System; WHO, World 
Health Organization classification; NGS, Next-Generation Sequencing; ICC, International Consensus 
Classification; IPSS-M, Molecular International Prognostic Scoring System for MDS; CHRS, Clonal 
Hematopoiesis Risk Score. Figure created using BioRender. 

 
 
8.2 Classification of MDS and CMML 

8.2.1 The FAB Classification 

 
The French-American-British (FAB) cooperative group introduced the first formal classification 

system for MDS in 1982 (7). This pioneering classification defined five MDS subtypes based 

on specific criteria, including the percentage of blasts in PB and BM, the presence of Auer 

rods (rod-like structures in the cytoplasm of myeloid blasts composed of enzymes such as 

myeloperoxidase and/or chloroacetate esterase) (305), the monocyte count in PB, and the 

percentage of ring sideroblast (Table 3).  

Table 3. FAB classification of MDS 

Classification 
Peripheral 

blood 
Monocytes 
>1000/uL 

BM 
Blasts 

Ringed sideroblasts 
(%) 

RA <1% No <5% <15 
RARS <1% No <5% >15 
RAEB <5% No 5–19% Variable 
RAEB-T >5% +/- 20–29% Variable 
CMML <5% Yes <20% Variable 

 
Abbreviations: RA, Refractory anemia; RARS, Refractory anemia with ringed sideroblasts; RAEB, 
Refractory anemia with excess blasts; RAEB-T, Refractory anemia with excess blasts in transformation; 
CMML, Chronic myelomonocytic leukemia. 
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For almost two decades, the FAB classification has been integral to the diagnosis and 

classification of MDS. It provided a robust framework for both diagnostic and prognostic 

evaluation, contributing significantly to the clinical management of these disorders. Notably, 

within the FAB system, CMML was considered a subtype of MDS, underscoring the close 

biological and clinical relationship between MDS and CMML in early classification efforts. 

 

The FAB classification also recognized the dual myelodysplastic and myeloproliferative nature 

of CMML. Importantly, it separated CMML into two forms based on PB white blood cell (WBC) 

counts: myelodysplastic (MD-CMML) for cases with WBC <13 × 109/L, and myeloproliferative 

(MP-CMML) for cases with WBC ≥13 × 109/L (24, 306). Patients with MD-CMML typically 

present with cytopenias, recurrent infections, and transfusion dependence, whereas MP-

CMML often manifests with elevated white blood cell counts, splenomegaly, and systemic 

symptoms associated with myeloproliferation, such as fatigue, night sweats, bone pain, weight 

loss, and cachexia (307). This distinction highlighted the clinical heterogeneity of CMML and 

laid the foundation for its evolving classification in subsequent WHO updates. 

 

 

8.2.2 The 2001 WHO Classification of Myeloid Neoplasms  

 
The FAB classification for MDS, used for nearly 20 years, was revised in 2001 when the World 

Health Organization (WHO) introduced a new classification system for hematologic 

neoplasms, including MDS. Aiming at enhancing diagnostic and prognostic precision over the 

FAB classification, this update expanded beyond morphology to include cytogenetics, 

significantly improving the classification and prognostic assessment (308). 

The WHO 2001 classification defined eight distinct MDS categories based on the number of 

cytopenias, blast percentages in PB and BM, the presence of Auer rods, the percentage of 

ring sideroblasts, and the detection of an isolated 5q deletion (Table 4). These criteria were 

widely accepted by the scientific community, and subsequent validation studies highlighted 

the prognostic value of these categories.  

 

Based on the WHO 2001 classification, MDS could be stratified into two primary risk groups: 

low-risk MDS (RA, RARS) and high-risk MDS (RAEB, RCMD, and RCMD-RS). While the 5q- 

syndrome was generally regarded as low-risk, this distinction was not explicitly addressed 

within the WHO 2001 framework, leaving some ambiguity regarding its classification (309). 
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Table 4. The WHO 2001 classification of MDS. 

Subtype 
PB 

Blasts 
BM Blasts RS Cytopenias Dysplasia 

RA None <5% <15% One or more Erythroid lineage only 
RARS None <5% ≥15% One or more Erythroid lineage only 
RCMD None <5% Variable One or more Multilineage  
RCMD-RS None <5% ≥15% One or more Multilineage  
RAEB-1 <5% 5–9% Variable One or more Multilineage  
RAEB-2* 5–19% 10–19% Variable One or more Multilineage  
MDS-
del(5q) 

<5% <5% Variable One or more Unilineage 

MDS-U <1% <5% Variable Two or more Unilineage 
 
*The presence of Auer rods is diagnostic of RAEB-2. 
Abbreviations: RA, Refractory anemia; RARS, Refractory anemia with ring sideroblasts; RCMD, 
Refractory cytopenia with multilineage dysplasia; RCMD-RS, RCMD with ring sideroblasts; RAEB-1, 
Refractory anemia with excess blasts-1; RAEB-2, Refractory anemia with excess blasts-2; MDS-
del(5q), Myelodysplastic syndrome with isolated deletion of chromosome 5q; MDS-U, Myelodysplastic 
syndrome unclassifiable; PB, Peripheral blood; BM, Bone marrow; RS, Ring sideroblasts. 
 

A significant update in the 2001 WHO classification was the formal introduction of 

MDS/MPN, acknowledging the coexistence of dysplastic and proliferative features. 

Within this category, CMML was recognized as the most common subtype, defined by 

persistent monocytosis (absolute monocyte count ≥1 × 10⁹/L) and dysplasia in one or 

more myeloid lineages. CMML was further stratified into CMML-1 and CMML-2, based 

on blast and promonocyte percentages: 

• CMML-1: <5% blasts and promonocytes in PB, <10% in BM. 

• CMML-2: 5–19% blasts and promonocytes in PB, 10–19% in BM, or the 

presence of Auer rods. 

These adjustments highlighted the heterogeneity and prognostic importance of CMML, 

forming the basis for future updates. 

 

 

8.2.3 The 2008 WHO Classification of Myeloid Neoplasms 

 

In 2008, the WHO revised its classification of MDS, refining diagnostic categories to improve 

clinical and prognostic stratification (25). While maintaining the general categorization into low-

risk (RCUD, RARS), intermediate-risk (RCMD, RAEB-1), and high-risk (RAEB-2) subgroups, 

the update incorporated significant changes to reflect advances in understanding MDS 

pathogenesis and clinical presentation (Table 5). 
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Patients with persistent cytopenias lacking significant dysplasia but harboring defining 

cytogenetic abnormalities were classified as unclassifiable MDS, alongside cases with 

unilineage dysplasia and pancytopenia, or 1% blasts in the PB. The distinction between RCMD 

and RCMD with ring sideroblasts was removed, supported by evidence that the percentage of 

ring sideroblasts did not significantly impact survival or leukemic transformation risk (310). The 

previously defined "5q- syndrome" was expanded into the broader category of MDS with 

isolated del(5q) to include a wider spectrum of patients harboring this specific cytogenetic 

abnormality. To address the distinct clinical and pathological characteristics of pediatric cases, 

the provisional category of refractory cytopenia of childhood was introduced, emphasizing the 

importance of tailored diagnostic criteria for younger patients. Other key updates included 

redefining refractory anemia as a subtype of RCUD, expanding its classification to encompass 

refractory anemia, neutropenia, and thrombocytopenia. These conditions are all marked by 

unilineage dysplasia and restricted to no more than two cytopenias. Cases presenting with 

pancytopenia were reassigned to the unclassifiable MDS category, reflecting the need for 

distinct diagnostic criteria. Furthermore, the diagnostic criteria for RAEB-1 were updated, 

establishing a PB blast count of 2%–<5% as sufficient for diagnosis, independent of BM blast 

percentages. These changes underscored the commitment to greater diagnostic precision, 

aligning with the expanding understanding of MDS heterogeneity and its diverse clinical 

presentations. 

 

Table 5. The WHO 2008 classification of MDS. 

Subtype Cytopenias PB Blasts 
BM 

Blast
s 

BM RS Dysplasia 

RCUD 1 or 2 <1 <5 <15 1 lineage 
RARS Anemia 0 <5 ≥15 Erythroid only 
RCMD Cytopenia(s) <1 <5 Indifferent ≥2 lineages 
RAEB-1 Cytopenia(s) <5 5-9 Indifferent Indifferent 

RAEB-2 Cytopenia(s) 5-19 
10-
19 

Indifferent 
Indifferent, Auer rods 

present 

MDS with isolated del(5q) 
Anemia, 

Normal or ↑ 
Platelets 

<1 <5 Indifferent 
Megakaryocytes 
(monolobulated 

nuclei) 

MDS-U Cytopenia(s) ≤1 <5  
<10% in ≥1 myeloid 
lineage Cytogenetic 

abnormalities 
 
The presence of Auer rods is diagnostic of RAEB-2. 
Abbreviations: RCUD, Refractory cytopenia with unilineage dysplasia; RARS, Refractory anemia with 
ring sideroblasts; RCMD, Refractory cytopenia with multilineage dysplasia; RAEB-1, Refractory anemia 
with excess blasts-1; RAEB-2, Refractory anemia with excess blasts-2; MDS, Myelodysplastic 
syndrome; PB, Peripheral blood; BM, Bone marrow; RS, Ring sideroblasts; MDS-U, Myelodysplastic 
syndrome unclassifiable. 
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The 2008 WHO classification retained CMML within the MDS/MPN category and preserved 
its subcategorization into CMML-1 and CMML-2, based on blast and promonocyte 
percentages in PB and BM. This distinction remained crucial for prognostic evaluation, with 
CMML-2 associated with higher risks of leukemic transformation and poorer survival outcomes 
(311). 
 
 
8.2.4 The 2017 WHO Classification of Myeloid Neoplasms 
 
In 2017, the World Health Organization (WHO) released an updated classification of MDS and 

CMML, refining diagnostic criteria and stratification while addressing ambiguities in prior 

frameworks (14). As in earlier iterations, MDS subtypes were categorized into low-risk (e.g., 

unilineage dysplasia, ring sideroblasts with unilineage dysplasia, isolated del(5q)), 

intermediate-risk (e.g., multilineage dysplasia, multilineage dysplasia with ring sideroblasts), 

and high-risk (e.g., excess blasts) groups, based on OS and leukemia progression risk (Table 

6). 

 

A major change was the removal of blast count requirements specific to non-erythroid 

cellularity and the reclassification of erythroleukemia. Cases previously considered 

erythroleukemia were predominantly reclassified as MDS with excess blasts, though the 

concept of erythroid predominance was retained within this subgroup. Its prognostic 

significance remains unclear, particularly given associations with adverse-risk cytogenetics 

and mutations in RUNX1, TP53, and ASXL1 (312, 313). 

 

The term “refractory cytopenia” was replaced with “myelodysplastic syndrome” to enhance 

nomenclature precision, allowing for cases where dysplastic lineage involvement does not 

match the observed cytopenias. For example, a case with megakaryocytic dysplasia but 

isolated anemia would now fall under the classification of MDS with unilineage dysplasia. The 

criteria for unclassifiable MDS were also updated, requiring the presence of 1% blasts in 

peripheral blood and less than 5% in bone marrow, confirmed in at least two consecutive 

samples. For MDS with isolated del(5q), the inclusion criteria were expanded to accommodate 

cases with certain additional cytogenetic abnormalities, provided they did not include 

monosomy 7 or del(7q), following evidence that these secondary changes do not significantly 

affect prognosis (314).Cases with ≥15% ring sideroblasts, <5% blasts, and no del(5q) were 

reclassified into subgroups based on dysplasia, distinguishing between unilineage and 

multilineage involvement. Importantly, the presence of SF3B1 mutations allowed diagnosis of 

ring sideroblast-associated MDS with as few as 5% sideroblasts. 

 

 

 



 

46 
 

Table 6. The 2017 WHO classification of MDS. 

Subtype 
# Dysplastic 

Lineages 
Cytopenias 

%RS in BM 
Erythroid 
Elements 

Blasts 
(BM/PB) 

MDS-SLD 1 1-2 <15% / <5%* 
BM <5%, PB 

<1% 

MDS-MLD) 2-3 1-3 <15% / <5%* 
BM <5%, PB 

<1% 
MDS-RS     

MDS-RS-SLD 1 1-2 ≥15% / ≥5%* 
BM <5%, PB 

<1% 

MDS-RS-MLD 2-3 1-3 ≥15% / ≥5%* 
BM <5%, PB 

<1% 

MDS with Isolated del(5q) 1-3 1-2 Indifferent 
BM <5%, PB 

<1% 
MDS-EB:     

-MDS-EB-1 0-3 1-3 Indifferent 
BM 5%-9%, or 

PB 2%-4% 

-MDS-EB-2 0-3 1-3 Indifferent 
BM 10%-19%, or 

PB 5%-19% 
MDS-U:     

-with 1% Blasts In PB 1-3 1-3 Indifferent 
BM <5%, PB = 

1%** 
-with Single-Lineage 
Dysplasia And Pancytopenia 

1 3 Indifferent 
BM <5%, PB 

<1% 
- Based on Cytogenetic 
Abnormality (no dysplasia) 

0 1-3 <15% 
BM <5%, PB 

<1% 
 
* If the SF3B1 mutation is present 
** In two control samples 
Abbreviations: MDS-SLD, Myelodysplastic syndrome with single-lineage dysplasia; MDS-MLD, 
Myelodysplastic syndrome with multilineage dysplasia; MDS-RS, Myelodysplastic syndrome with ring 
sideroblasts; MDS-RS-SLD, MDS-RS with single-lineage dysplasia; MDS-RS-MLD, MDS-RS with 
multilineage dysplasia; MDS-EB, Myelodysplastic syndrome with excess blasts; MDS-EB-1, MDS with 
excess blasts-1; MDS-EB-2, MDS with excess blasts-2; MDS-U, Myelodysplastic syndrome 
unclassifiable; del(5q), Deletion of the long arm of chromosome 5; PB, Peripheral blood; BM, Bone 
marrow; RS, Ring sideroblasts. 
 
 

A notable update for CMML was the reintroduction of the dysplastic (MD-CMML) and 
proliferative (MP-CMML) subtypes, reflecting their distinct clinical, prognostic, and molecular 
features (315). CMML was further stratified into three subcategories based on blast 
percentages: 
 

• CMML-0: <2% blasts in PB and <5% blasts in BM. 

• CMML-1: 2–<5% blasts in PB and/or 5–<10% blasts in BM. 

• CMML-2: 5–<20% blasts in PB and/or 10–<20% blasts in BM, or the presence of 

Auer rods regardless of blast count. 

 

This classification aimed to enhance prognostic stratification, with studies suggesting that MP-

CMML is associated with shorter OS compared to MD-CMML. However, the distinction 

between CMML-0 and CMML-1 demonstrated only marginal prognostic differences, indicating 

areas for further investigation (316) 



 

47 
 

Diagnostic clarity for CMML was also improved by requiring monocytes to constitute ≥10% of 

PB leukocytes, a threshold that consolidated the distinction between CMML and reactive 

monocytosis. The inclusion of PCM1-JAK2 rearrangements in the list of eosinophilia-

associated abnormalities and the acknowledgment of mutational analysis as a tool for clonality 

detection marked additional updates. Given the difficulty in excluding reactive monocytosis, 

common causes such as autoimmune disorders, infections, and malignancies were 

emphasized in the differential diagnosis. CMML's frequent coexistence with autoimmune 

conditions further complicates the distinction between clonal monocytosis and reactive 

processes (317-320). 

 

While clonal markers are detectable in 20–30% of CMML cases using cytogenetic methods, 

their detection is often challenging. Mutations in TET2, SRSF2, and ASXL1 are present in 

85–90% of patients (52, 53, 263, 266). However, while frequently observed, these mutations 

are not specific to the disease, as they are also associated with age-related clonal 

hematopoiesis (321-323), limiting their diagnostic specificity. Flow cytometry has become a 

valuable diagnostic tool for CMML by analyzing monocyte subset distributions in peripheral 

blood (PB) (324). Specifically, patients with CMML exhibit a significant increase in classical 

monocytes (CD14+/CD16−), accounting for more than 94% of total monocytes. This pattern 

effectively differentiates CMML from reactive monocytosis and other hematologic conditions 

with high sensitivity and specificity. Notably, this abnormal monocyte distribution is 

independent of mutational status, making it a reliable diagnostic marker. Additionally, in 

patients responding to hypomethylating agents (HMAs), this monocyte profile normalizes, 

suggesting its potential as a dynamic biomarker for monitoring treatment efficacy (324).  

 

 

8.2.5 The 2022 WHO Classification of Myeloid Neoplasms 
 
The 2022 WHO classification introduced significant updates to enhance diagnostic accuracy 

and refine prognostic stratification for MDS and CMML. These revisions integrate molecular 

and cytogenetic data, aligning the classification system with the latest insights into disease 

biology and clinical practice (2). 

 

For MDS, the WHO 2022 classification incorporates new molecular features to better stratify 

disease subtypes. Categories such as MDS-biTP53, characterized by biallelic TP53 

mutations, highlight distinct disease biology and poor prognosis, while MDS-SF3B1 denotes 

cases with SF3B1 mutations associated with favorable outcomes and ring sideroblasts. 

Additional subtypes include MDS-f, associated with marrow fibrosis, and MDS-h, which 
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identifies hypoplastic BM, acknowledging distinct pathophysiological features that influence 

management (Table 7). Cases of isolated del(5q) now include those with specific secondary 

cytogenetic abnormalities, provided they do not involve monosomy 7 or del(7q). Moreover, the 

presence of ring sideroblasts ≥15% or an SF3B1 mutation allows for the diagnosis of ring 

sideroblast-associated MDS even with sideroblast levels as low as 5%. These changes reflect 

the growing importance of integrating genetic and morphological data to enhance classification 

accuracy and guide personalized treatment strategies. 

Table 7. The WHO 2022 classification of MDS. 

Subtype Blasts Cytogenetics Mutations 

MDS With Defining 
Genetic 
Abnormalities 

   

MDS-5q 
<5% BM and 

<2% PB 

5q Deletion Alone, Or With 1 
Other Abnormality (Not 

Monosomy 7 Or 7q Deletion) 

 

MDS-SF3B1 
<5% BM and 

<2% PB 

Absence Of 5q Deletion, 
Monosomy 7, Or Complex 

Karyotype 
SF3B1 

MDS-biTP53 
<20% BM and 

PB 
Usually Complex 

Two Or More TP53 Mutations, 
Or 1 Mutation With Evidence 
Of TP53 Copy Number Loss 

Or cnLOH 

MDS, 
Morphologically 
Defined 

   

MDS-LB 
<5% BM and 

<2% PB 
  

MDS-H  ≤25% Bone Marrow 
Cellularity, Age-Adjusted 

 

MDS-IB    

MDS-IB1 
5–9% BM or 

2–4% PB 
  

MDS-IB2 
10-19% BM or 
5–19% PB or 
AUER RODS 

  

MDS-f 
5–19% BM; 
2–19% PB 

  

 
Notes: 
a. Detection of ≥15% ring sideroblasts may substitute for an SF3B1 mutation. Acceptable related 
terminology: MDS with low blasts and ring sideroblasts. 
b. Defined as ≤25% BM cellularity, age-adjusted. 
Abbreviations: MDS-5q, Myelodysplastic syndrome with low blasts and isolated 5q deletion; MDS-
SF3B1, Myelodysplastic syndrome with low blasts and SF3B1 mutation; MDS-biTP53, 
Myelodysplastic syndrome with biallelic TP53 inactivation; MDS-LB, Myelodysplastic syndrome with 
low blasts; MDS-H, Myelodysplastic syndrome, hypoplastic; MDS-IB1, Myelodysplastic syndrome with 
increased blasts 1; MDS-IB2, Myelodysplastic syndrome with increased blasts 2; MDS-f, 
Myelodysplastic syndrome with fibrosis. BM, Bone marrow; PB, Peripheral blood; cnLOH, Copy 
neutral loss of heterozygosity. 
 
 

To elucidate the key advancements introduced in the WHO 2022 classification compared to 

the 2017 framework, Zhang et al. analyzed clinical outcomes in a cohort of 854 MDS patients 
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based on both classification systems (325). Figure 9 provides a detailed visual representation 

of how patients were reclassified across subtypes, emphasizing the impact of incorporating 

molecularly defined criteria. Notably, the inclusion of subgroups such as MDS-SF3B1 and 

MDS-biTP53 underscores the enhanced precision in diagnostic and prognostic stratification. 

These molecularly informed updates reflect the growing understanding of disease 

pathobiology and support more accurate and individualized diagnoses.  

 

 
Figure 9. Overview of MDS subtypes according to WHO classifications from 2017 and 2022. 
The diagram illustrates the relationship between MDS subtypes as defined by WHO criteria in 2017 
and the revised classification in 2022. Key classifications include: MDS-U (MDS unclassifiable), SLD 
(single lineage dysplasia), MLD (multilineage dysplasia), RS-SLD (ring sideroblasts with SLD), RS-
MLD (ring sideroblasts with MLD), EB1/2 (excess blasts types 1 and 2), 5q- (isolated 5q deletion), 
biTP53 (biallelic TP53 inactivation), LB (low blasts), MDS-SF3B1 (MDS with low blasts and SF3B1 
mutation), MDS-h (hypoplastic MDS), IB1/2 (increased blasts types 1 and 2), and MDS-f (MDS with 
fibrosis). This figure is adapted from Zhang et al. (325). 
 
 

The WHO 2022 classification introduces refined criteria to more clearly differentiate CMML 

from other overlapping myeloid neoplasms, addressing previous ambiguities and enhancing 

diagnostic precision (Table 8). A major revision includes lowering the threshold for PB 

monocytosis from ≥1.0 × 109/L to ≥0.5 × 109/L, broadening the inclusion of cases that meet 

additional CMML-defining criteria. This adjustment acknowledges the biological and clinical 

significance of lower monocytosis levels when combined with other diagnostic features. 

Furthermore, the CMML-0 category has been eliminated, with its cases now incorporated into 

CMML-1. This consolidation simplifies classification and improves clinical utility, providing a 

streamlined framework for diagnosis and management. 

MDS-SLD 

MDS-MLD 

MDS-EB1 

MDS-EB2 

MDS-U 

MDS-5q 

MDS-h 

MDS-IB1 

MDS-IB2 

MDS-F 

MDS-LB 

MDS-5q 

MDS-SF3B1 

MDS-biTP53 

MDS-RS-SLD 
MDS-RS-MLD 
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The revised subcategories CMML-1 and CMML-2 emphasize the importance of molecular and 

cytogenetic abnormalities in prognosis and treatment planning. The updated classification 

maintains a distinction between myelodysplastic CMML (MD-CMML), characterized by a white 

blood cell count (WBC) of <13 × 109/L, and myeloproliferative CMML (MP-CMML), defined by 

WBC ≥13 × 109/L. Additionally, subgroups are further stratified by the percentage of blasts 

and promonocytes in PB and BM, facilitating more precise risk assessment. 

 

Table 8. The WHO 2022 diagnostic criteria for CMML.  

Category Criteria 

Prerequisite Criteria 1. Persistent absolute (≥0.5 × 109/L) and relative (≥10%) PB 
monocytosis.  
2. Blasts constitute <20% of cells in PB and BMa.  
3. Does not meet diagnostic criteria for chronic myeloid leukemia or 
other myeloproliferative neoplasmsb.  
4. Does not meet diagnostic criteria for myeloid/lymphoid neoplasms 
with tyrosine kinase fusionsc. 

Supporting Criteria 1. Dysplasia involving ≥1 myeloid lineaged. 
2. Presence of an acquired clonal cytogenetic or molecular 
abnormality.  
3. Abnormal partitioning of PB monocyte subsetse. 

Requirements for 
Diagnosis 

- All prerequisite criteria must be present in every case.  

- If monocytosis is ≥1 × 109/L: at least one supporting criterion must 

be met.  

- If monocytosis is ≥0.5 and <1 × 109/L: supporting criteria 1 and 2 
must both be met. 

Subtyping Criteria - MD-CMML: WBC <13 × 109/L  

- MP-CMML: WBC ≥13 × 109/L 

Subgrouping criteria 
(based on percentage of 
blasts and promonocytes) 

- CMML-1: <5% in PB and <10% in BM  
- CMML-2: 5–19% in PB and 10–19% in BM 

Notes: 
a. Blasts and blast equivalents include myeloblasts, monoblasts, and promonocytes. 
b. Myeloproliferative neoplasms (MPNs) can present with monocytosis at diagnosis or during disease 
progression, potentially mimicking CMML. A documented history of MPN excludes CMML. Features of 
MPN in the BM and/or a high burden of MPN-associated mutations (e.g., JAK2, CALR, or MPL) suggest 
MPN with monocytosis rather than CMML. 
c. Criteria for myeloid/lymphoid neoplasms with tyrosine kinase fusions should be specifically ruled out 
in cases with eosinophilia. 
d. Morphologic dysplasia should be present in ≥10% of cells in a hematopoietic lineage within the BM. 
e. Based on the detection of increased classical monocytes (>94%) in the absence of known active 
autoimmune diseases and/or systemic inflammatory syndromes. 
Abbreviations: PB, Peripheral blood; BM, Bone marrow; WBC, White blood cell count; MD, 
Myelodysplastic; MP, Myeloproliferative. 
 
 

The diagnostic criteria for CMML are now more comprehensive, requiring persistent absolute 

monocytosis (≥0.5 × 109/L and ≥10% of PB leukocytes) and blasts constituting <20% of cells 

in PB and BM. Supporting criteria include dysplasia in at least one myeloid lineage, the 

presence of acquired clonal cytogenetic or molecular abnormalities, and abnormal distribution 



 

51 
 

of monocyte subsets. Figure 10 visually demonstrates how cases previously categorized 

under CMML-0 and CMML-1 in the 2017 WHO classification are redistributed into CMML-1 

under the 2022 criteria, reflecting a more refined diagnostic schema. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Reclassification of previously diagnosed CMML and monocytosis cases based on the 
updated WHO 2022 classification. This figure illustrates the diagnostic transitions of 1,279 established 
CMML cases, re-evaluated from the WHO 2017 classification to the WHO 2022 criteria. "No CMML" 
indicates cases reclassified with an alternative diagnosis, as they no longer meet the updated CMML 
criteria. Abbreviations: AML, acute myeloid leukemia. Adapted from Baumgartner F et al. (303).  
 
 

Collectively, these updates underscore the growing role of molecular and cytogenetic findings 

in defining CMML subtypes, improving diagnostic accuracy, and guiding more targeted 

therapeutic strategies. By integrating these advancements, the WHO 2022 classification 

aligns with contemporary clinical and biological insights, enhancing its applicability in 

personalized patient management. The following sections will delve further into these 

prognostic milestones for MDS and CMML.  
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9 PROGNOSIS  

9.1 Prognostic Indices for Myelodysplastic Syndromes 

9.1.1 International Prognostic Scoring System (IPSS) 

 
Since its publication in 1997, the International Prognostic Scoring System (IPSS) has been 

widely adopted as the standard tool for risk stratification in MD (326). This model was 

developed based on clinical and biological data from 816 patients with de novo MDS classified 

under the French-American-British (FAB) criteria and managed with supportive care (Table 

9). IPSS incorporates three independent prognostic variables: BM blast percentage, 

karyotype, and the number of cytopenias.  

Table 9. IPSS variables and scoring criteria 

Prognostic Variable 0 0.5 1 1.5 2 

BM blasts (%) <5 5-10 - 11-20 21-30 
Karyotype* Good Intermediate Poor - - 
Number of cytopenias** 0-1 2-3 - - - 

 
* Karyotype categories: Good (normal, -Y, del(5q), del(20q) as sole abnormalities); Poor (complex 
karyotype with ≥3 abnormalities or chromosome 7 anomalies); Intermediate (other single or double 
abnormalities). 
**Cytopenias were defined using the following thresholds: hemoglobin <10 g/dL, neutrophils <1,800/μL, 
and platelets <100,000/μL. 
 
 

Based on these scores, patients are stratified into four risk categories with statistically 

significant differences in OS and risk of progression to AML: 

• Low risk (0 points): Median survival of 5.7 years 

• Intermediate-1 (0.5–1 point): Median survival of 3.5 years 

• Intermediate-2 (1.5–2 points): Median survival of 1.2 years 

• High risk (2.5–3.5 points): Median survival of 0.4 years 

 
The IPSS, while widely used for its simplicity, has several limitations. It excludes secondary 

MDS or proliferative CMML, and uses blast percentage thresholds that do not align with WHO 

criteria, potentially leading to misclassification of higher-risk cases. The system also fails to 

account for the severity of cytopenias, disproportionately emphasizes blast percentage over 

karyotype, and was developed using data in which a significant portion (~30%) of patients 

lacked cytogenetic information. Furthermore, because it was based on data from tertiary 

centers, it carries a selection bias and was not designed to address disease progression, 

limiting its utility in dynamic clinical settings. These shortcomings highlighted the need for more 

refined models, such as the IPSS-R. 
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9.1.2 Revised International Prognostic Scoring System (IPSS-R) 

 

Introduced in 2012, the Revised International Prognostic Scoring System (IPSS-R) addressed 

many of the limitations of the original IPSS by providing a more comprehensive assessment 

of disease characteristics (327). Developed using data from 7,012 de novo MDS patients, the 

IPSS-R expanded and refined key prognostic variables, including cytogenetics, BM blast 

percentages, and cytopenia severity (Table 10).  

 

The revision introduced a more detailed stratification of cytogenetic risk, categorizing it into 

five groups: very good, good, intermediate, poor, and very poor. Blast percentage thresholds 

were adjusted for greater precision, dividing the original <5% category into ≤2% and >2–<5%. 

The severity of cytopenias was also incorporated into the scoring system, with defined 

thresholds for hemoglobin levels, platelet counts, and neutrophil counts. These updates 

significantly enhanced the system’s prognostic accuracy, making it a more robust tool for 

clinical decision-making. 

 

Table 10. IPSS-R variables and scoring criteria  

Prognostic Variable 0 0.5 1 1.5 2 3 4 

Cytogenetic risk group* Very Good - Good - Intermediate Poor Very Poor 
BM blasts (%) ≤2 - >2-<5 - 5-10 >10 - 
Hemoglobin (g/dL) ≥10 - 8-<10 - <8 - - 

Platelets (x109/L) ≥100 - 50-<100 - <50 - - 

Neutrophils (x109/L) ≥0.8 <0.8 - - - - - 

 
* Cytogenetic Risk Groups: Very Good (-Y, del(11q) as single alterations); Good (normal, del(5q), 
del(12p), del(20q) as single or double anomalies with del(5q)); Intermediate (del(7q), +8, +19, i(17q) as 
single abnormalities); Poor (-7, inv(3)/(3q)/del(3q), double anomalies with -7/del(7q), or complex with 
three abnormalities); Very Poor (complex with more than three abnormalities). 
 
 

Based on these refined criteria, the IPSS-R stratifies patients into five distinct risk groups with 

corresponding median survival estimates: 

▪ Very Low (0-1.5 points): Median survival of 8.8 years 

▪ Low (>1.5-3 points): Median survival of 5.3 years 

▪ Intermediate (>3-4.5 points): Median survival of 3 years 

▪ High (>4.5-6 points): Median survival of 1.6 years 

▪ Very High (>6 points): Median survival of 0.8 years 
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9.1.3 WHO Classification-Based Prognostic Scoring System (WPSS) 

 
The WHO Classification-Based Prognostic Scoring System (WPSS) provides a dynamic tool 

for predicting outcomes in MDS by integrating three critical variables: IPSS cytogenetic risk 

categories, WHO 2001 diagnostic classifications, and transfusion requirements (328). Initially, 

transfusion dependency was defined by the requirement for at least one transfusion every 

eight weeks over a duration of four months (Table 11). Later revisions substituted this criterion 

with anemia severity to enhance prognostic precision. 

 

Table 11. WPSS variables and scoring criteria  

 
Prognostic Variable 0 1 2 3 

WHO classification RA, RARS, 5q- RCMD, RCMD-RS RAEB-1 RAEB-2 
Karyotype* Good Intermediate Poor - 
Transfusion requirement** No Yes - - 

 
Karyotype: 
-Good: Normal, -Y, del(5q), del(20q) as sole abnormalities. 
-Poor: Complex (≥3 abnormalities), chromosome 7 alterations. 
-Intermediate: Other single or double abnormalities. 
Transfusion Requirement: At least one transfusion every 8 weeks over a 4-month period. 

 
 

The WPSS allows for real-time risk assessment, distinguishing between five risk groups with 

differing prognostic outcomes, making it a valuable tool for treatment planning and monitoring 

disease progression. 

 

 
9.1.4 MD Anderson Global Prognostic Scoring System (MPSS) and Low-Risk 

Prognostic Scoring System (LR-PSS) 

 
The MD Anderson Global Prognostic Scoring System (MPSS) introduced in 2008, was 

developed from a cohort of 1,915 patients, extending prognostic evaluation to include 

secondary MDS, proliferative CMML, MDS/MPN neoplasms, and patients undergoing 

treatment (329). A key feature of MPSS is its inclusion of host-dependent factors, such as age 

and ECOG performance status, which acknowledges the influence of patient-specific 

variables on disease outcomes. However, this broader approach has its limitations, as it may 

overestimate or underestimate disease-specific risks, particularly in older patients or those 

with poor functional status, potentially affecting its accuracy in certain clinical scenarios. 
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9.1.5 GESMD Recommendations for Prognostic Stratification in MDS  

 
In 2020, the Spanish Group of Myelodysplastic Syndromes (GESMD) released guidelines that 

offer a simplified yet robust framework for risk stratification in MDS (330). These guidelines 

categorize patients into two main risk groups—high-risk and low-risk—based on a combination 

of clinical and prognostic factors, providing a practical tool for guiding treatment decisions 

 

• High-risk patients: IPSS intermediate-2 and high; WPSS high and very high; IPSS-R 

high and very high, or intermediate with at least one of the following features: 

o High or very high-risk cytogenetic abnormalities (IPSS-R) 

o Platelets <30 x 109/L 

o Neutrophils <0.5 x 109/L 

o BM fibrosis (grades 2–3, European consensus) 

o TP53 somatic mutation 

• Low-risk patients: 

o Patients who do not meet any of the previously mentioned criteria. 

 

 

9.1.6 Molecular International Prognostic Scoring System (IPSS-M) for Myelodysplastic 

Syndromes 

 

The clinical and biological complexity of MDS highlights the need for personalized prognostic 

tools that can improve risk assessment and inform treatment strategies. Traditional systems 

like the IPSS and IPSS-R have primarily relied on clinical variables and cytogenetic data for 

patient stratification. However, advancements in high-throughput sequencing have 

transformed our understanding of MDS, uncovering the critical role of somatic mutations in 

disease progression and prognosis. 

 

Over the past decade, genomic research has shed light on the stepwise acquisition of genetic 

alterations in MDS, linking recurrent mutations to disease initiation, clonal hematopoiesis, and 

progression to AML (221, 235, 255). These mutations often cluster in key biological pathways, 

including RNA splicing, epigenetic regulation, transcriptional control, and cohesin complex 

function, driving malignant transformation. While lower-risk MDS typically harbors two or three 

driver mutations, higher-risk MDS is associated with a greater mutational burden, reflecting its 

more aggressive clinical behavior (235). Specific mutations, such as those in TP53, NRAS, 

KRAS, RUNX1, STAG2, ASXL1, and IDH2, are more frequently enriched in higher-risk MDS, 

correlating with poor leukemia-free survival (LFS), OS, and increased likelihood of AML 
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transformation (221, 331, 332). Paired studies of MDS and secondary AML have revealed that 

certain mutations, including those in signaling pathways (FLT3, NRAS, KRAS, PTPN11), 

myeloid transcription factors (RUNX1, CEBPA), and cohesin components (STAG2, RAD21), 

often emerge or expand at disease progression (333-335). These insights highlight the 

dynamic nature of clonal evolution and its impact on prognosis. 

 

In response to these findings, the Molecular International Prognostic Scoring System (IPSS-

M) was developed to integrate clinical, cytogenetic, and mutational data into a comprehensive 

framework for risk assessment. This model incorporates mutations in key adverse effect 

genes, including TP53 multi-hit, FLT3, and MLL-PTD, as robust predictors of poor outcomes. 

Additional mutations in genes such as ASXL1, BCOR, EZH2, NRAS, RUNX1, STAG2, and 

U2AF1 have also been linked to adverse prognosis. By integrating molecular data, IPSS-M 

offers a more nuanced and precise stratification tool compared to its predecessors, enabling 

tailored treatment strategies (Table 12, Figure 11). 

 

Multi-hit TP53-mutated MDS/AML has recently been recognized as a distinct clinical entity, as 

reflected in the 5th edition of the WHO classification of myeloid neoplasms and the 

International Consensus Classification (ICC). These cases are associated with high-risk 

disease features, an increased likelihood of transformation to AML, and poor overall survival. 

 

The introduction of the IPSS-M has reclassified many patients into higher-risk categories, 

significantly improving prognostic accuracy. However, this enhanced precision has also 

brought new challenges in tailoring treatment strategies (336). By integrating genetic and 

clinical factors, the IPSS-M enables earlier identification of patients at risk for disease 

progression, creating opportunities for timely therapeutic interventions. Furthermore, 

understanding the sequential genetic alterations driving MDS provides an essential foundation 

for studying clonal dynamics and tumor burden, paving the way for improved disease 

management. 

 

 

 

 

 

 

 

 

 



 

57 
 

Table 12. Adjusted Hazard Ratios and model weights for leukemic transformation or death in 

MDS patients. 

Category Variable Adjusted Hazard Ratio (95% CI) Model Weight 

Clinical 

Bone marrow blasts (%) 1.07 (1.05–1.09) 0.0704 

min(Platelets, 250) (×10⁹/L) 0.998 (0.997–0.999) −0.00222 

Hemoglobin (g/dL) 0.84 (0.81–0.88) −0.171 

Cytogenetic IPSS-R cytogenetic category§ 1.33 (1.21–1.47) 0.287 

Gene Main Effects 

TP53multihit 3.27 (2.38–4.48) 1.18 

MLLPTD 2.22 (1.49–3.32) 0.798 

FLT3ITD+TKD 2.22 (1.11–4.45) 0.798 

SF3B15q 1.66 (1.03–2.66) 0.504 

NPM1 1.54 (0.78–3.02) 0.430 

RUNX1 1.53 (1.23–1.89) 0.423 

NRAS 1.52 (1.05–2.20) 0.417 

ETV6 1.48 (0.98–2.23) 0.391 

IDH2 1.46 (1.05–2.02) 0.379 

CBL 1.34 (0.99–1.82) 0.295 

EZH2 1.31 (0.98–1.75) 0.270 

U2AF1 1.28 (1.01–1.61) 0.247 

SRSF2 1.27 (1.03–1.56) 0.239 

DNMT3A 1.25 (1.02–1.53) 0.221 

ASXL1 1.24 (1.02–1.51) 0.213 

KRAS 1.22 (0.84–1.77) 0.202 

SF3B1α 0.92 (0.74–1.16) −0.0794 

Abbreviations: CI, confidence interval; IPSS-M, International Prognostic Scoring System–Molecular; 
IPSS-R, International Prognostic Scoring System–Revised; ITD, internal tandem duplication; min, 
minimum; PTD, partial tandem duplication; TKD, tyrosine kinase domain. 

 

 

 
Figure 11. Kaplan–Meier survival analysis for LFS and OS stratified by IPSS-M risk categories. 
The Kaplan–Meier curves illustrate the estimated probabilities of LFS (left panel) and OS (right panel) 
across the IPSS-M risk categories: very low (VL), low (L), moderate-low (ML), moderate-high (MH), high 
(H), and very high (VH). Dashed lines represent the median survival values. The number of patients at 
risk is displayed below each panel at specified time points. Statistical significance was determined by 
the investigators using the log-rank test (P < 0.0001 for both panels). Adapted from Bernard et al. (33). 
Abbreviations: OS, overall survival; LFS, leukemia-free survival. 
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9.2 Prognostic Indices for CMML 

9.2.1 MD Anderson Prognostic Scoring System (MDAPS) 

 
The MD Anderson Prognostic Scoring System (MDAPS), developed by Onida et al. in 2002, 

is based on data from 213 patients diagnosed with CMML (28). This scoring system integrates 

four prognostic variables that capture key hematological and biological features of the disease: 

• Hemoglobin <120 g/L 
• Absolute lymphocyte count >2.5 x 109/L 
• Presence of circulating myeloid precursors 
• BM blasts ≥10% 

 

The inclusion of absolute lymphocyte count and circulating myeloid precursors as prognostic 

markers was a significant advancement, later validated by subsequent independent studies 

(337, 338). A follow-up validation study including 250 CMML patients from MD Anderson 

Cancer Center further reinforced the reliability of the MDAPS (29). The MDAPS stratifies 

patients into four distinct risk categories with associated median survival rates: 

• Low risk: 24 months 

• Intermediate-1: 15 months 

• Intermediate-2: 8 months 

• High risk: 5 months 

 
While MDAPS offers a straightforward framework for risk stratification, its clinical application 

is limited. Its inability to effectively distinguish high- and low-risk groups for therapeutic 

decision-making and the relatively poor survival even in the low-risk category highlights this 

limitation, underscoring the need for more sophisticated models that can better inform risk-

adapted treatment strategies and improve patient outcomes. 

 

 

9.2.2 CMML-specific Prognostic Scoring System (CPSS) 

 
The CMML-specific Prognostic Scoring System (CPSS), published in 2013, is the most widely 

adopted prognostic tool specifically designed for CMML (31). Developed from a cohort of 558 

patients from the Spanish Myelodysplastic Syndromes Registry (RESMD) and externally 

validated in an independent cohort of 274 patients from the Düsseldorf Registry and the San 

Matteo Hospital in Pavia, the CPSS introduced a novel approach to CMML risk assessment 

(Table 13). 
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Notably, CPSS was the first scoring system to incorporate cytogenetics as a prognostic 

variable in CMML. The cytogenetic risk groups, internationally recognized as the Spanish 

Cytogenetic Risk Stratification System, were defined by Such et al. in 2011(289) 

Table 13. CMML-specific Prognostic Scoring System (CPSS). 

SCORE 0  1  2  

WHO Category CMML-1 CMML-2 
 

FAB Category CMML-MD CMML-MP 
 

Transfusion Dependency (Red Cell Concentrates) No Yes 
 

Cytogenetic Category Low Risk Intermediate Risk High Risk 
    
Cytogenetic Category (GESMD): Low (0 points): Normal, -Y; Intermediate (1 point): Other 
Abnormalities; High (2 Points): +8, Chromosome 7 Abnormalities, And Complex Karyotype. 
 
Risk Groups: Low: 0 points, Intermediate-1: 1 points, Intermediate-2: 2-3 points, High: 4-5 points 

Abbreviations: WHO: World Health Organization; CMML: Chronic Myelomonocytic Leukemia; FAB: 
French-American-British Cooperative Leukemia Group; MD: Myelodysplastic Variant; MP: 
Myeloproliferative Variant; GESMD: Spanish Group of Myelodysplastic Syndromes. Transfusion 
dependency for red cell concentrates can be replaced by hemoglobin level (<10 g/dL vs. ≥10 g/dL) (31, 
289). 

The prognostic grouping facilitates a clear distinction between low-risk (low and intermediate-

1) and high-risk (intermediate-2 and high) patients. This differentiation is critical for tailoring 

risk-adapted therapeutic strategies. Consistent with the GESMD recommendations for high-

risk MDS patients, which define high-risk as having an estimated median OS of less than 30 

months, the CPSS categories align well with these thresholds, providing a robust framework 

for clinical decision-making. 

 

An alternative CPSS model was proposed in the same study, replacing transfusion 

dependency with a hemoglobin threshold of <10 g/dL. While this alternative model 

demonstrated comparable predictive capacity based on concordance probability estimates, it 

failed to significantly distinguish four distinct risk groups for leukemic transformation in the 

validation cohort. 

 

 

9.2.3 Groupe Français des Myélodysplasies (GFM) Prognostic Score 

 
Developed by the French MDS Group, the GFM score was based on a study of 312 CMML 

patients and validated in an independent cohort of 165 patients from the Munich Leukemia 

Laboratory (265). Remarkably, the GFM score integrated molecular data, specifically 

mutations in the ASXL1 gene, marking it the first CMML prognostic model to incorporate 
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genomic insights into risk stratification. The GFM model incorporates five key variables, each 

of which significantly impacts patient outcomes: 

• Age >65 years 

• Leukocytes >15 x 109/L 

• Anemia (Hb <11 g/dL in men; <10 g/dL in women) 

• Platelets <100 x 109/L 

• Presence of ASXL1 mutation 

The GFM score stratifies patients into three risk categories: 

• Low risk: Median survival not reached 

• Intermediate: 38.5 months 

• High risk: 14.4 months 

This model has proven valuable in guiding risk-adapted treatment decisions. However, 

including age as a prognostic factor introduces a notable limitation, as it may overestimate the 

disease-specific risk in older patients. This overestimation could potentially lead to erroneous 

therapeutic decisions, disproportionately attributing poor outcomes to CMML in advanced-age 

individuals, as opposed to other age-related factors or comorbidities. 

 

 

9.2.4 Mayo Prognostic Model for WHO-defined CMML (Mayo Model) 

 

Published in 2013, the Mayo Model is based on 226 CMML patients from the Mayo Clinic and 

validated in a cohort from the Moffitt Cancer Center (337). This model specifically focused on 

clinical variables, as an analysis incorporating cytogenetic and molecular data (mutations in 

ASXL1, SRSF2, SF3B1, and U2AF1) found that only four clinical factors independently 

predicted prognosis in a multivariable setting. Notably, BM blast percentage, often included in 

prognostic models, did not emerge as an independent prognostic variable in this model. The 

four adverse prognostic factors included in the Mayo Model are: 

• Hemoglobin <100 g/L 

• Monocyte count >10 x 109/L 

• Platelet count <100 x 109/L 

• Presence of circulating myeloid precursors (myelocytes) 

This model stratifies patients into three risk categories: 
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• Low risk: 32 months 

• Intermediate: 18.5 months 

• High risk: 10 months 

 

The Mayo Model’s simplicity and reliance on clinical variables make it a practical tool for 

prognostication and risk stratification in CMML. However, the exclusion of cytogenetic and 

molecular markers, which are increasingly recognized as critical in understanding disease 

biology and progression, limits its applicability in modern clinical practice. 

 

 

9.2.5 Mayo Molecular Model (MMM) 

 

The Mayo Molecular Model (MMM) was introduced as an improvement to the original Mayo 

Prognostic Model, following a collaborative effort between the Mayo Clinic and the French 

MDS Group. This collaboration aimed to address discrepancies regarding the prognostic 

significance of ASXL1 mutations (339). Using data from 466 patients across both groups, the 

study confirmed that ASXL1 mutations, particularly nonsense and frameshift variants, are an 

independent adverse prognostic factor for OS, although they are not predictive of leukemic 

transformation.  

 

This integration resulted in a refined risk stratification framework, dividing patients into four 

distinct groups with significantly different survival outcomes: 

• Low risk: Median OS of 97 months 

• Intermediate-1 risk: Median OS of 59 months 

• Intermediate-2 risk: Median OS of 31 months 

• High risk: Median OS of 16 months 

 

This refined stratification confirms the critical role of ASXL1 mutations in determining patient 

outcomes and supports tailored therapeutic decisions. 

 
 
9.2.6 Molecular CMML-specific Prognostic Scoring System (CPSS-Mol) 

 

In 2016, Elena et al. introduced the CPSS-Mol, an updated version of the CPSS, incorporating 

molecular data to refine risk stratification (340). Developed using a cohort of 214 CMML 

patients and validated in an independent cohort of 260 patients, this model included four gene 
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mutations—ASXL1, RUNX1, SETBP1, and NRAS—which demonstrated independent 

adverse prognostic significance (Table 14). The addition of these mutations, combined with 

the Spanish Cytogenetic Risk Stratification System, facilitated the creation of a genetic score 

to enhance prognostic precision. 

 

The CPSS-Mol comprises the following variables: 

• BM blasts ≥5% 

• Leukocytes ≥13 × 10⁹/L 

• Transfusion dependency 

• Genetic score based on the mutational status of ASXL1, RUNX1, SETBP1, and 

NRAS 

 

Tabla 14. CPSS-Molecular (CPSS-mol) 
 

Score 
Cytogenetic 

Category 
ASXL1 NRAS RUNX1 SETBP1 

BM 
Blasts 

WBC 
Transfusion 

Dependency* 

0   
Low (normal, -

Y) 
Not 
Mut 

Not 
Mut 

Not 
Mutated 

Not Mut <5% 
<13 x 

109/L 
No 

1  

Intermediate 
(other 

anomalies) 
Mut Mut Mut  ≥5% 

≥13 x 

109/L 
Yes 

2  

High  
(+8, 

chromosome 7 
abnormalities, 

complex 
karyotype) 

   Mut    

 
*Transfusion dependency can be substituted by hemoglobin level (<10 g/dL vs. ≥10 g/dL) (340). 
 
 

The CPSS-Mol stratifies patients into four distinct prognostic groups with significant 

differences in OS and risk of leukemic transformation: 

 

• Low risk: Median survival not reached 

• Intermediate-1: Median survival of 64 months 

• Intermediate-2: Median survival of 37 months 

• High risk: Median survival of 18 months 

 

This model offers a comprehensive approach to risk stratification in CMML by integrating 

genetic and clinical factors, providing a better prognosis assessment. 
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9.3 Novel Stratification of MDS and CMML and its Clinical Implications 

9.3.1 HSPC architecture in MDS and CMML  

 

Advancing personalized treatment approaches for MDS and CMML requires ongoing 

improvements in patient stratification techniques. Prognostic tools such as the IPSS (326) and 

its revision (IPSS-R) (327), and the IPSS-M (33) have marked significant progress in risk 

assessment by incorporating clinical, cytogenetic, and molecular data. However, a critical 

limitation remains, since these systems do not account for the hierarchical organization of BM 

HSPCs, a factor increasingly recognized as pivotal in capturing the full complexity of the 

disease and predicting therapeutic responses. 

 

Ganan-Gomez et al. characterized two distinct subgroups of MDS and CMML patients, 

differentiated by both immunophenotypic and biological features, driven by the hierarchical 

organization of BM HSPCs (83). Using a cohort of 123 untreated MDS and CMML BM 

samples, the study employed unsupervised hierarchical clustering of immunophenotypically 

defined HSPC populations and principal component analysis to identify two distinct MDS 

subgroups with unique immunophenotypic profiles. 

 

The first subgroup, designated as the “CMP pattern” (comprising 52% of samples), displayed 

aberrant differentiation within the myeloid hematopoietic progenitor cell (MyHPC) 

compartment. This subgroup was marked by an overrepresentation of CMPs and a 

concomitant reduction in GMPs and MEPs. In contrast, the second subgroup, referred to as 

the “GMP pattern” (48% of samples), exhibited an enrichment of GMPs alongside a 

corresponding depletion of CMPs and MEPs.  

 

Moreover, the immunophenotypic composition of the upstream HSC populations in these two 

MDS subgroups revealed substantial differences. The “CMP pattern” MDS subgroup had an 

increased proportion of LT-HSCs and MPPs, while the “GMP pattern” MDS subgroup was 

characterized by an expanded population of LMPPs. The unique HSC architecture observed 

in the “GMP pattern” MDS subgroup was characterized by a notable expansion of LMPPs, 

coupled with a reduction in the frequencies of LT-HSCs and MPPs within the total BM MNCs 

(Figure 12). These two distinct MDS differentiation patterns were associated with unique 

mutational landscapes that likely contribute to the structural differences observed in HSPC 

hierarchies. Specifically, mutations in RUNX1, BCOR, STAG2, and DNMT3A were 

significantly enriched in “GMP pattern” MDS patients, whereas TP53 and U2AF1 mutations 

were predominantly associated with the “CMP pattern” phenotype (83). 
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Figure 12. Distinct and Recurrent Cellular Hierarchies drive the maintenance and disease 
progression of MDS and CMML. Research by Ganan-Gomez et al. illustrates that MDS patients can 
be classified into two biologically and immunophenotypically distinct subgroups, determined by the 
organization of HSPC hierarchies. In the “CMP pattern” subgroup, disease progression is driven by LT-
HSCs that depend on BCL2 upregulation for survival. In contrast, in the “GMP pattern” subgroup, 
lymphoid-primed multipotent progenitors (LMPPs) drive progression through upregulated NF-κB 
signaling pathways. Adapted from Ganan-Gomez et al., Nature Medicine, 2022 (83). Figure 
created using BioRender. 

 

 

These findings underscore the importance of considering HSPC hierarchies in refining 

biologically-based stratification systems for MDS and CMML, paving the way for more tailored 

therapeutic strategies and improved clinical outcomes for patients. 
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9.3.2 Immunophenotypically Defined HSPC Hierarchies are predictive of MDS and 

CMML progression 

 

MDS and CMML are highly heterogeneous in their biological and clinical manifestations, 

necessitating deeper insights into the mechanisms driving disease progression. A critical area 

of investigation is understanding how blast progression (BP) occurs in distinct HSPC 

hierarchies, which could inform novel therapeutic approaches to address resistance to current 

available therapies.  

 

Recent seminal studies have aimed to clarify the biological mechanisms driving BP in the two 

previously described MDS subgroups, the CMP and GMP patterns, with the goal of identifying 

novel therapeutic strategies to prevent or address HMA failure. HMA resistance is often 

independent of the molecular and genetic alterations within the founder clone (341) and BP is 

primarily driven by the expansion of HSC clones carrying preexisting or newly acquired 

mutations in genes involved in signal transduction, transcription, and epigenetic regulation 

(220, 331, 342). This suggests that specific oncogenic pathways, recurrently activated in 

distinct MDS subgroups, may play a key role in HSC expansion. To test this hypothesis, gene 

expression profiling was performed in LT-HSC and LMPP populations isolated from MDS 

patients with “CMP pattern” and “GMP pattern”, respectively, at disease progression (83). 

These patients had developed higher-risk MDS or AML following resistance to HMA therapy. 

RNA sequencing revealed that LT-HSCs from "CMP pattern" MDS patients with BP after HMA 

failure showed substantial upregulation of genes associated with cell proliferation and survival, 

such as the anti-apoptotic regulator BCL2, in comparison to untreated LT-HSCs. In striking 

contrast, LMPPs from "GMP pattern" MDS patients with BP exhibited significant upregulation 

of genes involved in the TNFα-induced NF-κB signaling pathway, relative to LMPPs from 

newly diagnosed "GMP pattern" MDS patients. 

 

These observations suggest therapeutic vulnerabilities specific to each subgroup. The “CMP 

pattern” appears to benefit from targeting BCL2, while the “GMP pattern” may respond more 

effectively to NF-κB pathway inhibition. Pharmacological inhibition of these pathways was 

found to selectively deplete the corresponding MDS stem cell subtypes in vitro and reduce 

tumor burden in patient-derived xenograft models. Moreover, patients with primitive 

hierarchies demonstrated significantly shorter time to achieve response and more sustained 

responses to venetoclax-based therapies compared to those with granulomonocytic 

hierarchies (83). These results provided the rationale for refining patient stratification in 

venetoclax-based clinical trials, particularly for patients in the “CMP pattern. Additional studies 

have focused on understanding the mechanisms of venetoclax response and resistance by 



 

66 
 

analyzing sequential BM samples from MDS patients enrolled in clinical trials. Resistance to 

venetoclax is frequently associated with upregulation of myeloid cell leukemia 1 (MCL1), a 

mechanism well-documented in AML, and induced downstream of NF-κB signaling (343, 344). 

Preliminary work suggests that MCL1 inhibition, either alone or in combination with venetoclax, 

could be effective for progressive MDS in patients failing HMA therapy. Preclinical studies in 

CLL and AML have shown that combining BCL2 and MCL1 inhibitors can have synergistic 

effects, effectively suppressing leukemic blasts and stem cells (345-347). However, it remains 

unclear whether these findings are applicable to MDS and CMML.  

 

Further evidence of hierarchy-dependent venetoclax sensitivity was provided by ex vivo drug 

screening studies, which revealed a negative correlation between AML differentiation levels 

and venetoclax sensitivity (348). Primitive hierarchies enriched with quiescent leukemic stem 

cells (LSCs) displayed higher sensitivity, irrespective of prior therapy failure, suggesting that 

venetoclax sensitivity is more closely associated with disease progression rather than 

treatment history (349). Similar observations were made in clinical trials of venetoclax-

azacitidine; where newly diagnosed AML patients with primitive phenotypes responded better 

than those with monocytic phenotypes (350, 351), which showed shorter remission durations 

(351). Primary resistance to venetoclax in monocytic leukemias has been associated with 

lower BCL2 expression and a greater dependency on MCL1 for survival, reflecting shifts in 

mitochondrial apoptotic priming (344, 345, 352). In MDS with granulomonocytic hierarchies, 

relapse after HMA therapy has been linked to MCL1 upregulation in LMPPs, further 

underscoring their reliance on NF-κB signaling and MCL1 for survival. Similar mechanisms 

have been observed in CMML with a monocytic bias, suggesting that hierarchy-dependent 

oncogenic dependencies are a common feature across various stem cell malignancies (83).  

 

Collectively, these studies demonstrated that MDS and AML hierarchies are biomarkers of 

sensitivity to venetoclax but preserve certain phenotypic plasticity that may be leveraged as a 

drug resistance mechanism. Therefore, large genomic studies in MDS and AML should take 

hematopoietic hierarchies into account in order to identify additional associations with genetic 

drivers that may be valuable to predict drug response to venetoclax.  
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10. Treatment of Myelodysplastic Syndromes and Chronic Myelomonocytic Leukemia 

 

To date, treatment options for MDS and CMML remain largely palliative, as stem cell 

transplantation remains as the only curative therapy, and no new curative treatments have 

emerged in over a decade (353, 354). The clinical heterogeneity of these diseases further 

complicates treatment decisions, requiring comprehensive prognostic tools to guide therapy 

based on disease risk. 

 

For lower-risk MDS, characterized by less aggressive disease biology, treatment primarily 

aims to alleviate cytopenias such as anemia, thrombocytopenia, or neutropenia to improve 

quality of life. Supportive care remains the cornerstone of therapy and includes red blood cell 

transfusions, erythropoiesis-stimulating agents (ESAs), thrombopoietin receptor agonists, and 

iron chelation to manage transfusion-related iron overload (37). Recent advances have 

expanded treatment options for lower-risk MDS. Luspatercept, an erythroid maturation agent, 

was approved by the FDA for patients with lower-risk MDS and ring sideroblasts, offering a 

targeted approach to improve hemoglobin levels and reduce transfusion dependency (355, 

356). Similarly, imetelstat, a first-in-class telomerase inhibitor, has demonstrated efficacy in 

reducing transfusion burden in lower-risk MDS patients with refractory anemia, including those 

unresponsive to ESAs, marking another significant advancement in therapeutic options (357, 

358). These developments reflect a growing focus on addressing the underlying mechanisms 

of lower-risk MDS while prioritizing symptom management and minimizing treatment-related 

toxicities rather than altering the disease course directly. 

 

In contrast, higher-risk MDS is marked by a more aggressive clinical trajectory, with a higher 

likelihood of progression to sAML and significantly diminished survival (327). In these cases, 

the goal of treatment shifts to modifying the disease course, extending survival, and delaying 

leukemic transformation. Hypomethylating agents (HMAs) remain the standard of care and 

provide clinical benefit for some patients, but more than half of treated individuals eventually 

develop resistance to HMAs. This resistance often leads to disease progression to sAML, with 

a median survival of only 4–6 months (359, 360). Allogeneic hematopoietic stem cell 

transplantation (HSCT) remains the sole potentially curative treatment for both MDS and 

CMML, but it is limited to a small subset of patients due to high transplant-related morbidity 

and mortality, coupled with the advanced age at diagnosis commonly seen in these diseases 

(361, 362). 

 

The guidelines developed by the Spanish Group for Myelodysplastic Syndromes (GESMD) 

underscore the complexities of MDS and CMML and provide a detailed framework for 



 

68 
 

navigating these challenges (Figures 13-15)., emphasizing personalized treatment 

approaches tailored to individual patient profiles (330).  

 

 

 

 

 

 

 
 
Figure 13. Proposed treatment algorithm for lower-risk MDS patients. BMA, bone marrow 
aspiration; ESA, erythropoiesis-stimulating agents; IST, immunosuppressive therapy; del(5q), deletion 
5q; HCT, hematopoietic cell transplantation. Figure created using BioRender. 
 

 
Figure 14. Proposed treatment algorithm for higher-risk MDS patients. High-risk cytogenetic 
abnormalities: -7 and inv(3)/t(3q)/del(3q) isolated, two abnormalities including -7/del(7q) and complex 
abnormalities (≥ 3 abnormalities); low-risk: all others. Figure created using BioRender. 
 
 

For CMML, therapeutic options remain limited, with high rates of morbidity, transformation to 

AML, and poor OS (28, 52). Approximately 50% of CMML patients derive clinical benefit from 

HMA therapy, but responses are often transient, and HMAs fail to effectively deplete the HSCs 
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driving disease progression, leaving the tumor burden largely unaddressed. Consequently, 

outcomes after AML transformation are dismal, with a median survival of just five months (363, 

364). These limitations highlight the urgent need for therapies targeting the mechanisms 

underlying disease persistence and progression. In CMML, guidelines advocate for risk-based 

therapy, including the use of targeted agents in patients with specific genetic mutations, 

alongside HSCT for eligible high-risk individuals. 

 

 

Figure 15. Proposed treatment algorithm for CMML. CMML, Chronic Myelomonocytic Leukemia; 
CPSS, CMML Prognostic Scoring System; HCT, Hematopoietic Cell Transplant; ESA, Erythropoiesis-
Stimulating Agents. Whenever possible, the patient should be included in a clinical trial. 
- Consider high risk if: (1) unfavorable prognostic factors are present, such as CPSS-mol: 

intermediate-2/high, increased BM blast count (>15% or >50%), severe cytopenias (platelets <30 

× 109/L, ≥2 red blood cell transfusions/month over 6 months, neutrophils <0.5 × 109/L) or (2) non-
transplant strategies have failed. 

- Young patient, good general condition, with no comorbidities. 

- Severe leukocytosis (leukocytes >35 × 109/L), symptomatic splenomegaly, or other extra-
hematologic involvement (e.g., skin infiltration).  

- Not indicated: azacitidine in CMML with low/intermediate-1 CPSS and/or proliferative CMML. 
- Consider targeted therapies if mutations in IDH1/2, NPM1, or FLT3-ITD/TKD are present. 
- It is advisable not to administer concomitantly with azacitidine. 
Figure created using BioRender. 
 
 

Despite incremental improvements in supportive care and the use of HMAs, treatment for MDS 

and CMML remains largely palliative. In both diseases, HMA therapy typically yields only 

transient clinical benefits, failing to eradicate the clonal HSCs that drive progression to 

secondary AML and resulting in dismal outcomes after transformation. Although allogeneic 

HSCT is the sole potentially curative strategy, it is limited to a small subset of patients due to 
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advanced age and high transplant-related morbidity. These shortcomings underscore the 

urgent need for novel, mechanism-based therapies, which will be addressed in the following 

section. 

 

 

10.1 Emerging treatments for MDS and CMML: biological rationales and clinical 

translation 

 

Advances in understanding the molecular and inflammatory mechanisms driving MDS and 

CMML have paved the way for innovative therapeutic strategies. Both diseases are 

characterized by abnormal signaling pathways that fuel clonal expansion, immune evasion, 

and progression to sAML. Key contributors to disease pathology include dysregulated 

inflammatory networks, and somatic mutations affecting apoptosis, DNA methylation, and 

chromatin structure. 

 

Emerging treatments are designed to target these underlying mechanisms. Anti-apoptotic 

protein inhibitors, such as venetoclax, focus on overcoming resistance to cell death and have 

shown significant promise. Inflammatory pathways, mediated by mutations in genes like RAS, 

are being targeted with agents such as IRAK4 and TLR inhibitors. Meanwhile, therapies 

targeting inflammatory pathways, driven by mutations in genes like RAS, include agents such 

as IRAK4 and TLR inhibitors. These treatments specifically address the inflammatory 

microenvironment, which plays a critical role in sustaining disease progression and 

suppressing immune function (365-367). 

 

Additional novel approaches include epigenetic modulators, signal transduction inhibitors, and 

immunotherapies, which exploit different vulnerabilities deeply examined in prior sections of 

this thesis. These targeted therapies offer the potential to improve outcomes by addressing 

both the intrinsic genetic factors and the extrinsic microenvironmental influences that drive the 

progression of MDS and CMML. 

 
 
10.1.1 Therapies targeting anti-apoptotic proteins 

 

Apoptosis, or programmed cell death, is essential for maintaining cellular balance by 

removing damaged or dysfunctional cells. This process, controlled by intrinsic and extrinsic 

signaling pathways, is tightly regulated by the BCL2 protein family. The intrinsic apoptosis 

pathway is triggered by mitochondrial outer membrane permeabilization (MOMP), which 
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allows the release of cytochrome c into the cytoplasm, activating the apoptosome and 

downstream caspase signaling (368). The BCL2 protein family is central to regulating this 

process, with pro-survival proteins (e.g., BCL2, BCL-XL, and MCL1) counteracting pro-

apoptotic proteins (e.g., BAX, BAK1, and BH3-only proteins such as BIM, BID, and PUMA) 

to maintain a delicate balance that preserves mitochondrial integrity (369-371). 

 

Resistance to cell death is a defining feature of cancer progression (99, 372). 

Overexpression of pro-survival BCL2 family proteins enables cancer cells to evade 

apoptosis by sequestering pro-apoptotic proteins, thereby preventing MOMP and inhibiting 

caspase activation. This mechanism has spurred the development of BH3 mimetics—

small molecules that mimic BH3-only proteins to antagonize pro-survival BCL2 family 

members. These agents displace pro-apoptotic proteins, inducing apoptosis in cancer 

cells with high BCL2 dependency (373). 

 

Venetoclax (ABT-199) is a selective BCL2 inhibitor that disrupts BCL2-mediated survival 

pathways, promoting BAX and BAK oligomerization to trigger apoptosis (374-376) (Figure 

16). Since its FDA approval in 2020, venetoclax has markedly improved therapeutic 

outcomes for AML patients. In older individuals with AML who were not eligible for more 

aggressive treatment regimens, such as intensive induction chemotherapy, the 

combination of venetoclax and low-dose cytarabine resulted in high response rates and 

extended periods of remission (377). Additionally, in previously untreated AML patients 

who were unable to undergo intensive chemotherapy, those treated with a combination of 

azacitidine and venetoclax experienced longer overall survival (OS) and higher remission 

rates compared to those receiving azacitidine alone (378).  

 

The therapeutic potential of venetoclax has also extended to MDS and CMML. A phase Ib trial 

(NCT02966782) in relapsed/refractory (R/R) MDS patients showed a 39% objective response 

rate (ORR) when venetoclax was combined with azacitidine (379). Further support came from 

a phase I/II trial (NCT04160052), where venetoclax combined with azacitidine benefited 

patients with R/R MDS and CMML (380). Phase II data in high-risk, treatment-naïve MDS 

patients demonstrated an impressive 80% ORR and a median survival of 26 months. 

However, resistance to the venetoclax-azacitidine combination remains a challenge, affecting 

approximately 20% of MDS patients (381, 382). The results of the eagerly anticipated phase 

III Verona trial (NCT04401748) are expected to provide critical insights into resistance 

mechanisms and determine whether venetoclax can be incorporated as a newly approved 

treatment option for high-risk MDS patients, potentially refining therapeutic strategies for this 

population. 
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Figure 16. Mechanisms of action of BCL2 and MCL1 inhibition. The anti-apoptotic proteins BCL2 
and MCL1 prevent apoptosis by binding to and sequestering the apoptotic effectors BAX/BAK, thereby 
inhibiting their oligomerization and the initiation of apoptosis. Venetoclax (BCL2) and AMG 176 (MCL1) 
specifically bind to the BH3 domains of BCL2 and MCL1, respectively. This process disrupts the 
mitochondrial outer membrane, causing the release of cytochrome c and activating the caspase 
cascade, ultimately driving cell apoptosis. Adapted from Rodriguez-Sevilla et at. (262). 

 

 

Preclinical research has provided a deeper understanding of the biological basis for 

venetoclax resistance and response in MDS and CMML. Molecular profiling of over 400 MDS 

samples revealed two distinct HSC architectures—long-term HSCs and lymphoid-primed 

multipotent progenitors (LMPPs)—leading to differentiation along either a CMP or GMP 

pattern (83). Venetoclax selectively targeted and depleted CMP-pattern HSCs, primarily due 

to their reliance on BCL2-mediated survival pathways. This depletion was associated with 

shorter times to achieve complete remission and longer relapse-free survival in clinical studies. 

In contrast, GMP-pattern HSCs, which are driven by NF-κB-mediated survival pathways, 

demonstrated resistance to venetoclax, underscoring the need for alternative therapeutic 

strategies to address this resistance. 

 

Targeting anti-apoptotic proteins beyond BCL2 offers additional avenues to overcome 

resistance. GMP-pattern HSCs exhibit upregulation of MCL1, a key effector of NF-κB signaling 

and a known driver of venetoclax resistance (345). Preclinical studies indicate that combined 
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inhibition of BCL2 and MCL1 is effective across MDS subtypes, even in the presence of RAS 

mutations conferring resistance to venetoclax (383). This rationale has led to a phase I clinical 

trial of AMG-176, an MCL1 inhibitor, in combination with azacitidine for R/R MDS after HMA 

failure (NCT05209152). The study’s initial phase will establish dosing parameters before 

extending to venetoclax-naïve and venetoclax-exposed patients, aiming to refine strategies 

for durable responses in resistant disease 

 
 
10.1.2 NEDDylation inhibitors 

 
The regulated synthesis, degradation, and clearance of intracellular proteins are essential for 

maintaining cellular homeostasis. NEDDylation is a multi-step enzymatic process initiated by 

the NEDD8-activating enzyme (NAE), which conjugates the ubiquitin-like protein NEDD8 

(neuronal precursor cell-expressed developmentally downregulated-8) to a conserved lysine 

residue, thereby promoting protein degradation (384). The best-characterized target of 

NEDDylation is the cullin-RING E3 ubiquitin ligase (CRL) (385). NEDDylation activates CRLs, 

enhancing their ability to ubiquitinate substrates that regulate key cellular processes, including 

cell cycle progression (e.g., p21, p27, cyclin E, c-Myc), DNA damage repair, tumor 

suppression (e.g., TP53), and stress responses. Elevated levels of NEDD8 and NAE have 

been observed in cancers such as AML and MDS, where they contribute to tumor growth and 

enable cells to evade programmed cell death (386, 387)  

 

Pevonedistat (MLN4924), a pioneering NEDDylation inhibitor, targets the adenylation active 

site of NAE, disrupting CRL activity and triggering several cellular responses, including cell 

cycle arrest, apoptosis, senescence, and autophagy. Preclinical studies have shown that 

pevonedistat reduces AML cell colony formation and induces apoptosis in vitro (388) 

Additionally, in AML xenograft models, pevonedistat combined with azacitidine demonstrated 

synergistic apoptotic effects (389). Clinical evaluations of pevonedistat have yielded promising 

results. In a phase Ib trial (NCT01814826), pevonedistat combined with azacitidine was well-

tolerated in older AML patients ineligible for intensive induction chemotherapy. This 

combination not only improved response timing and frequency compared to azacitidine alone 

but also suggested enhanced therapeutic efficacy (390). Subsequently, a phase II trial 

(NCT03238248) was initiated to assess the combination therapy in patients with MDS 

refractory to HMA therapy. Preliminary findings from 21 patients with relapsed/refractory (R/R) 

MDS reported an ORR of 43% (391).  

 

Current clinical trials are investigating the potential of pevonedistat in combination with other 

agents, including belinostat, fludarabine, and cytarabine, for the treatment of 
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relapsed/refractory (R/R) MDS (NCT03772925, NCT03813147, and NCT03459859). These 

studies aim to expand therapeutic options for MDS patients by leveraging NEDDylation 

inhibition to disrupt tumor cell survival and improve treatment outcomes. 

 

 

10.1.3 Signal transduction inhibitors 

 

Aberrations in signal transduction pathways are a hallmark of cancer, arising from the 

activation of oncogenes or the inactivation of tumor suppressor genes (392). These disruptions 

lead to dysregulated cell cycle progression, uncontrolled proliferation, enhanced survival, and 

abnormal differentiation of tumor cells. Targeting these pathways offers a promising 

therapeutic strategy for cancers, including MDS and CMML. 

 

Receptor tyrosine kinases (RTKs) are membrane-bound proteins with intracellular catalytic 

domains that transmit extracellular signals through intracellular signaling cascades (393). 

Upon ligand binding, RTKs dimerize, activating their tyrosine kinase domains (TKDs), which 

then phosphorylate specific residues to initiate downstream signaling pathways (394).  

 

Among these pathways, the RTK-RAS signaling axis is one of the most frequently disrupted 

in cancer (395, 396). Once activated, RAS proteins stimulate downstream cascades, including 

the mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/protein 

kinase B (AKT) pathways. These cascades regulate critical processes in tumorigenesis, such 

as cell survival, metabolism, motility, growth, cell cycle progression, and oncogenic 

transcription (397). RAS function is inherently dependent on its capacity to bind and hydrolyze 

GTP. The guanine nucleotide exchange factor (GEF) and GTPase-activating protein (GAP) 

systems tightly regulate the conversion between the inactive GDP-bound state and the active 

GTP-bound state of RAS (398). Gain-of-function mutations in RAS isoforms (HRAS, KRAS, 

or NRAS) are common in many cancers and drive oncogenic transformation by locking RAS 

in its active, GTP-bound state. This sustains proliferative and survival signaling, providing 

mutant cells with a growth advantage and making RAS a critical therapeutic target (399). Such 

alterations provide mutant cells with a significant growth advantage over their normal 

counterparts and represent a critical target for therapeutic intervention.  

 

While rare in newly diagnosed MDS, RAS-activating mutations are detected in approximately 

20% of cases that progress to sAML (334). As a result, therapeutic strategies targeting RAS 

signaling—either by inhibiting RAS's enzymatic activity or its mediators—are being explored 

for MDS patients at higher risk of disease progression. One such therapy is rigosertib, a 
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synthetic benzyl styryl sulfone that selectively disrupts the interaction between RAS and the 

RAS-binding domain of RAF, a critical effector protein. (400). By blocking downstream MAPK 

and PI3K/AKT signaling, rigosertib induces cell cycle arrest and apoptosis (401). However, 

phase III trials (NCT01241500) failed to demonstrate improved survival in MDS patients with 

excess blasts refractory to HMA therapy (402). Despite these disappointing results, other 

targeted inhibitors, such as the newly approved KRAS inhibitor MRTX1133 (403), hold 

promise for patients with KRAS-mutant cancer patients.  

 

FMS-like tyrosine kinase 3 (FLT3) is another receptor tyrosine kinase critical for regulating 

hematopoietic cell survival, proliferation, and differentiation (404). Under normal conditions, 

FLT3 exists as an inactive monomer but becomes activated upon binding its ligand, FLT3 

ligand (FLT3L), triggering receptor dimerization, phosphorylation, and downstream signaling 

via the PI3K and RAS pathways (405). FLT3 mutations represent common genetic alterations 

in AML and cause constitutive receptor phosphorylation, leading to the aberrant activation of 

signaling pathways (406). These mutations include internal tandem duplications (FLT3-ITDs) 

within the juxtamembrane domain and point mutations in the TKD (FLT3-TKDs) (405), with 

FLT3-ITDs being associated with poor prognosis (407). While FLT3 mutations are infrequent 

at MDS onset, they are detected in up to 10% of cases progressing to sAML, correlating with 

accelerated disease transformation and poor outcomes (408).  

 

FLT3 inhibitors are classified into two categories: first-generation multi-kinase inhibitors, such 

as sorafenib, lestaurtinib, and midostaurin, and next-generation selective inhibitors, including 

quizartinib, crenolanib, and gilteritinib (409). Current clinical trials (e.g., NCT03661307, 

NCT04493138, NCT01892371) have yet to provide conclusive evidence regarding the benefit 

of FLT3 inhibition in this context. Given the significant overlap between MDS progression to 

sAML and FLT3-mediated pathogenesis, additional studies are urgently needed to clarify the 

therapeutic potential of FLT3 inhibitors. These investigations should focus on identifying the 

MDS subpopulations most likely to benefit from FLT3 inhibition and optimizing treatment 

regimens to address this unmet need. A deeper understanding of the molecular and clinical 

characteristics of these patients will be critical to advancing targeted therapies for high-risk 

MDS and CMML. 

 

 

10.1.4 Isocitrate dehydrogenase inhibitors  

 

Isocitrate dehydrogenase (IDH) is an essential enzyme in the tricarboxylic acid cycle, 

responsible for catalyzing the reversible conversion of isocitrate into α-ketoglutarate (α-KG). 
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Heterozygous gain-of-function mutations in IDH1 and IDH2 occur in up to 20% of de novo 

AML patients (410) and 4–12% of newly diagnosed MDS cases (411) carry IDH1/2 

heterozygous gain-of-function mutations affecting the amino acids R132, R172, and R140 

(411, 412). These mutations disrupt the normal enzymatic activity of IDH1/2, leading to the 

production of the oncometabolite 2-hydroxyglutarate (2-HG) in place of α-KG (413, 414). 

Elevated 2-HG levels inhibit α-KG–dependent dioxygenases, including TET2 and histone 

demethylases, resulting in aberrant DNA and histone hypermethylation, which impairs 

hematopoietic differentiation and promotes malignant transformation (415, 416).  

 

IDH1/2 mutations are predominantly found in MDS patients with prior treatment failure, 

highlighting their role in disease progression (417). The oral agents enasidenib and ivosidenib 

specifically target IDH2- and IDH1-mutant cells, respectively, suppressing 2-HG production 

and promoting differentiation of tumoral cells without causing BM aplasia 

 

Enasidenib (AG-221), a selective IDH2 inhibitor, reduces 2-HG production, promotes cellular 

differentiation, and avoids BM aplasia. Approved by the FDA in August 2017, enasidenib 

demonstrated an ORR of 40% in a phase I/II trial involving 239 relapsed/refractory (R/R) IDH2-

mutated AML patients, including 30 cases progressing from MDS (418). Notably, objective 

better responses were reported in patients with IDH2R172 mutations than in those with IDH2R140 

mutations (53.3% vs. 35.4%). More recently, a phase II study (NCT03383575) showed that 

enasidenib, either alone or combined with azacitidine, is effective in treatment-naïve high-risk 

MDS patients or those with HMA-refractory disease (419). Similarly, ivosidenib (AG-120), a 

selective IDH1 inhibitor, received FDA approval in July 2018. In a phase I trial (NCT02074839) 

involving 179 R/R IDH1-mutated AML patients, ivosidenib demonstrated durable remissions 

with minimal adverse effects, achieving molecular remissions and transfusion independence 

in some patients (420). 

 

Newer IDH inhibitors are under clinical investigation, including olutasidenib (FT-2102), a 

potent and selective oral IDH1 inhibitor. Olutasidenib is being evaluated in a phase I/II trial 

(NCT02719574) either as a monotherapy or in combination with azacitidine or cytarabine for 

R/R MDS and AML patients (421). 

 

Despite these advances, IDH inhibitors are not curative, likely due to the subclonal nature of 

IDH1/2 mutations and their cooperation with other driver mutations, such as SRSF2, in 

promoting leukemogenesis (422). To improve long-term outcomes, future studies must focus 

on developing combination strategies that target cooperative pathways alongside IDH 

inhibition.  
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10.1.5 Inflammation pathway inhibitors 

 

The disruption of innate immune and inflammatory signaling pathways is a defining 

characteristic of both MDS and CMML (423, 424). To evade immune surveillance, malignant 

cells deploy various mechanisms, such as reducing their antigenic and/or immunogenic 

properties and inducing an immunosuppressive microenvironment within the tumor (425). A 

key contributor to ineffective hematopoiesis in MDS is the aberrant activation of Toll-like 

receptor (TLR) signaling, which has gained attention as a potential therapeutic target (426-

428). 

TLRs are pattern-recognition receptors that initiate innate immune responses by detecting 

extracellular pathogens through pathogen-associated molecular patterns or intracellular 

damage via damage-associated molecular patterns (429). In humans, 10 TLRs are expressed 

across a variety of immune cells—such as neutrophils, macrophages, dendritic cells, natural 

killer cells, and B and T lymphocytes—as well as in non-immune cells like fibroblasts, 

endothelial cells, and epithelial cells. In HSPCs, TLR activation leads to dimerization of the 

Toll/interleukin-1 receptor domain, recruiting adaptor proteins such as MyD88 (430), which in 

turn activates downstream pathways mediated by IRAK family kinases. This results in the 

production of inflammatory cytokines through interferon regulatory mechanisms (431). 

 

In cancer, TLRs are often overexpressed, with their role in tumor progression varying 

depending on the cellular context. In MDS, overexpression of TLR2, TLR4, TLR6, and MyD88 

in HSPCs contributes to disease pathology. For instance, TLR2 activation induces JMJD3-

mediated histone demethylation, which enhances NF-κB signaling and disrupts erythropoiesis 

(432). This understanding has led to clinical trials targeting TLR pathways. A phase I/II trial 

(NCT02363491) investigating tomaralimab (OPN-305), a monoclonal antibody against TLR2, 

in heavily pretreated transfusion-dependent MDS patients with low- to intermediate-risk 

disease post-HMA failure, reported an ORR of 50%, indicating that TLR2 inhibition can restore 

erythropoiesis in specific subsets of patients (433). 

 

Another key mediator of inflammatory signaling is interleukin-1 receptor-associated kinase 4 

(IRAK4), which is central to TLR and interleukin-1 receptor-induced activation of the NF-κB 

pathway, triggering survival in many cancer types (434). Preclinical studies in MDS and AML 

have revealed that mutations in U2AF1 and SF3B1 lead to dysregulated splicing of IRAK4, 

generating a longer isoform (IRAK4-L) that retains exon 4 (435, 436). This isoform amplifies 

NF-κB pathway activation compared to the shorter isoform. Genetic inhibition of IRAK4-L 

expression promotes AML cell differentiation and reduces tumor burden in vivo. These findings 

highlight the potential of targeting IRAK4 to modulate the innate immune system in 
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hematologic malignancies (437). Furthermore, IRAK signaling has been linked to adaptive 

resistance in FLT3-mutant AML, underscoring its broader relevance in hematologic 

malignancies.  

 

These findings paved the way for the development of emavusertib (CA-4948), an oral inhibitor 

targeting both IRAK4 and FLT3. A phase I/II trial (NCT04278768) demonstrated that 

emavusertib, either alone or combined with azacitidine or venetoclax, showed efficacy in 

patients with SF3B1, U2AF1, or FLT3 mutations. Among seven MDS patients with 

spliceosome mutations, 57% achieved marrow complete remission, and one patient attained 

red blood cell transfusion independence (438). 

Other inflammatory pathways, including IL-6, TGF-β, and TNF-α, have also emerged as 

promising therapeutic targets in MDS and CMML. Despite its role in MDS pathogenesis, 

targeting IL-6 has shown limited success. For instance, a phase II trial of siltuximab, an anti-

IL-6 monoclonal antibody, failed to reduce transfusion burden and was terminated early (439). 

In contrast, Targeting the TGF-β pathway has shown greater potential in addressing 

hematopoietic dysfunction. This pathway inhibits hematopoiesis by activating SMAD signaling 

in HSPCs, and low levels of SMAD7, a natural inhibitor of this process, further worsen the 

differentiation block. Agents such as galunisertib, a TGF-β receptor kinase inhibitor, have 

demonstrated the ability to restore hematopoietic differentiation (440), while luspatercept, 

which was recently approved by the FDA, targets activins within the TGF-β superfamily to 

promote late-stage erythropoiesis (355). Sotatercept, another activin-targeting agent, has 

similarly shown potential in restoring hematopoiesis (441). TNF-α, a cytokine involved in bone 

marrow dysfunction, has also been explored as a therapeutic target. Inhibitors like infliximab 

and etanercept have shown mixed results. While infliximab yielded a modest ORR of 13.6% 

in lower-risk MDS patients (NCT00074074), etanercept achieved a higher ORR of 73% in a 

phase II trial (NCT00118287). However, long-term follow-up revealed no significant impact on 

the natural course of the disease (442). However, long-term follow-up revealed no significant 

impact on the natural course of the disease. 

 

These emerging therapies highlight the growing understanding of how inflammatory pathways 

contribute to MDS and CMML pathogenesis. Future research will be crucial to refine these 

strategies, optimize their use in combination with existing treatments, and identify the patient 

populations most likely to benefit. 
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10.1.6 Immune Checkpoint Inhibitors and T Cell-Based Therapeutic Strategies 

 

Advancements in immunotherapy have opened new avenues for treating MDS and CMML by 

addressing immune dysregulation that contributes to disease progression and therapeutic 

resistance. Among these, immune checkpoint inhibitors (ICIs) and T cell-based strategies, 

such as CAR T cells and bispecific T cell engagers (BiTEs), aim to restore the immune system 

to effectively target malignant cells. 

 

Over the last decade, the development of immune checkpoint inhibitors targeting CTLA-4 and 

PD-1 has revolutionized cancer treatment by enhancing T cell-mediated antitumor responses 

(443). However, their efficacy in the MDS/CMML setting remains limited. For instance, 

pembrolizumab, a PD-1 inhibitor, showed minimal efficacy as a standalone treatment in 

intermediate-1/2 and high-risk MDS patients who failed HMA therapy (KEYNOTE-013; 

NCT01953692) (444). Even in combination with azacitidine, pembrolizumab yielded only a 

modest ORR of 25% (NCT03094637). Similarly, a basket trial evaluating nivolumab and 

ipilimumab, targeting PD-1 and CTLA-4, reported limited efficacy in HMA-refractory MDS 

patients (NCT02530463), suggesting that checkpoint may only benefit specific patient subsets 

(445). TIM-3, another immune checkpoint, has gained attention due to its expression on both 

T cells and MDS stem cells, contributing to immune evasion (446). Despite initial promise, 

TIM-3 inhibitors like sabatolimab have not shown significant improvement over HMA 

monotherapy in phase III trials (164, 447) 

 

CAR T cell therapy has transformed the treatment of lymphoid malignancies (448-450), but its 

application in myeloid diseases like MDS and CMML has faced significant challenges. 

Candidate antigens such as CD123 and CD33 are expressed on both leukemic cells and 

normal HSCs, increasing the risk of severe off-target toxicities, including prolonged 

myeloablation (451). Despite these risks, preclinical studies using CAR T cells targeting CD123 

or CD33 in xenograft models of MDS and CMML have shown robust efficacy in eliminating 

leukemic clones, providing a strong rationale for further research (452, 453).  

 

One promising approach is CYAD-01, a CAR T cell product based on the NKG2D receptor, 

which recognizes stress-induced ligands frequently expressed on malignant cells. A phase I 

trial demonstrated that CYAD-01 had a tolerable safety profile and preliminary anti-leukemic 

activity in relapsed or refractory AML and multiple myeloma, with one MDS patient achieving 

marrow complete remission (454). NKG2D, an activating immunoreceptor, binds to a range of 

MHC class I-like self-molecules overexpressed in hematological malignancies while being 

minimally expressed on normal cells,(455), making it an attractive target for CAR T cell therapy 
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in myeloid cancers (456, 457). However, challenges such as the scalability and feasibility of 

autologous CAR T cell therapies persist, especially for heavily pretreated MDS patients. 

Allogeneic CAR T cell therapies, manufactured from healthy donor cells, offer a potential 

solution by reducing production costs and treatment delays. Nevertheless, issues like graft-

versus-host disease and immune rejection must be addressed before these therapies can be 

widely implemented (458, 459). 

A novel class of immunotherapeutic agents, bispecific T cell engagers (BiTEs), is designed to 

enhance T cell-mediated cytotoxicity by simultaneously binding CD3 on T cells and tumor-

specific antigens, thereby promoting targeted immune responses (460). Key targets for BiTEs 

in myeloid malignancies include CD123 and CD33, both of which are frequently expressed in 

relapsed/refractory (R/R) MDS and AML. Early-phase trials have demonstrated that BiTEs 

targeting these antigens can effectively engage T cells and trigger antitumor responses (461). 

Vibecotamab (NCT05285813) and APVO436 (NCT03647800) are examples of CD3-CD123 

BiTEs that have shown preliminary efficacy in R/R MDS and CMML. While these results are 

encouraging, further studies are needed to identify the most responsive patient subgroups and 

determine the optimal timing for these interventions (462).  

 

Immune checkpoint inhibitors and T cell-based therapies represent a rapidly growing field 

of innovation in the treatment of MDS and CMML. Advances in understanding the 

mechanisms of immune evasion have paved the way for these targeted approaches, 

offering the potential to overcome the limitations of conventional treatments and improve 

patient outcomes. However, challenges remain, including the need for precise antigen 

targeting, optimizing therapeutic combinations, and determining the best timing for 

interventions to ensure a balance between efficacy and safety 
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Figure 17. Emerging therapies for MDS and CMML patients following HMA failure. This 
illustration highlights investigational agents currently being evaluated in clinical trials for patients 

with MDS or CMML after HMA failure. Abbreviations: 2-HG, 2-hydroxyglutarate; α-KG, Alpha-

ketoglutarate; BCL2, B-cell lymphoma 2; CTLA-4, Cytotoxic T-lymphocyte-associated protein 4; 
IDH, Isocitrate dehydrogenase; IRAK4, Interleukin-1 receptor-associated kinase 4; IRFs, 
Interferon regulatory factors; MCL1, Myeloid cell leukemia 1; MyD88, Myeloid differentiation 
primary response 88; NEDD8, Neuronal precursor cell-expressed developmentally down-
regulated protein-8; NF-κB, Nuclear factor kappa B; PAMP, Pathogen-associated molecular 
patterns; PD-1, Programmed cell death protein 1; PD-L1/2, Programmed death-ligand 1/2; TCA, 
Tricarboxylic acid cycle; TLR, Toll-like receptor; TRIF, TIR-domain-containing adapter-inducing 
interferon-β. Adapted from Rodriguez-Sevilla et at. (262). 
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11. Published Reviews Contributing To The Doctoral Framework 
 

In accordance with the UB 2024 guidelines, this section presents two peer-reviewed 

literature reviews authored during the development of this doctoral thesis: "Inflammation in 

myelodysplastic syndrome pathogenesis" and "T-cell dysfunctions in myelodysplastic 

syndromes". While these publications are not listed as primary articles of the thesis, they 

provide comprehensive theoretical foundations and contextual analysis that complement the 

research presented herein. Both reviews offer a thorough overview of the current state of 

immune dysregulation in myelodysplastic syndromes. 
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a b s t r a c t 

Inflammation is a key driver of the progression of preleukemic myeloid conditions, such as clonal 

hematopoiesis of indeterminate potential (CHIP) and clonal cytopenia of undetermined significance 

(CCUS), to myelodysplastic syndromes (MDS). Inflammation is a critical mediator in the complex inter- 

play of the genetic, epigenetic, and microenvironmental factors contributing to clonal evolution. Under 

inflammatory conditions, somatic mutations in TET2 , DNMT3A , and ASXL1 , the most frequently mutated 

genes in CHIP and CCUS, induce a competitive advantage to hematopoietic stem and progenitor cells, 

which leads to their clonal expansion in the bone marrow. Chronic inflammation also drives metabolic 

reprogramming and immune system deregulation, further promoting the expansion of malignant clones. 

This review underscores the urgent need to fully elucidate the role of inflammation in MDS initiation and 

highlights the potential of the therapeutical targeting of inflammatory pathways as an early intervention 

in MDS. 

© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and 

similar technologies. 

Introduction 

Inflammation is an evolutionarily well-conserved and complex 

mechanism essential for responding to infection and injury and 

maintaining tissue homeostasis. Chronic inflammation, commonly 

observed with aging, occurs when acute inflammatory mechanisms 

fail to eliminate tissue injury, resulting in persistent, low-grade 

proinflammatory states [ 1 ]. Thus, although it is initially protective, 

inflammation can become maladaptive and detrimental, contribut- 

ing to the pathogenesis of various diseases, including myeloid neo- 

plasms. 

Hematopoietic stem cells (HSCs) are a functionally heteroge- 

neous cell population that plays a crucial role in the systemic in- 

flammatory response [ 2 , 3 ]. HSCs integrate external inflammatory 

signals into cellular responses, establishing a demand-adapted axis 

between peripheral stresses and hematopoietic responses [ 4 ]. As 

individuals age, hematopoietic stem and progenitor cells (HSPCs) 

in the bone marrow (BM) lose their self-renewal capabilities, gain 

enhanced myeloid differentiation, and develop impaired immune 

surveillance, thereby increasing disease susceptibility [ 5 ]. This pro- 

gressive loss of fitness is influenced by a phenomenon known as 

"inflammaging," which is characterized by chronic, low-grade in- 

∗ Corresponding authors at: Department of Leukemia, The University of Texas MD 

Anderson Cancer Center, Houston, TX 77030. 

E-mail addresses: jrsevilla@mdanderson.org (J.J. Rodriguez-Sevilla), 

scolla@mdanderson.org (S. Colla). 

flammation; elevated levels of proinflammatory cytokines, such as 

interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF- α) and 

proinflammatory cellular activity [ 6 ]. Chronic proinflammatory sig- 

naling from infections or repetitive sterile inflammation negatively 

impacts HSPCs’ self-renewal, leading to their loss of quiescence and 

increased differentiation [ 7-10 ]. The impairment of HSCs’ functions 

is primarily due to these cells’ increased proliferation rather than 

a systemic inhibitory effect on hematopoiesis [ 11 ]. A persistent in- 

flammatory state contributes to the aging-related changes in the 

HSC compartment and the progressive accumulation of DNA dam- 

age and somatic mutations. Although most of these mutations do 

not have a phenotypic effect, some may endow mutant cells with a 

proliferative advantage, facilitating their clonal expansion over nor- 

mal HSPCs. In the absence of overt hematologic disease, this phe- 

nomenon is termed clonal hematopoiesis of indeterminate poten- 

tial (CHIP). 

Increasing evidence supports the role of inflammatory sig- 

naling in the pathogenesis of hematological diseases, includ- 

ing myelodysplastic syndromes (MDS) [ 12 , 13 ]. Inflammatory 

molecules, such as interferon-gamma (IFN- γ ), IL-1 β , and TNF- 

α, can drive premalignant clonal expansion, particularly in 

the setting of CHIP induced by HSPC clones carrying muta- 

tions in the tet methylcytosine dioxygenase 2 gene, TET2 , or 

the DNA methyltransferase 3 alpha gene, DNMT3A. Indeed, un- 

like their normal counterparts, these clones are intrinsically re- 

sistant to inflammation-mediated depletion [ 14-17 ]. Therefore, 

inflammation-induced HSCs’ extrinsic alterations induce a selective 

https://doi.org/10.1053/j.seminhematol.2024.09.005 
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Fig. 1. Clonal evolution across the spectrum of myeloid neoplasms. Schematics of the clonal progression from the pre-leukemic stages of CHIP and CCUS to overt disease, 

divided into lower-risk and higher-risk MDS. Colored circles represent the clonal architecture of different mutant clones. Key mutations associated with each stage are 

indicated within dashed circles. The most frequent mutations in CHIP and CCUS are DNMT3A , TET2 , and ASXL1 . Lower-risk MDS, characterized by an indolent disease course 

and favorable prognosis, are characterized mainly by mutations in the SF3B1 splicing gene. Higher-risk MDS is a more aggressive disease carrying additional mutations in 

TP53 , RUNX1 , STAG2, and RAS pathway genes. 

pressure under which mutations in epigenetic modifiers, such as 

DNMT3A and TET2 , confer a proliferative advantage, which leads to 

these cells’ clonal expansion. 

The nucleotide-binding oligomerization, leucine-rich repeat, 

and pyrin domains–containing protein 3 (NLRP3) inflammasome, 

a key biological driver of MDS, triggers pyroptosis, a type 

of inflammation-mediated cell death [ 18 ], causing ineffective 

hematopoiesis, particularly in the setting of mutations in TET2 and 

the ASXL transcriptional regulator 1 gene, ASXL1 [ 19 ]. NLRP3 ac- 

tivation and inflammasome formation are driven by cell-extrinsic 

signals (e.g., Toll-like receptor [TLR] activation) and cell-intrinsic 

signals (e.g., somatic mutations). The NLRP3 inflammasome also 

catalyzes the release of the proinflammatory cytokines IL-1 β and 

IL-18, which, along with IL-6, TNF- α, and IL-8, support the growth 

of aberrant MDS stem cells in preclinical models [ 15 , 20 , 21 ]. 

Myeloid continuum in mds pathogenesis 

Hematologic malignancies arise from the expansion of mutated 

HSC clones with aberrant proliferation or differentiation. Depend- 

ing on their genetic alterations, these clones induce different het- 

erogeneous phenotypes. 

CHIP is a risk factor for hematologic malignancies and for vari- 

ous chronic comorbidities, such as cardiovascular, autoimmune, or 

autoinflammatory diseases [ 22-24 ]. CHIP may evolve into clonal 

cytopenia of undetermined significance (CCUS), in which clonally 

expanded cells are associated with persistent and unexplained cy- 

topenia ( Fig. 1 ). Compared with MDS, CCUS has a lower mutation 

burden, less genetic complexity, and no evidence of dysplasia [ 25- 

28 ]. However, like MDS patients, CCUS patients have peripheral 

blood cytopenias and often require transfusions [ 29 ]. CCUS is con- 

sidered a premalignant phase of MDS. 

MDS are a group of clonal hematopoietic disorders character- 

ized by ineffective hematopoiesis and a propensity to progress to 

acute myeloid leukemia (AML). A progressive transition between 

CHIP, CCUS, and MDS is thought likely [ 27 ], with CCUS represent- 

ing an intermediate stage among the clonal hematopoietic disor- 

ders ( Fig. 1 ). DNMT3A , TET2 , and ASXL1 mutations occur in 70-80% 

of patients with CHIP or CCUS [ 30 ]. In patients with MDS, these 

genes are associated with an increased tumoral burden and a dis- 

tinct co-mutational landscape [ 27 ]. 

The transition from CHIP to CCUS and ultimately to MDS in- 

volves a complex interplay of genetic, epigenetic, and microen- 

vironmental factors, among which inflammation acts as a critical 

mediator. This review delves into inflammation’s multifaceted role 

in MDS pathogenesis and emphasizes its impact on HSC function, 

clonal fitness, immune response, and cellular metabolism during 

different stages of the disease. 

Inflammation and clonal fitness 

Inflammation can disrupt the equilibrium among HSC self- 

renewal, proliferation, and differentiation, a relationship that is 

pivotal in maintaining blood cell homeostasis. Quiescent HSCs re- 

spond to stress, such as that arising from severe infections or 

systemic inflammation, by increasing their proliferation rate and 

adapting hematopoiesis output [ 31 , 32 ]. Chronic inflammation may 

predispose HSCs to the acquisition of somatic mutations by in- 
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ducing selective pressure, and it can enhance the clonal selection 

and expansion of aberrant populations by dictating hematopoietic 

cell fate and differentiation through aberrant proinflammatory sig- 

naling [ 33 ]. For example, TNF- α signaling promotes HSC survival 

and induces myeloid differentiation by activating the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF- κB) pathway 

[ 34 ]. Similarly, acute stimulation with IL-1 enhances HSCs’ prolifer- 

ation and promotes their myeloid differentiation, whereas chronic 

stimulation with IL-1 leads to these cells’ regenerative exhaustion 

[ 8 ]. 

In an inflammatory environment, DNMT3A , TET2, and ASXL1 mu- 

tations confer a significant competitive advantage to HSCs, pos- 

sibly because they confer resistance to the deleterious effects 

of inflammation, such as apoptosis and exhaustion [ 35-37 ]. TET2 

plays a pivotal role in the maintenance of HSCs by controlling 

5-hydroxymethylcytosine levels at genes that regulate these cells’ 

self-renewal, proliferation, and differentiation [ 38 ]. The depletion 

of TET2 confers to HSCs a survival advantage and a proliferative 

phenotype in response to inflammatory challenges [ 35 , 39 , 40 ]. In 

studies of competitive clonal hematopoiesis in chimeric mouse 

models, tet2- depleted HSPCs exposed to lipopolysaccharide had 

higher repopulation rates and elevated serum levels of IL-6, TNF- 

α, and chemokine ligand 2 (CCL2), indicating an ongoing proin- 

flammatory phenotype [ 35 ] ( Fig. 2 A). Moreover, IL-1 administra- 

tion significantly expanded tet2- depleted HSPCs by enhancing their 

self-renewal and inhibiting the demethylation of transcription fac- 

tor binding sites regulating terminal differentiation [ 41 ]. The ge- 

netic deletion of Il-1r1 or pharmacologic inhibition of Il-1 β signal- 

ing reduced myeloid expansion and clonal evolution [ 42 ] and bal- 

anced the proinflammatory state [ 43 ]. In a colitis model, disrupting 

the intestinal barrier drove the clonal expansion of tet2 -depleted 

HSPCs in an IL-6– and bacterial pathogen–dependent manner [ 39 ], 

whereas antibiotic and anti–TNF- α therapies mitigated these cells’ 

expansion ( Fig. 2 B). These results show that pathogen-associated 

inflammatory signaling has a role in triggering the growth of clonal 

populations [ 44 ]. 

Chronic Mycobacterium avium infection conferred a competi- 

tive advantage to dnmt3a -depleted HSPCs transplanted into mice 

[ 15 ]. The depletion of the IFN- γ receptor gene Ifngr rescued this 

advantage ( Fig. 2 C). Without chronic infection, IFN- γ promoted the 

competitive advantage of dnmt3a -depleted HSPCs, suggesting that 

IFN- γ signaling is sufficient to improve these cells’ fitness. These 

results are supported by the observation that DNMT3A clonal bur- 

den is correlated with IFN- γ serum levels in patients with ulcera- 

tive colitis [ 45 ] ( Fig. 2 B). 

In a zebrafish model of clonal HSPC expansion, frameshift mu- 

tations in asxl1 led to an increased transcriptional inflammatory 

gene signature in mature myeloid cells but an anti-inflammatory 

gene signature in myeloid progenitor cells ( Fig. 2 D). In this setting, 

the CRISPR-adapted deletion of the anti-inflammatory nuclear re- 

ceptor subfamily 4A1 gene, nr4a1, inhibited HSCs’ clonal expansion, 

which suggests that the clonal fitness of the asxl1 -mutant clones 

was driven by their enhanced resistance to the inflammatory sig- 

nals activated by their mutant mature progeny [ 46 ]. 

CCUS HSPCs exhibit an enhanced myeloid-biased differentia- 

tion trajectory characterized by an increased frequency of com- 

mitted myeloid progenitors and early myeloid or lymphoid pro- 

genitors [ 47 ]. However, compared with elderly healthy donors, 

CCUS patients have significantly fewer BM CD34+ CD38- HSCs and 

CD34+ CD38+ HSPCs, which demonstrates that myeloid priming is 

the result of aberrant differentiation towards the myeloid lineage 

rather than a numerical expansion of downstream myeloid progen- 

itor cells. Further transcriptomic analysis showed that HSCs from 

CCUS patients had significantly upregulated expression genes in- 

volved in the TNF α-mediated NF-k B pathway, including the down- 

stream target IL-1 β , compared with those from elderly healthy 

donors. Given that chronic IL-1 β exposure drives HSC differenti- 

ation towards myelopoiesis at the expense of erythropoiesis and 

lymphopoiesis, these results may explain why CCUS HSCs are 

myeloid-primed [ 47 ]. These data demonstrate that CCUS HSCs with 

MDS driver mutations evade aging-induced phenotypic degenera- 

tion and exhibit aberrant myeloid skewing, possibly because of en- 

hanced inflammatory signaling–induced expansion. 

Integrative molecular profiling of more than 400 MDS patient 

samples revealed that MDS HSCs in one of 2 differentiation states, 

long-term HSCs or lymphoid-primed multipotent progenitors, give 

rise to distinct patterns of progenitor differentiation (a “common 

myeloid progenitor pattern” or a “granulocytic-monocytic progen- 

itor pattern,” respectively) [ 48 ]. Extensive preclinical and clinical 

analyses suggest that MDS is maintained by one of 2 conserved, 

hierarchically distinct cellular architectures in which cell type–

specific survival pathways drive therapy resistance and disease 

progression. RNA sequencing analysis demonstrated that long-term 

HSCs from patients with “common myeloid progenitor pattern”

MDS progressing to a blast phase after hypomethylating agent 

therapy failure exhibited significant upregulation of proliferation- 

and survival-promoting genes, including the BCL2 apoptosis regu- 

lator gene, BCL2 . In contrast, lymphoid-primed multipotent progen- 

itors from patients with “granulocytic-monocytic progenitor pat- 

tern” MDS showed the significant upregulation of genes involved 

in the TNF- α–induced NF- κB signaling pathway, which was associ- 

ated with an increase in phospho–NF- κB/p65+ blasts and showed 

a decreased expression of genes involved in the regulation of cell 

proliferation and mitochondrial respiration. This proinflammatory 

signature suggests that lymphoid-primed multipotent progenitors 

lose their differentiation capability and acquire a protective, stem 

cell-like quiescent state during disease progression. 

In summary, these data suggest that inflammation selects the 

expansion of HSPCs with CHIP-associated driver mutations by cre- 

ating a supportive niche for leukemic stem cells. Each mutation 

engages different cytokine-specific pathways and alters gene ex- 

pression to sustain the inflammatory response. Although the cell- 

autonomous proliferation of mutant HSPCs contributes to these 

cells’ expansion, the proinflammatory environment is a major de- 

terminant of these cells’ clonal dominance, which suggests that 

mutant HSPCs not only gain a proliferative advantage in an inflam- 

matory microenvironment but also perpetuate a self-reinforcing in- 

flammatory cytokine milieu. 

Inflammation and the immune system 

Inflammation and immunity are intrinsically linked. Inflamma- 

tory signals drive immune cell activation and response, and the 

balance between proinflammatory and anti-inflammatory signals is 

crucial for maintaining immune homeostasis [ 49 ]. Immune dysreg- 

ulation, a hallmark of MDS, significantly affects hematopoiesis and 

alters both innate and adaptive immunity through the secretion of 

pro and anti-inflammatory cytokines [ 13 ]. T cell–mediated immune 

imbalance is driven by cell-intrinsic and -extrinsic factors that lead 

to immune exhaustion, the loss of immune surveillance, and the 

expansion of mutant clones. 

Adaptive immune function declines under unresolved and 

chronic inflammation. Under inflammatory stimuli, T cells develop 

a restricted T-cell receptor repertoire and decreased memory cell 

potential [ 50 ], and B cells display reduced antibody diversity [ 51 ]. 

These inflammation-induced responses result in immune deregula- 

tion, which increases the levels of circulating proinflammatory cy- 

tokines, thus promoting the persistent infiltration of macrophages 

and neutrophils and hampering tissue homeostasis [ 52 ]. Thus, 

chronic inflammation leads to immune dysregulation, which affects 

immune surveillance and predisposes individuals to cancer, includ- 

ing MDS. 
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Fig. 2. Current working models of hematopoietic clonal fitness driven by TET2 , DNMT3A , and ASXL1 mutations under chronic inflammation. (A) Tet2 -mutant HSPCs undergo 

enhanced myeloid differentiation and clonal expansion through proinflammatory signals (e.g., IL-6, IL-1 β , and TNF- α), which promote the hyperactivation of the NF- κB and 

Shp2/Stat3 pathways and induce a selective advantage of TET2 mutant clones. In tet2 knockout mouse models, exposure to LPS induces a proinflammatory phenotype charac- 

terized by the secretion of IL-6, TNF- α, and CCL2, which reinforces clonal fitness. (B) Colitis murine models show that intestinal barrier disruption induces clonal expansion 

of tet2 —and dnmt3a -depleted HSPCs, which is mediated by IL-6 and IFN- γ , respectively. (C) Dnmt3a -depleted HSPCs are influenced by the inflammatory microenvironment 

through IFN- γ secretion, as demonstrated by studies using Mycobacterium avium exposure. In LepOb/Ob mice, heterozygous dnmt3a deletion leads to bone marrow adipocyte 

accumulation and increased secretion of IL-6, IL-1 β , and TNF- α, sustaining the inflammatory milieu and promoting malignant expansion. (D) Asxl1 -mutant HSPCs exhibit 

increased resistance to inflammatory signals via nr4a1, a critical factor in promoting clonal expansion. Biallelic loss of nr4a1 disrupts the ability of asxl1 -mutant clones to 

establish clonal dominance. Hyperactive AKT/mTOR signaling induced by ASXL1 mutations results in aberrant proliferation and HSC dysfunction associated with DNA damage 

accumulation. 

Akt = protein kinase B; BATF2 = basic leucine zipper ATF-like transcription factor 2; Bcl-2 = B-cell lymphoma 2; BST2 = bone marrow stromal antigen 2; CCL2 = C-C motif 

chemokine ligand 2; DAMPs = damage-associated molecular patterns; FOS = FBJ murine osteosarcoma viral oncogene homolog; G-CSF = granulocyte colony-stimulating factor; 

HMGB1 = high mobility group box 1; HSPCs = hematopoietic stem and progenitor cells; IFN- γ = interferon gamma; IFNGR = interferon gamma receptor; IL-1R1 = interleukin 

1 receptor type 1; IL6R = interleukin 6 receptor; IRF1 = interferon regulatory factor 1; JUN = AP-1 transcription factor subunit; LPS = lipopolysaccharide; Me3 = trimethylation; 

M. Avium = Mycobacterium avium; Morrbid = myeloid RNA regulator of bim-induced death; mTOR = mammalian target of rapamycin; NF-kB = nuclear factor kappa B; 

nr4a1 = nuclear receptor subfamily 4 group A member 1; PI3K = phosphoinositide 3-kinase; S100A8/9 = calprotectin; STAT1 = signal transducer and activator of transcrip- 

tion 1; TLR4 = toll-like receptor 4; TNF- α = tumor necrosis factor alpha; TNFR = tumor necrosis factor receptor; TWISTR = tissue editing with inducible stem cell tagging via 

recombination. 

In CHIP, somatic mutations in DNMT3A , TET2 , and ASXL1 can in- 

trinsically lead to altered immune signaling ( Fig. 3 ). The effects of 

CHIP-related loss-of-function mutations involving epigenetic reg- 

ulators have been studied extensively to improve the efficacy of 

chimeric antigen receptor (CAR) T-cell therapies for hematologic 

cancers after the unexpected finding that CAR T cells originated 

from a single clone in which lentiviral vector-mediated insertion 

of the CAR transgene disrupting the TET2 gene induced complete 

remission in a patient with chronic lymphocytic leukemia. Indeed, 

TET2 -deficient CAR T cells exhibit an abnormal epigenetic land- 
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Fig. 3. Inflammation-induced immune imbalance contributes to immune evasion and malignant clone evolution. Top, CHIP-mutated genes TET2 and DNMT3A significantly im- 

pact innate and adaptive immune responses. TET2 -deficient CAR-T cells exhibit increased production of proinflammatory cytokines TNF- α, IL-2, and IL-6, along with enhanced 

cytotoxic profiles. DNMT3A depletion results in increased CAR-T cell proliferation. Tet2 mutations in macrophages lead to elevated levels of IL-1 β , IL-6, IL-8, and IL-18, while 

Tet2 -mutant neutrophils show impaired phagocytic capacity. B cells with Tet2 mutations undergo impaired plasma cell differentiation because of reduced PRDM1 expression. 

Right, in CCUS, the immune system is hyperactivated, and NK cells have reduced cytokine secretion and tumor-killing capacities. Bottom, lower-risk MDS are characterized 

by a proinflammatory state driven by the activation of the NLRP3 inflammasome and the expansion of Th-17 cells. Cytokines secreted by Th-17 cells (e.g., IL-6, IL-21, IL-22, 

and IL-23) create an inflammatory environment that leads to HSC exhaustion and ineffective hematopoiesis. Left, immunosuppression is a hallmark of higher-risk MDS. Reg- 

ulatory T (Treg) cells significantly expand and promote an immunosuppressive environment by secreting the anti-inflammatory cytokines IL-10 and TGF- β . Myeloid-derived 

suppressor cells further contribute to this anti-inflammatory milieu. Upregulating immune checkpoint molecules (e.g., PD-1 and CTLA-4) enables malignant cells to escape 

immune surveillance. APC = antigen-presenting cells; CTLA-4 = cytotoxic T lymphocyte-associated protein 4; cDC = conventional dendritic cells; MDSCs = myeloid-derived sup- 

pressor cells; Gal-9 = galectin-9; HLA I = human leukocyte antigen I; KIR3DL1 = killer-cell immunoglobulin-like receptor; LILBR1 = leukocyte immunoglobulin-like receptor 

B1; Me3 = trimethylation; NKG2C = natural killer group 2 member C; NLRP3 = NOD-like receptor protein 3; PD-1 = programmed cell death protein 1; PD-L1/2 = programmed 

death-ligand 1/2; PRDM1 = B lymphocyte-induced maturation protein 1; TCR = T cell receptor; TGFBR1/2/3 = transforming growth factor beta receptor 1/2/3; TIGIT = T cell 

immunoreceptor with Ig and Itim domain; TIM3 = T cell immunoglobulin and mucin-domain containing-3. 

scape and functional changes, characterized by the heightened pro- 

duction of TNF- α, IL-2, and IL-6 upon stimulation and an increased 

cytotoxic profile [ 53 ]. Interestingly, DNMT3A depletion increases 

CAR T cells’ proliferative capability without inducing the typical 

exhaustion phenotype acquired upon chronic stimulation, possi- 

bly because of increased IL-10 secretion [ 54 ]. In contrast, the de- 

pletion of CHIP-related mutations involving epigenetic regulators 

impairs the function of B cells. Indeed, TET2 deletion reduces the 

expression of the plasma cell–defining transcription factor PR/SET 

domain 1 ( PRDM1 ), affects plasma cell differentiation, decreases 

the production of antigen-specific antibodies upon secondary im- 

munization, and promotes B-cell lymphomagenesis [ 55 ]. DNMT3A - 

deficient B cells normally respond to model antigen exposure but 

develop an aggressive, chronic lymphocytic leukemia-like disease 

with high penetrance [ 56 , 57 ]. 

In the innate immune system landscape, TET2 -depleted 

macrophages express higher levels of proinflammatory chemokines 

and cytokines (IL-1 β , IL-6, IL-8, and IL-18) than wild-type 

macrophages [ 58-60 ]. Moreover, TET2 -mutated neutrophils have a 

lower content of secondary and tertiary granules, which suggests 
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that they achieve a less mature stage than their wild-type counter- 

parts [ 61 ]. Mechanistically, TET2 mutations disrupt the epigenetic 

regulation of neutrophil development, resulting in a more hyper- 

methylated chromatin profile and an impaired phagocytic capac- 

ity. Together, these observations underscore the plasticity of CHIP 

mutations on different cell types and reveal that these mutations’ 

proinflammatory effects extend far beyond myeloid cells. 

Our limited understanding of how mutant cells expand over 

their normal counterpart has hindered the development of strate- 

gies to prevent or delay the evolution of CCUS to MDS. Single- 

cell RNA sequencing (scRNA-seq) of BM mononuclear cells from 

CCUS patients with DNMT3A or TET2 mutations revealed that CD8+ 

T effector and NK cells exhibit a hyperactivated state associated 

with a downregulation of NF- κB-mediated inflammatory signal- 

ing genes, which suggests a decreased proinflammatory response 

that is crucial for effective antitumor activity. Despite their hyper- 

activated state, CCUS NK cells secrete significantly less IFN- γ , ex- 

hibit impaired cytolytic capabilities, and expressed increased levels 

of exhaustion markers (e.g., increased expression of CD57 , CD244 , 

LAG3 , TIGIT 1, and PCDC1 ). Targeted single-cell DNA sequencing and 

immunophenotypic analyses revealed that NK cells harbor simi- 

lar mutational burdens to myelomonocytes, which suggests that 

MDS driver mutations such as DNMT3A or TET2 affect NK cell func- 

tions [ 62 ]. TET2 -mutated NK cells from MDS patients showed sup- 

pressed immune surveillance of malignant clones because of a re- 

duced expression of killer immunoglobulin-like receptors, perforin, 

and TNF- α [ 63 ]. These findings demonstrate that in CCUS, the im- 

mune microenvironment is activated but hyporesponsive. Specifi- 

cally, CCUS NK cells harbor genetic mutations and are irreversibly 

dysfunctional, thus enabling malignant cell expansion, disease pro- 

gression, and MDS onset. 

The immune profiles of lower-risk and higher-risk MDS differ 

substantially [ 64 ]. Lower-risk MDS is characterized by a persis- 

tent inflammatory environment in the BM, mainly mediated by 

activated NLRP3 inflammasome and an expansion of proinflam- 

matory T cells, such as T helper 17 cells. T helper 17 cells stim- 

ulate the secretion of several inflammatory-associated cytokines 

(e.g., IL-6, IL-21, IL-22, IL-23), which leads to a proinflamma- 

tory milieu, increases HSCs’ apoptosis and results in ineffective 

hematopoiesis [ 65 , 66 ]. In contrast, higher-risk MDS exhibits an im- 

munosuppressive state dominated by the expansion of regulatory T 

cells, which suppresses the immune activation induced by malig- 

nant cells by secreting IL-10 and transforming growth factor beta 

(TGF- β) [ 67 ) and recruiting activated CD8+ T cells [ 68 , 69 ]. Regula- 

tory T cells regulate antitumor immunity and disease progression 

in MDS [ 68 , 70 , 71 ] ( Fig. 3 ). 

The immune surveillance escape is also associated with a shift 

in the cytokine milieu from the proinflammatory state observed in 

lower-risk MDS to the anti-inflammatory state of higher-risk MDS 

[ 72 ]. Among the immune evasion mechanisms, the overexpression 

of immune checkpoints plays a critical role [ 73-75 ]. Indeed, in- 

flammatory cytokines, such as IFN- γ and TNF- α, are present at 

high levels in the BM microenvironment of MDS patients [ 76 , 77 ] 

and upregulate programmed death-ligand 1 (PD-L1) expression on 

MDS blasts [ 78 ], enabling their escape from immune surveillance. 

Similarly, S100A9, a central molecule in MDS pathophysiology [ 19 ], 

induces the expression of programmed death 1 (PD-1) on HSPCs 

and that of PD-L1 on myeloid-derived suppressor cells [ 79 ]. Other 

co-inhibitory receptors, such as T-cell immunoglobulin and mucin 

domain-containing protein 3 (TIM3) and T-cell immunoreceptor 

with Ig and immunoreceptor tyrosine-based inhibitory motif do- 

mains (TIGIT) [ 80 ], induce immune evasion [ 73 ] through human 

leukocyte antigen loss, which inhibits neoantigen presentation by 

dendritic cells [ 81 , 82 ]. 

Overall, chronic inflammation in patients with CHIP or CCUS 

critically contributes to disease initiation by disrupting immune 

system regulation. This imbalance is further exacerbated in MDS, 

in which T-cell exhaustion accelerates the collapse of antitu- 

mor immunity and fosters the development of immune tolerance. 

Inflammation and metabolism 

Inflammatory conditions can significantly affect metabolism, 

which regulates HSC function [ 83 ]. Inflammation-induced HSC dys- 

function primarily manifests as a failure to maintain appropri- 

ate metabolic and mitochondrial regulation [ 83 , 84 ]. HSC states 

such as quiescence, proliferation, and differentiation have dis- 

tinct metabolic demands and mitochondrial functions [ 85 ] and ex- 

hibit unique gene expression profiles and epigenetic landscapes 

[ 86 , 87 ]. Typically, quiescent HSCs derive their energy through gly- 

colysis to avoid generating reactive oxygen species (ROS) from ox- 

idative phosphorylation, which can induce DNA damage [ 88 ]. In 

cancer, including myeloid neoplasms, chronic inflammation–driven 

metabolic reprogramming can sustain malignant cell growth and 

survival [ 89 ]. 

Mutant HSPCs exhibit metabolic alterations that enhance sur- 

vival and self-renewal and affect myeloid differentiation through 

extrinsic mechanisms involving the HSC niche [ 90 ]. HSCs’ transi- 

tion from quiescence to proliferation leads to metabolic changes 

associated with substantial epigenetic remodeling. DNA demethy- 

lation, regulated by the alpha-ketoglutarate ( α-KG)-dependent en- 

zyme TET2 and its cofactor, ascorbate [ 91-93 ], occurs during HSC 

metabolic activation [ 94 ] and differentiation [ 95 ]. Under DNA dam- 

age or replication stress conditions engaged by an inflammatory 

microenvironment, which increases ROS production and affects mi- 

tochondria function [ 96 , 97 ], HSCs undergo epigenetic changes and 

have decreased autophagic activity. Because the depletion of TET2 

and DNMT3A activates cyclic guanosine monophosphate–adenosine 

monophosphate synthase signaling and the type I interferon path- 

way [ 98 ], loss-of-function mutations affecting these epigenetic fac- 

tors further increase inflammation and the expansion of mutant 

clones ( Fig. 4 ). 

Obesity, diabetes, and metabolic syndromes are characterized 

by chronic inflammation and elevated proinflammatory immune 

cells in adipose tissues [ 99 ]. An obesity-induced proinflammatory 

state can compromise the HSC niche and disrupt the environ- 

mental signaling that regulates HSC maintenance and self-renewal 

[ 100 ]. Moreover, obesity promotes the progression of pre-leukemic 

CHIP clones [ 101 , 102 ]. Indeed, in mice with early obesity induced 

by the homozygous obese spontaneous mutation (Ob/Ob mice), 

heterozygous deletion of dnmt3a led to a significant increase of IL- 

6 and TNF- α secretion by mutant myeloid-derived HSCs, which un- 

derscores the impact of obesity in enhancing inflammatory states 

and driving the expansion of pre-leukemic clones. In dnmt3a - 

mutant mice, obesity and a high-fat diet exacerbated inflamma- 

tion and metabolic dysfunction, thus promoting the expansion of 

mutant cells [ 102 ]. In this setting, HSCs’ dnmt3a haploinsufficiency 

led to a higher proinflammatory environment, which resulted in 

weight gain and insulin resistance ( Fig. 4 ). These data highlight 

the synergistic effect of dnmt3a loss and a high-fat diet in driving 

clonal expansion and metabolic alterations through a proinflamma- 

tory milieu. 

The intimate connection between inflammation-driven 

metabolic changes and epigenetic regulation is tightly linked 

to clonal growth and increased HSC proliferation [ 103 , 104 ]. Dys- 

functional metabolism increases the risk of proinflammatory CHIP, 

further exacerbating inflammation-induced metabolic conditions 

such as insulin resistance and atherosclerosis [ 105 ]. 

Compared with those from elderly healthy donors, HSCs from 

CCUS patients have significantly upregulated genes involved in 

translation, respiratory electron transport, and mitochondrial trans- 

lation initiation, which underscores these cells’ state of metabolic 
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Fig. 4. Inflammation-driven metabolic rewiring in CHIP, CCUS, and MDS. Top, healthy HSCs primarily rely on anaerobic glycolysis to meet their energy demands. This 

metabolic state effectively limits the production of ROS, while preserving mitochondrial membrane integrity, crucial for maintaining quiescence and long-term stem cell 

potential. Bottom, the epigenetic regulators DNMT3A and TET2 shift the HSC metabolic landscape towards an aerobic state, which enhances glycolysis and oxidative phos- 

phorylation to sustain clonal expansion and survival, leading to increased ROS production. In CCUS, excessive mitochondrial distress and fragmentation further increase ROS 

production, which leads to the release of mitochondrial DNA into the cytoplasm. Cytosolic DNA activates the DNA sensor cGAS-STING pathway, which triggers a cascade 

mediated by NF- κB activation and interferon regulatory factor 3 (IRF3) transcription, modulating the expression of IL-6, TNF- α, and genes involved in the type I interferon 

pathway. Under these conditions, HSCs switch their metabolism from anaerobic glycolysis to mitochondrial oxidative metabolism to meet the high-energy demands required 

for sustaining activated myeloid differentiation. MDS HSCs have increased glycolysis and fatty acid oxidation. Mutations in the metabolic enzymes IDH1 and IDH2 contribute 

to metabolic dysfunction by promoting the accumulation of the oncometabolite 2-hydroxyglutarate (2-HG), which inhibits α-KG-dependent enzymes, including TET2. In 

the presence of IDH1/2 mutations, high levels of 2-HG induce hypermethylation of histones and DNA, thus changing HSCs’ epigenetic profile and significantly impairing 

hematopoietic differentiation. 

ATP = adenosine triphosphate; cGAS = cyclic GMP-AMP synthase; H+ = proton; IDH1/2 = isocitrate dehydrogenase 1/2; LDH = lactate dehydrogenase; NAD+ = nicotinamine ade- 

nine dinucleotide; NADH = reduced nicotinamine adenine dinucleotide; NF-kB = nuclear factor kappa B; OXPHOS = oxidative phosphorylation; ROS = reactive oxygen species; 

STING = stimulator of interferon genes; TCA = tricarboxylic acid cycle; TNF- α = tumor necrosis factor alpha; α-KG = alpha-ketoglutarate. 

activation [ 62 ]. Targeted ion chromatography–mass spectrometry 

analysis revealed that CCUS CD34+ HSPCs have significantly up- 

regulated intermediates in the tricarboxylic acid cycle pathway 

but downregulated intermediates in glycolysis. These results sug- 

gest that HSCs, which rely on anaerobic glycolysis to maintain 

their quiescent state [ 106 ] under homeostatic conditions, switch 

to mitochondrial oxidative metabolism in CCUS to meet the high- 

energy demands necessary to sustain activated myeloid differenti- 

ation [ 107 , 108 ] ( Fig. 4 ). Moreover, compared with BM mononuclear 

cells from CHIP patients, those from CCUS patients have signifi- 

cantly higher rates of mitochondrial fragmentation [ 109 ]. Dysfunc- 

tional mitochondria may accumulate owing to restricted autophagy 

or mitophagy, further promoting the release of mitochondrial ROS 

and other contents into the cytoplasm, which leads to inflamma- 

tory signaling activation and myeloid expansion [ 110 ]. 

MDS HSCs exhibit elevated levels of aerobic glycolysis and 

fatty acid oxidation [ 111 ]. This metabolic shift is partly regulated 

by metabolic enzymes such as isocitrate dehydrogenase 1 and 2 
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(IDH1/2) and epigenetic factors like TET2. IDH, a key enzyme in 

the tricarboxylic acid cycle, reversibly converts isocitrate to α- 

ketoglutarate ( α-KG). Mutations in IDH1/2, which are observed in 

4-12% of MDS patients [ 112 ], decrease the proteins’ ability to con- 

vert isocitrate to α-KG but enhance their ability to catalyze the re- 

duction of α-KG to 2-hydroxyglutarate (2-HG) [ 113 , 114 ]. 2-HG, a 

competitive inhibitor of α-KG–dependent dioxygenases (e.g., TET 

enzyme family members), induces the hypermethylation of his- 

tones and DNA [ 115 ] and impairs hematopoietic differentiation by 

altering epigenetic patterns and cell fate [ 116 ] ( Fig. 4 ). 

Interestingly, the histone variant macroH2A1.1 (mH2A1.1) links 

epigenetics with inflammation and metabolism [ 117 ]. The overex- 

pression of mH2A1.1 in MDS mesenchymal cells leads to the ac- 

tivation of TLR4- and NF- κB–mediated pathways, which induces a 

proinflammatory microenvironment and impairs the hematopoietic 

niche through increased ROS production and the nuclear localiza- 

tion of lactate dehydrogenase. The relationship among metabolism, 

epigenetic regulators, and somatic mutations is bidirectional, with 

epigenetic modifications driving metabolic changes and contribut- 

ing to disease progression. 

MDS cells display 2 metabolomic profiles based on BM blast 

counts [ 118-120 ]. Patients with lower blast counts ( < 5%) accumu- 

late glycolytic metabolites, whereas those with higher blast counts 

( > 5%) show enhanced electron transport chain and increased ox- 

idative phosphorylation activity. However, mitochondrial oxidative 

phosphorylation efficiency is impaired in MDS, resulting in reduced 

adenosine triphosphate synthesis, increased ROS production, and 

elevated lactate dehydrogenase activity, which suggests that MDS 

cells compensate for aberrant metabolism by shifting to anaerobic 

glycolysis for energy production. 

Lower-risk MDS are characterized by increased apoptosis and 

ineffective erythropoiesis, in which mitochondrial dysfunction 

plays a crucial role. Mitochondrial DNA mutations and altered 

nuclear-encoded mitochondrial proteins contribute to dyserythro- 

poiesis, iron accumulation, and elevated ROS production, which 

causes cell damage and promotes MDS maintenance [ 121 , 122 ]. This 

metabolic disruption leads to significant energy deficiency and is 

closely associated with iron overload, given that iron chelation 

therapy partially restores energy metabolism in peripheral blood 

mononuclear cells [ 123 ]. In HSCs from cbl�E8/9 /runx1S291fs mice 

and MDS patients with RUNX1 or ASXL1 mutations, excessive mito- 

chondrial fragmentation triggers inflammatory signaling activation 

and ineffective hematopoiesis in a manner dependent on dynamin- 

related protein 1 [ 109 ], a master regulator of mitochondrial fission, 

which suggests that mitochondrial fragmentation is a key trigger 

of MDS pathogenesis [ 124 ]. 

In conclusion, the interplay between dysregulated metabolism 

and proinflammatory alterations establishes a complex immune- 

metabolic network within the BM, significantly contributing to the 

pathogenesis of the early and late stages of MDS. 

Targeting inflammation 

Deregulated inflammatory signaling, a hallmark of MDS, is ther- 

apeutically targetable. The inflammatory cytokine profiles of CHIP 

and CCUS are similar to those of MDS [ 125 ], which demonstrates 

that inflammation promotes disease initiation. Therefore, target- 

ing inflammation has become a promising strategy for treating 

patients with MDS in its early stages, and numerous clinical tri- 

als of agents targeting several inflammatory pathways are under- 

way [ 126 ] ( Table 1 ). However, as the clonal complexity of MDS in- 

creases, intrinsic factors, such as the effects of cooperative muta- 

tions, and extrinsic factors, such as increased immune suppression 

that contributes to the expansion of mutant cells, may limit the 

efficacy of anti-inflammatory therapies. 

One potential therapeutic target in MDS is IL-1 β . The fully hu- 

man monoclonal antibody canakinumab, which targets the IL-1 β
signaling pathway by blocking the interaction of IL-1 β with IL- 

1R1, improved hemoglobin levels in patients with CHIP-associated 

mutations, particularly those with DNMT3A and TET2 mutations 

[ 127 ]. In a heavily pretreated cohort of patients with lower-risk 

MDS, canakinumab was well-tolerated and demonstrated target 

engagement but limited efficacy (NCT04239157) [ 128 ]. Sequential 

scRNA-seq of HSPCs and BM mononuclear cells obtained during 

therapy revealed that canakinumab significantly decreased TNF- α–

mediated inflammatory signaling in IL-1R1–expressing hematopoi- 

etic populations and rescued ineffective erythropoiesis in MDS 

with lower genetic complexity. 

Several other trials of agents targeting IL-1 β are en- 

rolling patients with CCUS and lower-risk MDS (NCT05641831, 

NCT04798339, NCT04239157). IL-1R–associated kinases (IRAKs) 

are key mediators of TLR and IL-1R1 signaling [ 129 ], and these 

kinases’ interaction with upstream TLR pathway regulators (e.g., 

myeloid differentiation primary response protein 88) is critical in 

MDS pathogenesis [ 130 ]. Emavusertib (CA-4 94 8), an oral IRAK4 

inhibitor, elicited an overall response rate of 57% in patients with 

spliceosome-mutated MDS after hypomethylating agent failure 

[ 131 ]. 

Although IL-6 has a critical role in MDS pathogenesis, treat- 

ments targeting IL-6 have shown limited success in MDS patients. 

A double-blind, phase II clinical trial of siltuximab, a chimeric anti–

IL-6 monoclonal antibody, did not reduce red blood cell transfusion 

burden [ 132 ] and was terminated early. HT-6184, an allosteric in- 

hibitor of the NLRP3/never in mitosis gene A (NIMA)-related kinase 

7 (NEK7) inflammasome, suppresses myeloid skewing, downregu- 

lates the proinflammatory cytokines IL-1 β and IL-6, and restores 

erythroid differentiation in MDS BM mononuclear cells [ 133 ]. An 

ongoing phase II trial (CTRI/2023/11/059758) is assessing the safety 

and clinical efficacy of HT-6184 in patients with lower-risk MDS. 

Another emerging therapeutic target in MDS is the TGF- β
pathway. TGF- β pathway activation inhibits MDS HSPCs’ differ- 

entiation into committed progenitors [ 134 ]. Reduced levels of 

small mother against decapentaplegic 7 (SMAD7), a negative reg- 

ulator of TGF- β signaling, increase TGF- β activity and suppress 

hematopoiesis [ 135 ]. Galunisertib, a TGF- β kinase receptor type I 

inhibitor, hinders SMAD2/3 activation, alleviates MDS HSCs’ differ- 

entiation blockage in vitro and in vivo , and has shown an accept- 

able safety profile in phase I studies [ 136 , 137 ]. Luspatercept [ 138 ] 

and sotatercept [ 139 ] target other regulators of the TGF- β signal- 

ing pathway (e.g., activin ligands) and restore later hematopoiesis 

stages [ 140 , 141 ]. Interestingly, while luspatercept primarily targets 

late-stage erythropoiesis and promotes terminal erythroid differ- 

entiation by inhibiting the TGF- β signaling pathway, HT-6184 in- 

hibits the priming and activation of the NLRP3 inflammasome, a 

key mediator of chronic inflammation in MDS. However, no direct 

evidence suggests that HT-6184 targets a specific stage of erythro- 

poiesis in MDS. 

In addition to direct anti-inflammatory strategies, other ap- 

proaches can mitigate the effects of mutations in HSCs. For exam- 

ple, vitamin C enhances the hypomethylating activity of the func- 

tional TET2 protein encoded by the wild-type allele [ 142 ]. In a ran- 

domized, placebo-controlled phase II clinical trial (NCT03682029), 

patients with lower-risk MDS who received oral vitamin C supple- 

mentation had significantly improved overall survival. In addition, 

because inflammation significantly impacts the interplay between 

metabolism and malignant clonal expansion, biguanides (e.g., met- 

formin), which inhibit respiratory complex I and decrease adeno- 

sine triphosphate synthesis and have been shown to reduce ox- 

idative phosphorylation in myeloid malignancies [ 143 ], are being 

evaluated as a therapeutic strategy for CCUS (NCT04741945). 
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Table 1 

List of clinical trials of agents targeting inflammatory-related pathways. 

Therapy Target Clinical trial 

phase 

Target MDS population Number of patients 

enrolled 

Type of response NCT number/ 

reference 

Toll like receptor signaling pathway inhibitors 

Tomaralimab TLR2 1/2 

C 

Lower and intermediate-risk MDS 

(R/R) 

51 HI 50% 

TI > 8w 17% 

NCT02363491 [ 144 ] 

CX-01 TLR2 1 

C 

Intermediate and higher-risk 

MDS (R/R) 

9 mOS 8.2m NCT02995655 [ 145 ] 

Bortezomib TLR2 2 

C 

Lower and intermediate-risk MDS 15 ORR 20% 

SD 53% 

PD 27% 

NCT01891968 [ 146 ] 

Emavusertib IRAK4 1/2B 

R 

Higher-risk MDS (R/R) 7 ORR 57% NCT04278768 [ 147 ] 

R289 IRAK1/IRAK4 1 

R 

Low-risk MDS (R/R) NA NA NCT05308264 

Fostamatinib SYK 1 Lower and higher-risk MDS 5 NA NCT05030675 [ 148 ] 

Inflammatory cytokine signaling pathway inhibitors 

Canakinumab IL-1 β 2 

R 

Cohort 1: R/R Lower-risk MDS 

(TD) 

Cohort 2: Lower-risk MDS (TD) 

Cohort 3: Lower-risk MDS 

Cohort 4: CCUS 

25 HI 17.3% NCT04239157 [ 128 ] 

Canakinumab IL-1 β 2 

R 

Higher-risk CCUS ∗ NA NA NCT05641831 

Canakinumab IL-1 β 2 

T 

Lower and intermediate-risk MDS 

(TD) 

NA NA NCT05237713 

Canakinumab IL-1 β 1B/2 

R 

Lower-risk MDS (TD) 9 SD 100% NCT04798339 [ 149 ] 

Infliximab TNF- α 2 

C 

Lower and intermediate-risk MDS 43 ORR: 13.6% NCT0 0 074074 [ 150 ] 

Etanercept TNF- α 1/2 

C 

Lower, intermediate and 

higher-risk MDS 

29 ORR 73% (at 3m) NCT00118287 

Siltuximab IL-6 2 

T 

Lower and intermediate-risk MDS 

(TD) 

50 Early termination due to 

lack of efficacy 

NCT01513317 

ARRY614 p38-MAPK 1 

C 

Lower and intermediate-risk MDS 45 HI 32% 

TI > 20w 12% 

NCT00916227 [ 151 ] 

BMS-986253 IL-8 1/2 

T 

Lower and higher-risk MDS NA NA NCT05148234 

Inflammasome inhibitors 

HT-6184 NEK7/NLRP3 2 

R 

Lower-risk MDS NA NA 2023/11/059758 † 

DFV890 NLRP3 1 

R 

Lower and intermediate-risk MDS NA NA NCT05552469 

TGF-B pathway inhibitors 

Vactosertib TGF- β 1/2 

C 

Lower and intermediate-risk MDS 

(R/R) 

NA NA NCT03074006 

Sotatercept TGF- β 2 

C 

Lower and intermediate-risk MDS 

(TD) 

74 HI-E 58% NCT01736683 [ 139 ] 

Galunisertib TGF- β 2/3 

C 

Lower and intermediate-risk MDS 41 HI-E 24.4% NCT02008318 [ 152 ] 

Luspatercept TGF- β 2 

C 

Lower and intermediate-risk MDS 

(TD) 

58 HI-E 63% NCT01749514 

NCT02268383 [ 153 ] 

Luspatercept TGF- β 3 

C 

Lower and intermediate-risk MDS 

with ring sideroblasts (TD) 

153 TI > 8w 38% 

TI > 12w 28% 

HI-E 53% 

NCT02631070 [ 154 ] 

Luspatercept TGF- β 3 

ANR 

Lower-risk MDS 

(TD) 

178 TI > 12w + HI-E 58.5% 

HI-E > 8w 74.1% 

TI > 12w 66.7% 

NCT03682536 [ 138 ] 

Targeted therapy 

Ivosidenib IDH1 2 

R 

IDH1 -mutant CCUS NA NA NCT05030441 

Enasidenib IDH2 1 

ANR 

IDH2 -mutant CCUS NA NA NCT05102370 

Metabolic pathway inhibitors 

Atorvastatin or 

Rosuvastatin 

OXPHOS 2 

R 

CCUS and lower-risk MDS 16 NA NCT05483010 

Curcumin Systemic 

inflammation 

2 

R 

CCUS and lower-risk MDS NA NA NCT06063486 

Vitamin C TET2 rescue 2 

ANR 

CCUS and lower-risk MDS 109 5y-OS 70% NCT03682029 [ 155 ] 

Vitamin C TET2 rescue 2 

R 

TET2 -mutant CCUS 10 ORR 0% NCT03418038 [ 156 ] 

ANR = active not recruiting; C = completed; CCUS = clonal cytopenia of undetermined significance; mDoR = median duration of response; HI = hematologic improvement; 

HI-E = erythroid HI; m = months; MDS = myelodysplastic syndromes, mOS = median overall survival; NA = not available; ORR = overall response rate; OXPHOS = oxidative 

phosphorylation; PD = progressive disease; R = recruiting; R/R = relapse/refractory; SD = stable disease; T = terminated; TD = transfusion dependence; TI = transfusion inde- 

pendence; w = weeks; y = years. 
∗ Any of the following: isolated somatic spliceosome mutation ( SRSF2 , SF3B1 , U2AF1 , or ZRSR2 ) at any variant allelic frequency (VAF); isolated TP53 mutations with a 

VAF > 5%; at least 1 mutation in TET2 , DMNT3A , or ASXL1 at any VAF together with at least 1 other known myeloid pathogenic somatic mutation or known pathogenic 

germline mutation that predisposes to myeloid malignancies as determined by next-generation sequencing and bone marrow biopsy; a TET2 , DMNT3A , or ASXL1 mutation 

with a VAF > 10% together with another TET2 , DMNT3A , or ASXL1 with a VAF > 10%; the presence of 2 or more known myeloid pathogenic somatic or germline mutations 

(other than TET2 , ASXL1 , DMNT3A , TP53 , or spliceosome mutations) with a VAF > 10%. 
† Secondary Identification: HT-6184-MDS-001 Version No. 3.0. A study of HT-6184 in subjects with MDS and symptomatic anemia. 
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Conclusions 

Most patients with MDS have limited treatment options and 

dismal outcomes. At the onset of the disease, almost all HSPCs har- 

bor pathogenic genetic alterations [ 48 ], suggesting that no other 

therapies, except for allogeneic HSC transplantation, can cure MDS. 

Therapeutic strategies targeting the biological mechanisms under- 

lying the preleukemic stage of MDS may improve the dismal out- 

comes MDS patients experience. 

Inflammation is emerging as a key regulator of myeloid malig- 

nancy development and progression [ 12 ]. Several preclinical stud- 

ies showed that mitigating inflammation could delay or prevent 

the progression of CHIP to MDS. However, most of these studies 

were performed using murine models. Although similar inflamma- 

tory processes are likely involved in leukemogenesis in patients 

with CHIP- or CCUS-related mutations, further studies in humans 

are needed to fully elucidate the role of inflammation in MDS ini- 

tiation. 
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T-cell dysfunctions in myelodysplastic syndromes
Juan Jose Rodriguez-Sevilla and Simona Colla

Department of Leukemia, The University of Texas MD Anderson Cancer Center, Houston, TX

Escape from immune surveillance is a hallmark of cancer.
Immune deregulation caused by intrinsic and extrinsic
cellular factors, such as altered T-cell functions, leads to
immune exhaustion, loss of immune surveillance, and
clonal proliferation of tumoral cells. The T-cell immune
system contributes to the pathogenesis, maintenance,
and progression of myelodysplastic syndrome (MDS).

Here, we comprehensively reviewed our current bio-
logical knowledge of the T-cell compartment in MDS and
recent advances in the development of immunothera-
peutic strategies, such as immune checkpoint inhibitors
and T-cell– and antibody–based adoptive therapies that
hold promise to improve the outcome of patients with
MDS.

Introduction
T cells play a key role in adaptive immunity by orchestrating
immune responses against foreign antigens while preserving
self-tolerance. T cells maintain immune homeostasis by over-
coming pathogens, arresting the clonal expansion of cancer
cells, and preventing the development of autoimmune (AI)
diseases. T-cell differentiation and functional specialization are
tightly regulated processes, which are essential for effective
immune responses.

T cells play a key role in tumor surveillance by identifying
and eliminating tumoral cells. T cells’ aberrant differentiation
and function can disrupt immune surveillance mechanisms and
foster an immunosuppressive tumor microenvironment, which
promotes cancer initiation and progression. Moreover,
deregulated T-cell homeostasis can affect clinical outcomes in
patients with cancer by modulating therapy responses.1 Regu-
lated immunity prevents or delays the appearance of malignant
clones through innate antitumor activity or specific recognition
of neoantigens. Given that tumor immunity arises from a bal-
ance between immunosurveillance and immune escape, errors
in the immune regulatory pathways can lead to malignant clone
expansion in many cancers,2,3 including those affecting
hematopoietic stem cells (HSCs).4

Mounting experimental evidence demonstrates that immune
deregulation in the hematopoietic niche and chronic inflammation
due to aberrant secretion of cytokines by immune cells have
prominent roles in the pathogenesis and progression of myelo-
dysplastic syndromes (MDS). Progression of MDS to acute
myeloid leukemia (AML) is associated with an increased inflam-
matory signature, which significantly affects the composition of
the immune microenvironment and impairs immune cells’
function.4,5

T lymphocytes are key effectors of cell-mediated immune
responses against tumor cells, and these cells’ alterations

contribute to immune dysfunction in MDS and expansion of
malignant clones.6,7 Here, we comprehensively overview: (1)
how T-cell subtypes’ composition and functional alterations
contribute to MDS initiation, maintenance, and progression;
(2) whether T cells are biomarkers of response to treatment;
and (3) the recent strides toward the development of novel
T-cell–based therapeutic approaches to treat MDS.

T-cell subtypes and immune
deregulation in MDS
CD4+ helper T (Th), CD8+ cytotoxic T, and regulatory T (Treg) cells
play distinct functional roles in regulating the immune response.
Immune-mediated cell death of pathogens and cancer cells is
mainly mediated by CD8+ and CD4+ T cells, whereas Treg cells
regulate immune tolerance and modulate immune responses
(Figure 1).7 The absolute number of peripheral blood (PB) CD4+ T
cells is reduced in patients with MDS compared with that of
healthy donors (HDs), which results in a lower PB CD4+/CD8+ T-
cell ratio.8 Indeed, the age-adjusted CD4/CD8 ratio is deceased in
patients with MDS with both lower- and higher-risk MDS when
compared with HDs, due to a decreased numbers of CD4+ T cells
in these patients rather than an expansion of CD8+ T cells.9 Given
that CD4/CD8 ratio is a conventional measure of immune function
and response,10 these studies suggest that the immune system is
severely impaired in MDS.

CD4+ T cells
CD4+ T cells are highly functionally heterogeneous and have a
central role in tumor immunity by enhancing the effect of CD8+

cytotoxic T cells, mediating humoral responses, and secreting
effector cytokines, such as interferon gamma (IFN-γ) and tumor
necrosis factor-α (TNF-α).11

CD4 is a glycoprotein located on the surface of CD4+ T cells,
dendritic cells (DCs), monocytes, and macrophages.12 CD4
serves as a coreceptor for the T-cell receptor (TCR), which
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engages with antigenic peptides presented by the HLA class II
molecules, and facilitates communication with antigen-
presenting cells (APCs), such as DCs (Figure 1).13

CD4+ T cells activate cytotoxic T cells, B lymphocytes, innate
immune cells (eg, DCs, basophils, and neutrophils), and
nonimmune cells.13 Upon activation of the TCR, antigen naïve
CD4+ T cells differentiate into 6 distinct functional subtypes,
namely, Th-1, Th-2, Th-17, Th-22 cells, T follicular helper (Tfh)
cells, and Treg cells, each characterized by the secretion of
specific cytokines, which are essential to functionally activate
APCs and CD8+ T cells (Figure 1).14

Differentiated CD4+ T cells are classically divided in 2 groups, Th-1
and Th-2 cells, based on the cytokines they release.15 Th-1 cells
secrete IFN-γ, TNF-α, and interleukin-2 (IL-2), which promote cell-
mediated immunity and control infections induced by intracellular
pathogens.16,17 Th-2 cells secrete IL-4, IL-5, IL-10, and IL-13, which
mediate humoral immune responses and resistance to external
pathogens.15 Under physiological conditions, the differentiation of
Th-1/Th-2 cells is balanced, which leads to a tight regulation of the
cellular and humoral immune response.

However, the Th-1/Th-2 ratio is altered in MDS because the
number of Th-1 cells is lower than that in HDs. Significantly
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decreased Th-1 cell counts are inversely correlated with higher
blast counts in the BM of patients with MDS.18 Moreover, a high
level of IL-4, a cytokine that is mainly produced by Th-2 cells, is
an independent factor that predicts shorter overall survival in
patients with intermediate- to higher-risk MDS.19 Interestingly,
T cells cultured in the presence of MDS-derived monocytes are
significantly skewed toward Th-2 differentiation,20 which sup-
ports the hypothesis that Th-2 cells rely on Th-1 cells’ effective
anticancer immunity instead of driving tumor evasion by their
own polarization.21,22

Th-17 cells
Th-17 cells are a subset of CD4+ T cells that mainly secrete
the proinflammatory cytokines IL-17 and IL-23 and protect
the body from bacterial and fungal infections (Figure 1).23 IL-
17 facilitates and induces an inflammatory cytokine environ-
ment, and abnormal expression of IL-17 has been reported in
patients with AI diseases and cancers.24 IL-17–induced
inflammatory mediators, such as granulocyte-colony stimu-
lating factor, IL-6, and C-X-C motif Chemokine Ligand 1
(CXCL1) stimulate the expansion and recruitment of
dysfunctional myeloid cells and establish a proangiogenic
and immune suppressive tumor environment that enhances
tumor growth and clonal expansion. Notably, IL-17 enhances
the development and progression of a wide array of
malignancies.25

Patients with lower-risk MDS have significantly higher Th-17 cell
counts and IL-17 levels in the PB and BM than those with
higher-risk MDS (Figure 2). Additionally, PB cells from patients
with lower-risk MDS have significantly increased expression of
the RAR-related orphan receptor gene family, which encode
key transcription factors inducing Th-17 lineage commitment.26

In patients with lower-risk MDS, Th-17 cells stimulate secretion
of several inflammatory-associated cytokines (eg, IL-6, IL-21,
IL-22, and IL-23), which results in a proinflammatory milieu and
leads to increased HSC apoptosis and ineffective BM hemato-
poiesis (Figure 2).27,28

Th-22 cells
Th-22 cells are a subset of Th cells that mainly secrete IL-22,
IL-13, and TNF-α.29 Naïve CD4+ T cells differentiate into Th-
22 cells after IL-6 and TNF-α stimulation.30 IL-22, a member of
the IL-10 family, protects tissues from inflammation but can also
elicit proinflammatory effects, contributing to disease patho-
genesis.31 Indeed, IL-22 has a pathogenic role in several AI
diseases.32

In MDS, the number of Th-22 cells is increased in the PB of late-
stage patients compared with that of early-stage patients and
correlates with TNF-α and IL-6 levels.33 This observation sug-
gests that exacerbation of inflammatory cytokine signaling
during MDS progression may polarize and expand Th-22 cells,
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Figure 2. Immune deregulation in lower-risk MDS and
higher-risk MDS. (Left panel) Lower-risk MDS are char-
acterized by the hyperfunction of immune cells. CD8+ T
cells are increased in number and functionally activated.
(Right panel) Higher-risk MDS are characterized by an
immunosuppressive environment that causes immune
escape. CD8+ T cells are significantly decreased,
whereas the number of Treg cells is increased. MSC,
mesenchymal stem cell.
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thereby further contributing to immune escape and clonal
evolution (Figure 2).

Tfh cells
Tfh cells represent a subpopulation of CD4+Th cells, charac-
terized by the surface expression of CXC Receptor 5 (CXCR5),
inducible costimulatory molecule (ICOS), programmed cell
death protein 1 (PD-1), and transcription factor B-cell lymphoma
6.34 Tfh cells mainly secrete IL-21, which induces the prolifera-
tion and differentiation of B cells into antibody-producing cells
(Figure 1).35 The binding of CXCL13 to its receptor CXCR5
regulates lymphocyte infiltration within the tumor microenvi-
ronment, thus affecting responsiveness to immune- and
cytotoxic-targeted therapies.36

In MDS, patients with lower-risk disease have significantly
decreased PB Tfh cell counts compared with HDs.37 These
findings were supported by preclinical studies in the NUP98-
HOXD13 mouse MDS model that showed reduced PB and
BM numbers and aberrant function of Tfh cells. Further in vitro
experiments using this system demonstrated that Tfh cells’
reduction and dysfunction hindered antibody production by B
cells, which suggests that Tfh cells have a role in regulating
humoral immunity.38,39 Moreover, patients with MDS with AI
diseases have a higher number of PB Tfh cells than that of those
without AI diseases,40 but whether these cells can mediate
immune deregulation in this setting remains to be defined.

Treg cells
Treg cells have an established role in suppressing abnormal/
excessive immune responses to self- and nonself-antigens to
maintain immune homeostasis. However, Treg cells can also
play an active role in inhibiting tumor-specific immunity, thus
facilitating immune evasion of cancer cells.41 Treg cells are
divided into different subsets, such as naïve cells, central
memory cells, effector memory (emTreg) cells, and effector
Treg cells based on these cells’ differentiation state and
immunosuppressive potential.42 Treg cells modulate immune
reactions and affect immune surveillance43 by secreting immu-
nosuppressive cytokines (eg, IL-10 and TGF-β; Figure 1).44 Thus,
elevated Treg counts and function result in defective immune
activation and compromised antitumor immunity.45

In MDS, the number of Treg cells in the PB and BM of patients
with higher-risk MDS is increased compared with that in lower-
risk patients,46,47 possibly because the expression of tumor-
associated antigens on MDS cells during disease evolution.
Treg cells decrease after response to therapy but increase again
at therapy failure.48 These findings suggest that aberrant
expansion of Treg cells drives immune surveillance suppression
in MDS, thereby contributing to disease progression
(Figure 2).46,49,50

CD8+ cytotoxic T cells
CD8+ cytotoxic T cells directly kill tumor cells and are the most
powerful effectors of surveillance and immune defense against
cancer cells.51,52 The CD8 glycoprotein is located on the
membrane of CD8+ T cells, which recognize specific antigens
bound to the HLA class I molecules on the surface of APCs.
Upon recognition of pathogens, CD8+ T cells activate different
mechanisms to kill infected or malignant cells by secreting

proinflammatory cytokines such as TNF-α and IFN-γ, releasing
cytotoxic mediators (eg, perforin and granzymes), or activating
the Fas/FasL pathway (Figure 1).53 CD8+ T cells also regulate
HSC pool dynamics in the BM milieu.54 Exhaustion and func-
tional impairment of CD8+ T cells in response to the tumor
microenvironment or chronic antigenic stimulation52 is a hall-
mark of many cancers.53

In MDS, patients with lower-risk disease have higher CD8+

T-cell counts.47,55 However, while suppressing the malignant
clone, CD8+ T cells also affect normal hematopoiesis, resulting
in the apoptosis observed in the BM of these patients
(Figure 2).56 In higher-risk MDS, CD8+ T cells are decreased,
have lower cytotoxicity capability and overexpress the PD-1/PD
ligand 1 (PD-L1), which enhances the ability of tumor cells to
evade the host immune surveillance57 by reducing TCR-
induced redirected toxicity.58

γδ T cells
Although γδ T cells are a minor subset of T cells (1%-10% of
circulating PB T cells59), they constitute an important compo-
nent of innate immunity and play a key role in the rapid
response to pathogens and tumoral cells.60,61 γδ T cells display
distinct TCR γ and δ (γδ TCR) chains that are heterogeneous in
structure and function.62 Specifically, γδ T-cell subsets charac-
terized by the expression of Vδ1 and Vδ2 chains exhibit distinct
tissue tropisms. The Vδ1+ subset is preferentially enriched in
mucosal tissues, whereas the Vδ2+ subset is frequently
encountered in the PB and lymphoid organs.63 These findings
suggest that γδ T cells are functionally specialized to execute
specific immune surveillance functions in different tissue
environments.

γδ T cells are reduced in patients with lower-risk MDS, mainly in
patients with associated AI diseases.64 Additionally, in vitro
studies showed that, independently of any MDS risk stratifica-
tion, γδ T cells do not expand in response to bromohalohydrin
pyrophosphate (a potent stimulator of human γδ T cells) and do
not proliferate after IL-2 stimulation,64 which suggests these
cells’ irreversible functional impairment.

A summary of the quantitative and qualitative changes in T-cell
subsets among different MDS genetic subgroups is included in
supplemental Tables 1 and 2 (available on the Blood website),
respectively.

Inflammation and the immune system
in MDS
Inflammation, a pivotal driver of MDS pathogenesis, signifi-
cantly induces progressive dysfunction in the hematopoietic
niche4,65,66 and affects the immune response.67-69 The MDS
proinflammatory milieu attracts regulatory and suppressive
immune cells, thereby inhibiting immune surveillance of
malignant clones through the elevated production of inflam-
matory cytokines such as TNF-α, IFN-γ, IL-6, IL-1β, and IL-8.14

Several clinical studies are currently investigating the potential
to inhibit dysregulated inflammatory signaling in MDS by tar-
geting key hub mediators such as IRAK1 and IRAK4, as well as
ligands and receptors, including S100A9, CD33, IL-1β, IL1RAP,
and TGF-β.
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A better understanding of the molecular and cellular mecha-
nisms through which the inflammatory environment contributes
to immune system dysfunction could allow the development of
new therapeutic strategies, particularly in patients with lower-
risk MDS.

TCR repertoire in patients with MDS
The TCR plays a fundamental role as a transmembrane glyco-
protein in the immunological synapse. The TCR is a

heterodimeric protein that is formed by the combination of
either α and β (αβ TCR) or γδ TCR chains. Expression of either αβ
or γδ TCRs on T cells are crucial for antigen recognition and
immune responses.70

The populations of cells with unique TCR sequences are known
as the TCR repertoire (Figure 3). Development of the TCR
repertoire is a dynamic process that occurs over a lifetime.
However, the diversity of the TCR repertoire dramatically
decreases during the seventh and eighth decades of life, which
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affects the recognition of a wide range of antigenic targets and
immune functions (Figure 3).71

Analysis of the TCR repertoire provides a holistic representation
of the extensive versatility and breadth of the immune T-cell
compartment. Clonal T cells can be identified by analyzing the
third complementarity determining region (CDR3) of the TCR, a
hypervariable domain that directly binds to antigenic cell-surface
peptides, named HLA proteins. In normal T-cell homeostasis, a
restricted number of T cells are activated and undergo inter-
mittent clonal expansion that is triggered by foreign antigens.
However, viral infections, AI diseases and clonal T-cell malig-
nancies induce an excessive clonal T-cell expansion.72-74

In MDS, the diversity of the TCR repertoire correlates with
response to various therapeutic approaches (Figure 3). As an
example, sequential analyses of the αβ TCR repertoire identified
a significant group of T cells that shared identical CDR3 lengths
and involvement of variable TCR β chains which declined in
patients with clinical responses to immunosuppression thera-
pies.75-78 Moreover, although significant skewness in CDR3
length is detected in patients with MDS compared with that in
HDs,79 treatment with hypomethylating agents (HMAs) increased
the TCR diversity.80 In addition, patients with MDS whose dis-
ease responds to HMA treatment show TCR clonotype expan-
sion, whereas patients with MDS whose disease is refractory to
HMA therapy exhibited TCR clonotype contraction.81 These data
suggest that the TCR clonotype diversity contributes to response
to HMA therapy. Our unpublished data also show that patients
whose disease respond to venetoclax-based therapy have a
higher count of T-cell clonotypes and T-cell diversity, whereas
reduction of these cells’ clonotypes predicts disease progression.
Together, these results highlight the potential role of adoptive
immunotherapy strategies to enhance therapy efficacy in
improving the survival of patients with MDS.

However, to date, it is not yet known whether the increase in
TCR diversity or the emergence of new TCR clonotypes in
patients whose disease responds to therapy is directly related
to the therapeutic effect of the treatment (ie, increased release
of neoantigens) or is induced by the reduction in tumor burden,
which leads to the restoration of hematopoiesis. Further ran-
domized clinical trials evaluating the differential impact of each
therapy on the immune microenvironment may provide insights
into T-cell adaptive immunity and establish a causal relationship
between TCR dynamics and the pathogenesis and progression
of MDS.

T-cell evasion in MDS
Immune evasion is a hallmark of cancer that enables malignant
cell clones to expand and overpopulate healthy tissues.82

Immune evasion is especially relevant in patients with MDS
whose aged immune system is vulnerable.83 The over-
expression of immune checkpoint proteins, such as PD-1/PD-L1
and cytotoxic T lymphocyte–associated protein 4 (CTLA-4) on T
cells, leads to T-cell exhaustion and transition toward an
immune-evading tumor microenvironment (Figure 4).84

The interaction of PD-1 with its ligand PD-L1 (Figure 5) sup-
presses TCR-mediated T-cell proliferation and the release of
cytokines that regulate immune activation, thus compromising

immune response. In MDS, PD-1/PD-L1 expression is signifi-
cantly altered. MDS CD34+ hematopoietic stem and progenitor
cells overexpress PD-L1, effector T cells and Treg cells upre-
gulate PD-1.57,85-88 Secreted inflammatory cytokines, such as
IFN-γ, TNF-α, and S100A9, which are present at high levels in
the BM microenvironment of patients with MDS,89-91 induce
PD-1 and/or PD-L1 upregulation on MDS cells, thus facilitating
MDS cells’ escape from immune surveillance.

CTLA-4 is a costimulatory receptor that delivers a potent
inhibitory signal to T cells, leading to restriction of immune
responses.92 Thus, CTLA-4 expression on tumor cells induces
an immunosuppressive state and allows tumor growth
(Figure 4). In MDS, CTLA-4 levels correlate with disease stage
and the risk of progression to AML (being overexpressed in
higher-risk MDS compared with lower-risk MDS).93

Other co-inhibitory receptors, such as the T-cell immunoglobulin
and mucin domain 3 (TIM-3), and the T-cell immunoglobulin and
immunoreceptor tyrosine–based inhibitory motif (ITIM) domain
(TIGIT) are also associated with immune evasion (Figure 4). TIM-3
is a checkpoint receptor that was initially identified on terminally
differentiated Th-1 and CD8+ T cells. TIM-3 is also expressed on
other immune cells, such as Treg and natural killer (NK) cells.
TIM-3 inhibits Th-1 cells’ responses by inducing Th-1 cell-medi-
ated apoptosis and regulates the expression of cytokines, such as
TNF-α and IFN-γ.94,95

Immune evasion, mainly mediated by the overexpression of
immune checkpoints, plays a crucial role in the development
and progression of MDS. Th-1, CD8+ and Treg cells have high
TIM-3 expression, which further increases over the course of the
disease.94-96 The overexpression of TIM-3 in MDS CD8+ T cells
is correlated with reduced levels of perforin and granzyme B,
and upregulation of the death receptor CD95, which affects
these cells’ cytotoxicity and killing capabilities and leads to their
susceptibility to cell death, respectively, thus facilitating
immune escape.94 Importantly, TIM-3 is also overexpressed in
MDS/AML leukemic stem cells and blasts, which suggests that
monoclonal antibodies targeting TIM-3 may have a dual anti-
cancer effect by directly depleting the leukemic clone while
potentiating the immune response.97

TIGIT levels are increased in patients with higher-risk MDS85

and lead to CD4+ T, CD8+ T, and NK cells’ hypo-
responsiveness upon stimulation and these cells’ decreased
secretion capability of effector cytokines (eg, CD107a, IFN-γ
and TNF-α), which results in malignant clonal expansion and
tumor escape.85

T-cell–based therapeutic approaches in MDS
Current treatment options for patients with MDS are mainly
based on supportive care or HMA-based therapies. Except for
allogeneic stem cell transplantation, which is limited to eligible
patients, no new curative treatments have been developed for
MDS in the last 10 years.98

Several exploratory clinical trials targeting signaling pathways,
cell death regulators or immune cell dysfunction are currently
under development.99 Harnessing the power of immune cells,
especially T cells, to increase antitumor responses has emerged
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as a promising approach in the management of hematologic
malignancies.3 Immune checkpoint inhibitors, chimeric antigen
receptor (CAR) T-cell therapies, and novel approaches based on
expanded/activated γδ T cells and bispecific T-cell engagers
(BiTEs) are promising therapeutic options to treat patients with
MDS (Figure 5; Table 1).

Checkpoint inhibitors are monoclonal antibodies that reactivate
the immune system against malignant cells by blocking the
interactions of immune function inhibitory receptors with their
ligands (Figure 5). To date, treatments targeting PD-1, PD-L1 or
CTLA-4-mediated interactions showed modest response rates
in MDS.100,101 Indeed, pembrolizumab (MK3475), a humanized
IgG4 monoclonal antibody that blocks the interaction of PD-1
with PD-L1, showed no clinical activity as single agent in
patients with intermediate-1/2 and higher-risk MDS whose
disease previously failed HMA therapy (KEYNOTE-013 study;

NCT01953692)100 and pembrolizumab in combination with
azacytidine only modestly improved these patients’ overall
response rate (25%) (NCT03094637; Table 1).101 These studies
suggest that checkpoint inhibitors targeting the PD-1-mediated
signaling pathway cannot overcome the poor outcomes of
patients with MDS whose disease failed HMA therapy. How-
ever, a phase 2 basket clinical trial of PD-1 and CTLA-4 inhibi-
tors (nivolumab and ipilimumab, respectively) alone or in
combination with azacytidine (NCT02530463) showed clinical
activity and a tolerable safety profile in patients with frontline
and HMA therapy-refractory MDS, respectively (Table 1).103

A phase 1b clinical trial (NCT03066648) of the immune check-
point inhibitor sabatolimab (a humanized monoclonal antibody
that targets TIM-3) in combination with HMA therapy showed
antileukemic activity and emerging response durability in
patients with higher-risk MDS (Table 1).104 However, another

Macrophages

Immune escape

Tumor microenvironment

MDSC

T cell exhaustion

su
p

p
re

ss
io

n

Restricted antigenrecognition

TCRLoss of
HLA I

CD28

CD8

Gal-9

Treg

TGF-
IL-18

IL-10

IL-4

IL-18

IL-13
IL-10, TGF-
M-CSF, IL-35

CD8+

T cell

CD8+

T cell

TNF-

TIM-3
PD-1

PD-L1

PD-L1 PD-1

TIGIT

CTLA-4

IFN-

Im
m

un
e 

sy
st

em
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clinical trial of sabatolimab in combination with HMA therapy
(NCT03946670; STIMULUS-MDS1) did not show any significant
improvement in complete remission (CR) or progression-free-
survival when compared with HMA therapy alone.105

The STIMULUS-MDS2 study, a phase 3, randomized trial eval-
uating the clinical effects of sabatolimab alone or in combina-
tion with azacytidine in higher-risk MDS (NCT04266301) is
currently ongoing and aims to provide definitive evidence of
the potential long-term benefits of sabatolimab in combination
with HMA therapy in patients with higher-risk MDS97.

CAR T-cell therapies have revolutionized the treatment in
lymphoid malignancies (Figure 5).114-116 However, the identifi-
cation of CAR T-cell–specific antigenic targets in MDS remains
challenging.117 Current CAR T-cell therapies in MDS target the
myeloid CD123 and CD33 antigens which are concomitantly
expressed on normal HSCs, thereby resulting in off-target tox-
icities with profound myeloablation.117 Recent preclinical
studies based on the administration of MDS-derived CAR T cells
against CD123 or CD33 in primary MDS/AML-derived xeno-
graft models showed significant efficacy in depleting leukemic
clones.118,119
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Figure 5. Emerging T-cell–based therapies in MDS. T-cell–based treatment strategies, such as immune checkpoint inhibitors, CAR T-cell therapies, expanded/activated γδ
T cells, and BiTEs hold promise to achieve robust antileukemic activities in MDS while avoiding T-cell cytotoxicity against healthy tissues. (A) Immune checkpoint inhibitors.
(B) CAR T cells. (C) γδ T cells. (D) Antibody-based therapies. FcyRIII, low-affinity IgG receptor type 3; GM-CSF, granulocyte-macrophage colony-stimulating factor; TAA,
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A phase 1 clinical trial (NCT03018405) in patients with AML,
multiple myeloma, and MDS after HMA failure assessed the
efficacy of the autologous CAR T product CYAD-01 based on
the natural killer group 2D (NKG2D) receptor.106 NKG2D is an
activating immunoreceptor, which plays a pivotal role in anti-
tumor immunity by binding to numerous and highly diversified
MHC class I-like self-molecules.120 The expression of NKG2D
ligands is largely absent on healthy cells but elevated in
hematological malignancies.121,122 The study, which mainly
enrolled patients with relapsed or refractory (R/R) AML and
multiple myeloma (only 1 MDS patient was included and
achieved a marrow CR; Table 1) showed that the treatment
with CYAD-01 was well tolerated and had an antileukemic
activity.106

The quality of T cells from patients with MDS who previously
received many other therapies hinders the efficacy of autolo-
gous CAR T in MDS. Thus, the feasibility of treatments based on
the administration of “off-the-shelf” products or allogeneic CAR
T cells generated from HDs is currently under investigation.
Allogeneic products do not require patient-specific
manufacturing, which lowers the costs and reduces the time
to infusion,123 the latter being particularly problematic in
patients with higher- risk features who may experience disease
progression before autologous CAR T-cell treatments are
available. However, side effects induced by graft-versus-host
disease and risk of host immune rejection still remain chal-
lenges to overcome before successfully implementing alloge-
neic CAR T cells into clinical practice.124

γδ T cells represent an appealing treatment for MDS in light of
these cells’ favorable safety profile, potent and wide-ranging
antitumor capabilities, and their potential for allogeneic
administration (Figure 5).125 Currently, several ongoing clinical
trials based on expanded/activated γδ T cells after allogeneic
stem cell transplantation (NCT03533816, NCT03849651) aim
to maximize the antitumor response and minimize graft-
versus-host disease in patients with AML and patients with
MDS. However, a better understanding of the mechanisms
underlying the antitumor activities of γδ T cells and their
interactions with the tumor microenvironment remains a
crucial point to be addressed before developing effective γδ
T-cell–based therapies in MDS.

Bispecific antibodies (BITEs) are recombinant antibodies
designed to recognize and bind 2 different antigens or 2
different epitopes on the same antigen (Figure 5). BITEs target
CD3 and tumor-specific antigens simultaneously, thereby pro-
moting T-cell–induced cytotoxicity.126

An increasing number of BITEs against tumor-specific anti-
gens are under evaluation in R/R MDS and AML, including
those targeting the CD123 (NCT02152956, NCT03647800,
NCT05285813) and CD33 (NCT03915379, NCT03516591)
antigens (Table 1).127 As an example, an open-label phase 2
trial of the dual CD3-CD123 inhibitor vibecotamab
(NCT05285813) is actively accruing patients with R/R MDS
and AML harboring at least 20% of aberrant myeloblasts
with CD123 expression. However, another ongoing multi-
center phase 1b clinical trial of the dual CD3-CD123
inhibitor APVO436 (NCT03647800) is showing modest effi-
cacy in R/R MDS and AML patients (Table 1).110 These

findings, although preliminary, highlight the need to better
understand which cohort of patients with MDS might benefit
from this immune approach and when, during disease stages,
these bispecific antibodies might be effective to improve
patient survival.

Immunosuppressive therapy (IST) in
MDS
In a subset of patients with lower-risk MDS, PB cytopenias are
caused by hyperactive T cells that suppress hematopoiesis
through the direct attack on BM cells or the release of a variety
of inflammatory cytokines, such as IFN-γ, TNF-α, and IL-17, as
also observed in aplastic anemia.128 This cohort of patients
may benefit of IST. The most used IST involves the adminis-
tration of cyclosporine (CsA) or antithymocyte globulin (ATG),
either as monotherapy or in combination. CsA is a calcineurin
inhibitor, which effectively suppresses CD4+ T cells, enhances
cytotoxic lymphocyte function, and inhibits the release of TNF-
α.129 ATG is a mixture of purified polyclonal IgG derived from
rabbits or horses immunized with human thymocytes that
induces immune modulation mainly through T cells’
complement-dependent lysis and apoptosis.130 Based on
National Comprehensive Cancer Network guidelines, IST is
indicated as a treatment option for symptomatic anemia in
lower-risk, non-del(5q) MDS, particularly in patients younger
than 60 years old, with ≤5% blasts in the BM, hypocellular BM,
paroxysmal nocturnal hemoglobinuria, or STAT3 mutant
cytotoxic T-cell clones.131

CsA and ATG combination therapy have shown response rates
of up to 51% in patients with lower-risk MDS.132 A recent sys-
tematic review and meta-analysis of patients with MDS treated
with IST that includes 9 prospective cohort studies and 13
clinical trials showed an overall response rate of 42.5%,
including a CR rate of 12.5% and red blood cell transfusion
independence rate of 33.4%.133 Future randomized clinical tri-
als are critically warranted to definitively determine the impact
of IST on response and survival in patients with MDS.133

Conclusions
Impaired immune functions in the MDS microenvironment
enable tumoral cell immune escape, which contributes to dis-
ease initiation and maintenance. Further T-cell alterations dur-
ing MDS progression induce autoimmunity, aberrant release of
cytokines, and attenuation or loss of immune surveillance, which
results in the proliferation of the malignant clone.

Dysregulation of immune checkpoints (ie, PD-1/PD-L1, CTLA-4,
TIM-3, and TIGIT) on T cells is a key mechanism of immune
evasion. Thus, emerging T-cell–based therapies, including
immune checkpoint inhibitors, CAR T-cell therapy, expanded/
activated γδ T-cell injections, and BiTEs offer promising avenues
to target dysfunctional T-cell populations and enhance anti-
tumor responses in MDS (Figure 5).

A better understanding of how different T-cell subtypes and
MDS cells interact during disease evolution and how T-cell
subpopulations dynamically change after therapy remains a
future challenge for the development of more effective
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therapeutic combinations for improving the outcome of
patients with MDS.
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Hypothesis 1:  

 

Venetoclax resistance in myelodysplastic syndromes (MDS) and chronic myelomonocytic 

leukemia (CMML) is driven by distinct molecular, cellular, and immune-mediated 

mechanisms, including hematopoietic stem cell (HSC) differentiation hierarchies, co-

mutational patterns, and inflammatory signaling. Together, these factors shape therapeutic 

responses and resistance, presenting opportunities to identify novel biomarkers and 

therapeutic targets. 

 

Objectives: 

1. Molecular and Cellular Mechanisms of Venetoclax Resistance: Investigate 

molecular and cellular biomarkers predictive of venetoclax response and resistance 

in MDS and CMML by: 

o Exploring differentiation hierarchies within the HSC compartment. 

o Assessing the impact of co-mutational patterns on therapy resistance. 

o Examining the roles of NF-κB and MCL1-mediated survival pathways in 

venetoclax resistance using single-cell multi-omics, flow cytometry, and in 

vitro/in vivo models. 

2. Clinical and Translational Implications: Develop predictive biomarkers and 

therapeutic strategies to improve patient stratification and treatment efficacy. 

o Identifying biomarkers predictive of response to venetoclax-based treatments. 

o Proposing a rationale for a combination therapy targeting resistant HSC 

populations and inflammatory pathways to overcome resistance. 

 

 

Hypothesis 2: 

 

Inflammatory signaling and immune dysregulation are central to disease progression and 

therapeutic resistance in MDS and CMML. Aberrant inflammatory pathways influence HSC 

survival, differentiation, and immune interactions, promoting clonal evolution and disease 

persistence. Targeting these mechanisms, with a focus on key mediators such as MCL1 and 

IL-1β, offers potential for novel therapeutic strategies. 

 

Objectives: 

1. Role of Inflammation in Disease Progression: Examine the contribution of 

inflammatory signaling to clonal expansion, immune evasion, and therapeutic 

resistance in MDS and CMML by: 

o Profiling pro-inflammatory cytokines and their downstream effects on 

hematopoietic progenitors and immune cells. 

o Investigating the role of chronic inflammation in shaping the bone marrow 

microenvironment and fostering a permissive state for mutant HSC survival. 

2. Functional and Molecular Analysis of HSCs: Characterize inflammation-driven 

mechanisms that affect HSC survival, differentiation, and clonal evolution by: 

o Examining the transcriptional and epigenetic responses of HSCs to 

inflammatory cytokines, with an emphasis on IL-1β signaling pathways. 

o Investigating how molecular adaptations in HSCs, including shifts toward 

myeloid-biased progenitor states, contribute to therapeutic resistance. 

3. Therapeutic Implications of IL-1β Inhibition: Evaluate the translational potential of 
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targeting IL-1β signaling to modulate inflammation and improve therapeutic 

outcomes: 

o Assessing the effects of IL-1β inhibitor, Canakinumab, on inflammatory 

cytokine levels and hematopoietic function in a clinical trial setting. 

o Examining the relationship between IL-1β activity and somatic mutations, 

such as TET2 and DNMT3A, which amplify inflammatory responses and 

clonal dominance. 

4. Immune System Dynamics and T Cell Functionality: Investigate the role of 

immune cell dysfunction, particularly T cells, in MDS and CMML pathogenesis by: 

o Profiling immune effector cells, including CD8+ T cells and NK cells, to identify 

functional impairments and exhaustion markers. 

o Analyzing ligand-receptor interactions between immune cells and 

hematopoietic progenitors within the inflammatory microenvironment. 

o Evaluating how IL-1β inhibition affects T cell activity and restores immune 

functionality. 

5. Survival Mechanisms and MCL1 Dependency: Asses the contribution of MCL1 to 

inflammation-driven survival mechanisms in resistant and high-risk disease subsets: 

o Investigating the interplay between inflammatory signaling pathways and 

MCL1-mediated survival of mutant HSCs and downstream progenitors. 

o Evaluating the potential of targeting MCL1 as a therapeutic strategy, 

particularly in the context of venetoclax resistance and RAS-mutant CMML. 

 

 

Hypothesis 3: 

 

CMML is a highly heterogeneous disease, with distinct co-mutational patterns that influence 

its clinical presentation, progression, and treatment responses. Understanding the 

cooperative effects of these mutations and their impact on hematopoietic differentiation and 

clonal evolution will refine stratification models and inform therapeutic approaches. 

 

Objectives: 

1. Characterization of Co-Mutational Patterns: Identify and classify recurrent co-

mutational patterns in CMML to define genomic subtypes by: 

o Leveraging next-generation sequencing (NGS) to profile somatic mutations 

across a large CMML cohort. 

o Applying computational clustering methods to reveal mutational co-

occurrence and subgroup-defining patterns. 

2. Clonal Dynamics and Evolution: Explore the role of co-mutational patterns in clonal 

architecture and evolution by: 

o Assessing clonal dominance and subclonal dynamics at diagnosis and 

progression using variant allele frequency (VAF) distributions. 

o Studying the temporal changes in clonal populations, including the 

emergence or expansion of high-risk mutations during disease progression. 

o  

3. Phenotypic, Clinical, and Prognostic Associations: Determine how co-mutational 

patterns shape disease phenotype and clinical outcomes by: 

o Examining the relationship between specific co-mutational patterns and 

disease phenotypes, including hematologic parameters, bone marrow 
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morphology, and patterns of clonal evolution 

o Correlating mutational clusters with overall survival, leukemia-free survival, 

and therapeutic resistance 

4. Refinement of CMML Stratification Models: Integrate molecular data with clinical 

stratification to improve CMML classification by: 

o Improving existing prognostic models with genomic subtypes to provide better 

risk stratification. 

o Developing tools to guide patient selection for targeted therapies and 

combination approaches. 

 

 

Together, these objectives aim to deepen our understanding of the complex molecular, 

cellular, and immune mechanisms that drive disease progression and resistance in MDS and 

CMML. By investigating the roles of hematopoietic stem cell hierarchies, inflammatory 

signaling, and immune dysregulation, this thesis seeks to uncover how these interconnected 

processes contribute to clonal evolution, therapeutic resistance, and disease persistence. In 

addressing these challenges, this research aims to identify novel biomarkers and therapeutic 

targets, ultimately paving the way for more effective treatment strategies for patients who 

currently face limited options. 
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The methods and results are detailed in the four published articles that comprise this thesis: 

 

First publication: Rodriguez-Sevilla JJ, Ganan-Gomez I, Ma F, Chien K, Del Rey M, 

Loghavi S, Montalban-Bravo G, Adema V, Wildeman B, Kanagal-Shamanna R, Bazinet A, 

Chifotides HT, Thongon N, Calvo X, Hernández-Rivas JM, Díez-Campelo M, Garcia-Manero 

G, Colla S. Hematopoietic stem cells with granulo-monocytic differentiation state overcome 

venetoclax sensitivity in patients with myelodysplastic syndromes. Nat Commun. 2024 Mar 

18;15(1):2428. doi: 10.1038/s41467-024-46424-3. PMID: 38499526; PMCID: 

PMC10948794. Impact factor: 16.6  

 

Second publication: Montalban-Bravo G*, Thongon N*, Rodriguez-Sevilla JJ*, Ma F, 

Ganan-Gomez I, Yang H, Kim YJ, Adema V, Wildeman B, Tanaka T, Darbaniyan F, Al-

Atrash G, Dwyer K, Loghavi S, Kanagal-Shamanna R, Song X, Zhang J, Takahashi K, 

Kantarjian H, Garcia-Manero G, Colla S. Targeting MCL1-driven anti-apoptotic pathways 

overcomes blast progression after hypomethylating agent failure in chronic myelomonocytic 

leukemia. Cell Rep Med. 2024 Jun 18;5(6):101585. doi: 10.1016/j.xcrm.2024.101585. Epub 

2024 May 22. PMID: 38781960; PMCID: PMC11228590. Impact factor: 16.98 

 

Third publication: Rodriguez-Sevilla JJ, Adema V, Chien K, Loghavi S, Ma F, Yang H, 

Montalban-Bravo G, Huang X, Joseph J, Bodden K, Garcia-Manero G, Calvo X, Colla S. 

Biological and Clinical Effects of Canakinumab in Patients with Lower-Risk Myelodysplastic 

Syndromes: Results from a Phase 2 Trial. Nat Commun. 2024 (accepted). Impact factor: 

16.6 

 

Fourth publication: Montalban-Bravo G, Rodriguez-Sevilla JJ, Swanson DM, Kanagal-

Shamanna R, Hammond D, Chien K, Sasaki K, Jabbour E, DiNardo C, Takahashi K, Short 

N, Issa GC, Pemmaraju N, Kadia T, Ravandi F, Daver N, Borthakur G, Loghavi S, Pierce S, 

Bueso-Ramos C, Kantarjian H, Garcia-Manero G. Influence of co-mutational patterns in 

disease phenotype and clinical outcomes of chronic myelomonocytic leukemia. Leukemia. 

2024 May;38(5):1178-1181. doi: 10.1038/s41375-024-02190-1. Epub 2024 Feb 28. PMID: 

38418609. Impact factor: 12.8 
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Hematopoietic stem cells with granulo-
monocytic differentiation state overcome
venetoclax sensitivity in patients with
myelodysplastic syndromes

Juan Jose Rodriguez-Sevilla1,6, Irene Ganan-Gomez1,6, Feiyang Ma 2,
Kelly Chien 1, Monica Del Rey3, Sanam Loghavi 4,
Guillermo Montalban-Bravo 1, Vera Adema 1, Bethany Wildeman1,
Rashmi Kanagal-Shamanna 4, Alexandre Bazinet1, Helen T. Chifotides1,
Natthakan Thongon1, Xavier Calvo5, Jesús María Hernández-Rivas3,
Maria Díez-Campelo 3, Guillermo Garcia-Manero 1 & Simona Colla 1

The molecular mechanisms of venetoclax-based therapy failure in patients
with acute myeloid leukemia were recently clarified, but the mechanisms by
which patients with myelodysplastic syndromes (MDS) acquire secondary
resistance to venetoclax after an initial response remain to be elucidated.Here,
we show an expansion ofMDShematopoietic stem cells (HSCs)with a granulo-
monocytic-biased transcriptional differentiation state in MDS patients who
initially responded to venetoclax but eventually relapsed. While MDS HSCs in
an undifferentiated cellular state are sensitive to venetoclax treatment, dif-
ferentiation towards a granulo-monocytic-biased transcriptional state,
through the acquisition or expansion of clones with STAG2 or RUNX1 muta-
tions, affects HSCs’ survival dependence from BCL2-mediated anti-apoptotic
pathways to TNFα-induced pro-survival NF-κB signaling and drives resistance
to venetoclax-mediated cytotoxicity. Our findings reveal how hematopoietic
stem and progenitor cell (HSPC) can eventually overcome therapy-induced
depletion andunderscore the importanceof using closemolecularmonitoring
to prevent HSPC hierarchical change in MDS patients enrolled in clinical trials
of venetoclax.

The hematopoietic stem cell (HSC) hierarchy of myelodysplastic syn-
dromes (MDS) predicts thebiologicalmechanismsof progression after
the failure of frontline hypomethylating agents (HMAs) and can guide
the design or choice of second-line therapeutic approaches1. We

previous showed that, compared with those with a “granulocytic-
monocytic progenitor (GMP) pattern” of differentiation, MDS patients
with an immunophenotypic “common myeloid progenitor (CMP)
pattern” of differentiationwho received venetoclax-based therapy had
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a shorter cumulative time to complete remission and a longer
recurrence-free survival duration, primarily because venetoclax can
efficiently target only “CMP pattern” HSCs, whose survival depends
on BCL2.

However, MDS patients eventually failed venetoclax-based ther-
apy after a short period of time2.

Here, to dissect the cellular and molecular mechanisms of
venetoclax-based therapy failure, we performed multi-omic analyses
of sequential samples from MDS patients whose disease initially
responded to venetoclax-based therapy but then relapsed.

Results
Although further confirmed in a larger cohort of samples (n = 28; 12
“CMP pattern” MDS and 16 “GMP pattern” MDS) (Supplementary
Fig. 1a, b and Supplementary Data 1), our survival analysis of MDS
patients who were enrolled in clinical trials of venetoclax-based ther-
apy and had longer follow-up (median time, 20.1 months) showed that
those with “CMP pattern” MDS eventually lose response and/or pro-
gress to acute myeloid leukemia (AML) after an initial remission (n = 6
of 6 “CMP pattern” MDS patients with an initial response who did not
discontinue the study) (Supplementary Data 1). These results suggest
that alternative approaches are needed for these patients, who would
otherwise have no other therapeutic options.

To dissect the cellular and molecular mechanisms of secondary
venetoclax-based therapy failure, we performed multi-omics analyses
of sequential samples from 6 “CMP pattern” MDS patients (Supple-
mentary Data 2) whose initial disease response to venetoclax-based
therapy was associated with HSC depletion (Supplementary Fig. 1c).

These analyses showed that the “CMP pattern” immunopheno-
typic architecture (Supplementary Fig. 2a) and thehematopoietic stem
and progenitor cell (HSPC) transcriptomic signature (Supplementary
Fig. 2b, c) persisted at disease recurrence in the 3 patients with TP53
mutations (UPN#3, UPN#4, and UPN#6), which is consistent with
previous findings that TP53mutations confer an intrinsic resistance to
BCL2 inhibition3.

However, the HSPC hierarchy switched to “GMP pattern” MDS in
the other 3 patients (UPN#1, UPN#2, and UPN#11) before venetoclax
failure (Fig. 1a, b and Supplementary Fig. 3a–d). In all 3 patients, this
immunophenotypic hierarchical change was associated with the
acquisition or selection of clones with STAG2 or RUNX1 mutations,
which we previously found to be enriched in “GMP pattern” MDS1

(Fig. 1c and Supplementary Fig. 3e, f). Single-cell RNA-sequencing
(scRNA-seq) analyses of mononuclear cells (MNCs) from sequential
bone marrow (BM) samples from 2 of the 3 patients (Fig. 1d and Sup-
plementary Fig. 3g) confirmed that HSCs were significantly depleted
during disease remission but expanded at therapy failure (Supple-
mentary Fig. 3h). Differential expression analyses of sequential BM
samples collected during different disease stages showed that the
acquisition of STAG2- or RUNX1-mutant clones not only rewired MDS
HSPCs’ differentiation state towards a myeloid-biased transcriptional
signature (Supplementary Fig. 4a) but also changed HSCs’ survival
dependence from BCL2-mediated anti-apoptotic pathways to TNFα-
induced pro-survival NF-κB signaling, thus enabling HSCs to evade the
cytotoxic effects of venetoclax (Fig. 1e and Supplementary Fig. 4b–d).

Importantly, 3 of the 4 patients with “CMP pattern” MDS whose
disease was refractory to venetoclax-based therapy (UPN#8, UPN#9,
and UPN#12)carried subclones with STAG2 and/or RUNX1mutations at
the time of clinical trial enrollment (Supplementary Data 2). During
venetoclax therapy, these clones underwent clonal evolution (Sup-
plementary Fig. 5a), which switched the HSPC hierarchy from “CMP
pattern” to “GMP pattern” MDS” (Supplementary Fig. 5b). These data
confirm that STAG2 and/or RUNX1 mutations drive venetoclax resis-
tance by reprogramming the HSPC architecture.

Interestingly, trisomy 8 was significantly associated with STAG2
mutations (P =0.03) and conferred a shorter duration of response to

venetoclax-based therapy regardless of prior treatment in patients
with “CMPpattern”MDSbut not thosewith “GMPpattern”MDS (n = 53
patients treated with venetoclax-based therapies for whom immuno-
phenotypic data were available) (Supplementary Fig. 6a, Supplemen-
tary Data 3). These results suggest that trisomy 8 is also a predictive
biomarker of venetoclax resistance in patients with “CMP pat-
tern” MDS.

Discussion
The current standard of care for MDS patients is HMA therapy, which
results in clinical improvements in over 50% of patients. However, the
disease eventually becomes resistant to these agents. Patients with
HMA-resistantMDSdevelop progressive cytopenias or secondaryAML
and have a median survival duration of only 4–6 months4.

Venetoclax-based therapy in patients whose disease previously
failedHMAtherapy holds promise for improving thesepatients’dismal
survival. However, whereas the molecular and biological mechanisms
of resistance to venetoclax have recently been recently elucidated in
AML5–7, we still do not know why MDS patients whose disease failed
HMA therapy acquire secondary resistance to venetoclax after an
initial response8.

Our study revealed the molecular mechanisms of venetoclax-
based therapy failure in MDS. HSPCs exposed to venetoclax undergo
survival pressure, which results in the acquisition or expansion of
clones carrying specific genetic alterations that change these cells’
dependence on BCL2-mediated pathways to NF-κB-mediated anti-
apoptotic pathways for survival (Fig. 1f).

These results suggest that MDS patients receiving venetoclax-
based therapy should be monitored closely for the acquisition or
expansion of clones with STAG2 or RUNX1 mutations and enrolled in
clinical trials of agents targeting NF-κB signaling effectors, such as
MCL1, before their disease undergoes HSC transcriptional repro-
gramming and becomes resistant to venetoclax.

Methods
The research complies with the ethical regulations (MD Anderson
Cancer Center IRB-approved human sample protocol PA15-0926).

Human primary samples and clinical data analysis
We analyzed MDS patients who received venetoclax-based therapy at
MD Anderson Cancer Center. Patients were enrolled in 1 of 3 phase I/II
clinical trials (NCT041600522, NCT045504429, or NCT0465575510).
Patient characteristics, laboratory values, and BM data, including
cytogenetics and next-generation sequencing (NGS) data, were asses-
sed before venetoclax-based therapy, and thereafter as clinically war-
ranted. Genomic DNA was extracted from whole BM aspirates and
subjected to 81-gene target polymerase chain reaction-based sequen-
cing using an NGS platform as described previously11. Testing was
performed in a Clinical Laboratory Improvement Amendments-
certified laboratory. Risk stratification was performed using the
Revised International Prognostic Scoring System (IPSS-R), and MDS
was classified as lower-risk (IPSS-R score ≤3.5) or higher-risk (IPSS-R
score >4) MDS12,13. Disease response was categorized according to the
International Working Group 2006 criteria for MDS, and patients with
responsive disease included those with complete response (CR),
marrow CR (mCR), hematologic improvement (HI), or a combination
of mCR and HI14. Response duration was defined as the time from first
documented response to first documented disease progression or
death, whichever occurred first. To evaluate the mechanisms of sec-
ondary venetoclax-based therapy failure, we analyzed 28MDSpatients
enrolled in the 3 clinical trials in whom HMA therapy had failed. To
evaluate the impact of trisomy 8 on the survival of MDS patients
treatedwith venetoclax-based therapy, we analyzed the clinical data of
53 patients who were enrolled in the 3 clinical trials regardless of prior
therapies and for whom immunophenotypic data were available.
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Samples were obtained in accordance with the Declaration of
Helsinki fromMDAnderson’s Department of Leukemia under protocol
PA15-0926with the approval of the corresponding Institutional Review
Boards. Written informed consent to report any information (includ-
ing age, sex, and clinical parameters) was obtained from all donors,
and all diagnoses were confirmed by dedicated hematopathologists.
The clinical characteristics of the patients included in this study are
shown in Supplementary Data 1–4. MNCs were isolated from each

sample using the standard gradient separation approach with Ficoll-
Paque PLUS (GE Healthcare Lifesciences, Pittsburgh, PA).

Flow cytometry and fluorescence-activated cell sorting (FACS)
Quantitative flow cytometric analyses and FACS of human live MNCs
were performed using a previously described gating strategy and
antigen panel1,15 and antibodies against CD2 (RPA-2.10; 1:20), CD3 (SK7;
1:10), CD14 (MφP9; 1:20), CD19 (SJ25C1; 1:10), CD20 (2H7; 1:10), CD34

C0

C2
mCR

C4
mCR

C7
PD1

a d

e

b

6
2.99

25

9

0.95

576,000
8.68.4

mCR PD1 mCR PD2

C0 C2 C4 C7 C8 C12

40,000

Eryth

B Lymph

PC

Mk Prog

Mono/cDC
Prog

CD4 
T

CD8
T

NK

HSC

0 5 10 15 20 25 30

PI3K AKT MTOR SIGNALING
P53 PATHWAY
APOPTOSIS
HYPOXIA
UNFOLDED PROTEIN RESPONSE
G2M CHECKPOINT
UV RESPONSE UP
MTORC1 SIGNALING
MYC TARGETS V1
TNFA SIGNALING VIA NFKB

-Log10 (P value)

c

f

PD1 PD2mCRC0

Lin-CD34+CD38+Lin-CD34+CD38-Lin-

C12
PD2

CD90 PerCPCD38 APC-Cy7

C
D

45
R

A 
AP

C

C
D

34
 B

V4
21

C
D

12
3 

PE

CD45RA APC

Article https://doi.org/10.1038/s41467-024-46424-3

Nature Communications |         (2024) 15:2428 3



(581; 1:20), CD56 (B159; 1:40), CD123 (9F5; 1:20), and CD235a (HIR2;
1:40; all from BD Biosciences, Franklin Lakes, NJ); CD4 (S3.5; 1:20),
CD11b (ICRF44; 1:20), CD33 (P67.6; 1:20), andCD90 (5E10; 1:10; all from
Thermo Fisher Scientific, Waltham, MA); CD7 (6B7; 1:20) and CD38
(HIT2; 1:20; both from BioLegend, San Diego, CA); CD10 (SJ5-1B4; 1:20;
Leinco Technologies, St. Louis, MO); and CD45RA (HI100; 1:10; Tonbo
Biosciences, San Diego, CA).

FACS-purified samples were acquired with a BD Influx Cell Sorter
(BD Biosciences), and the cell populations were analyzed using FlowJo
software (version 10.7.1, Ashland, OR). All experiments included single-
stained controls andwere performed atMDAnderson’s South Campus
Flow Cytometry and Cellular Imaging Facility.

scRNA-seq
scRNA-seq was performed as we described previously1. Briefly, FACS-
purified live BM MNCs were prepared and sequenced at MD Ander-
son’s Advanced Technology Genomics Core. Sample concentration
and cell suspension viability were evaluated using a Countess II FL
Automated Cell Counter (Thermo Fisher Scientific) and manual
counting. Samples were normalized for input onto the Chromium
Single Cell A Chip Kit (10x Genomics, Pleasanton, CA), in which single
cells were lysed and barcoded for reverse-transcription. The pooled
single-stranded, barcoded cDNA was amplified and fragmented for
library preparation. Pooled libraries were sequenced on a Nova-
Seq6000 SP 100-cycle flow cell (Illumina, San Diego, CA).

The sequencing analysis was carried out using 10X Genomics’
CellRanger software (version 3.0.2). Fastq files were generated using
the CellRanger MkFastq pipeline (version 3.0.2). Raw reads were
mapped to the human reference genome (refdata-cellranger-GRCh38-
3.0.0) using the CellRanger Count pipeline. Multiple samples were
aggregated using the Cellranger Aggr pipeline. The digital expression
matrix was analyzed with the R package Seurat (version 3.0.2)16 to
identify different cell types and signature genes for each. Cells with
fewer than 500 unique molecular identifiers or greater than 50%
mitochondrial expression were removed from further analysis. The
Seurat function NormalizeData was used to normalize the raw counts.
Variable genes were identified using the FindVariableFeatures func-
tion. The ScaleData function was used to scale and center expression
values in the dataset, and the number of unique molecular identifiers
was regressed against each gene. Uniform manifold approximation
and projection (UMAP) was used to reduce the dimensions of the data,
and the first 2 dimensions were used in the plots. The FindClusters
function was used to cluster the cells. Marker genes for each cluster
were identified using the FindAllMarkers function. Cell types were
annotated based on the marker genes and their match to canonical
markers17,18. Pathway analyses of differentially expressed genes were

conducted using Metascape19. The GMP enrichment score was calcu-
lated based on a previously validated GMP expression signature20.

Statistics and reproducibility
Statistical analyses were performed using R (version 4.0.320), Jamovi
(version 2.0.021), and GraphPad (version 9.0.0, San Diego, CA). The
2-tailed Student t-test or Mann–Whitney test, as appropriate, and
chi-square test were used to compare continuous and categorical
variables, respectively. The multiple test analyses included in Sup-
plementary Data 3 were corrected using the Bonferroni adjustment.
No statistical method was used to predetermine sample size. No data
were excluded from the analyses. Patient samples were selected
based on of diagnosis regardless of sex and gender because MDS
affect both females andmales. The sex of the patients included in this
study is indicated in Supplementary Data 1 and 3. Mutations with
variant allele frequency values below 2%were excluded from the plot
to model clonal evolution. A comprehensive summary of the muta-
tions for UPN#1, UPN#2, UPN#11, UPN #8, UPN#9, and UPN#12 at
every timepoint is provided in Supplementary Data 4. Fish plot
visualization was performed using the timescape package (version
3.14) in R (version 4.2.2). The graphical abstract was made using
BioRender.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data sets generated in this study using scRNA-seq have beendeposited
at GEOunder accession codeGSE241417. Source data are provided as a
Source data file. Source data are provided with this paper.
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SUMMARY

RAS pathway mutations, which are present in 30% of patients with chronic myelomonocytic leukemia
(CMML) at diagnosis, confer a high risk of resistance to and progression after hypomethylating agent
(HMA) therapy, the current standard of care for the disease. Here, using single-cell, multi-omics technologies,
we seek to dissect the biological mechanisms underlying the initiation and progression of RAS pathway-
mutated CMML. We identify that RAS pathway mutations induce transcriptional reprogramming of hemato-
poietic stem and progenitor cells (HSPCs) and downstream monocytic populations in response to cell-
intrinsic and -extrinsic inflammatory signaling that also impair the functions of immune cells. HSPCs expand
at disease progression after therapy with HMA or the BCL2 inhibitor venetoclax and rely on the NF-kB
pathway effector MCL1 to maintain survival. Our study has implications for the development of therapies
to improve the survival of patients with RAS pathway-mutated CMML.

INTRODUCTION

Chronic myelomonocytic leukemia (CMML), a clonal disorder of

mutant hematopoietic stem cells (HSCs),1 is characterized by

myelodysplastic and myeloproliferative bone marrow (BM) fea-

tures,2,3 and a high risk of progression to acutemyeloid leukemia

(AML).4–6 Hypomethylating agent (HMA) therapy, the current

standard of care for most patients with CMML,7 can overcome

CMML cells’ aberrant proliferation and achieve improved out-

comes in some patients. However, most patients only have tran-

sient responses to HMA therapy, owing to these agents’ inability

to effectively deplete HSCs and decrease tumor burden. CMML

patients whose disease undergoes transformation to AML upon

HMA therapy failure have dismal clinical outcomes.8,9

Despite advances in the genetic characterization of CMML,

the development of alternative frontline treatments or more

effective second-line therapies to improve the outcomes of

CMML patients with high-risk biological features has been de-

layed because of an incomplete understanding of the ways

in which different hematopoietic populations that persist

throughout HMA therapy contribute to disease maintenance

and progression.

Mutations in RAS pathway signaling genes (BRAF, CBL,

KRAS, NF1, NRAS, and PTPN11) confer adverse biological fea-

tures that increase the risk of disease progression and poor over-

all survival, particularly when they are concurrently present with

loss-of-functionmutations in theASXL transcriptional regulator 1

gene, ASXL1.10

Herein, we used single-cell technology-based approaches

to elucidate the biological and molecular landscape of RAS

pathway-mutatedCMML toguide the selection of future therapeu-

tic interventions and achieve durable responses in CMML patients

inwhomblast progression (BP) occursafter failure toHMAtherapy.

RESULTS

Mutations inRAS pathway signaling genes predict a high
risk of CMML BP after HMA therapy failure
We first evaluated whether specific mutations predict a high risk

of CMML BP in a cohort of 108 CMML patients who received

Cell Reports Medicine 5, 101585, June 18, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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HMA therapy (Table S1). After a median follow-up of 19 months

(95% confidence interval [CI], 15.8–23.9 months), 57 patients

experienced HMA therapy failure; 36 patients had BP at the

time of therapy failure. Mutations in RAS pathway genes were

significantly associated with BP (odds ratio = 3.35; 95% CI,

1.46–7.70; p = 0.004) (Figure 1A) and shorter time to BP (hazard

ratio = 2.21; 95% CI, 1.13–4.33; p = 0.021) (Figure 1B). Similarly,

logistic regression analysis showed thatRAS pathwaymutations

were associated with a higher risk of BP (p = 0.01158) (Table S2).

To assess whether BP was associated with mutations that were

not detected at diagnosis or with the clonal expansion of pre-ex-

isting mutations, we sequenced BM cells isolated from samples

collected at the time of BP after HMA failure from 22 of the 36 pa-

tients and compared the cells’ genomic landscape with that of

BM cells isolated at diagnosis (Figure 1C). Among 22 patients

with BP, 14 (64%) had RAS pathway mutations at diagnosis,

A B

C D

Figure 1. Mutations in RAS pathway signaling genes predict a high risk of CMML BP after HMA therapy failure

(A) Bar chart showing the frequencies of detectable mutations and cytogenetic abnormalities among 108 CMML patients who received HMA therapy and whose

disease progressed (green) or did not progress (blue). Asterisks indicate significantly different frequency changes (*p < 0.05).

(B) Kaplan-Meier survival curves showing the cumulative incidence of BP after HMA therapy in previously untreated CMML patients with or without RAS pathway

mutations. N, number; HR, hazard ratio; CI, confidence interval.

(C) Bar chart showing the overall frequencies of detectable mutations among 22 CMML patients whose disease progressed and in whom targeted sequencing

was performed at the time of BP. Mutations at diagnosis and BP are indicated by pink and green, respectively. Paired samples were analyzed.

(D) Detectedmutations and their variant allele frequencies (VAFs) in matched samples obtained at diagnosis and at the time of BP in the 22 CMML patients shown

in (C). Columns represent the mutations and VAFs from sequential samples of individual CMML patients at diagnosis and BP. Patient identifiers are shown at the

top of each column. Asterisks indicate the presence of multiple mutations in a particular gene. The numbers ofRASmutations are shown in red gradient; the VAFs

of each mutation are shown in blue gradient.
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A B

C

D E

F

Figure 2. RAS pathway-mutated CMML cells activate cell-intrinsic and -extrinsic inflammatory networks

(A) UMAP of scRNA-seq data for pooled single Lin–CD34+ cells isolated from BM samples of two HDs (n = 895) and fiveRAS pathway mutant CMML patients (n =

3,161). Each dot represents one cell. Different colors represent the cluster cell-type identity (left) or sample origin (right). HSC, hematopoietic stem cells; eMyHPC,

early myeloid progenitor cells; dMyHPC, differentiated myeloid progenitors; Ery/MkHPC, erythroid/megakaryocyte hematopoietic progenitor cells. Dashed lines

indicate single clusters in each cell-type population.

(B) Distribution of HD (top) and RAS pathway mutant CMML (bottom) Lin–CD34+ cell types among the clusters shown in (A).

(C) Pathway enrichment analysis of the genes that were significantly upregulated in HSCs (left), eMyHPCs (middle), and dMyHPCs (right) from the five RAS

pathway mutant CMML samples shown in (A) compared with those from HD samples (adjusted p % 0.05). The top 10 hallmark gene sets are shown.

(legend continued on next page)
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and 20 (91%) had RAS pathway mutations at BP. Nine patients

(41%) acquired newly detectable RAS pathway mutations at

BP (4 patients had no detectable RAS pathway mutations at

diagnosis, and 5 patients acquired other RAS pathway muta-

tions). Of the 14 patients with RAS pathway-mutated CMML at

diagnosis, 10 had BP without RAS pathway mutation-induced

clonal evolution (Figure 1D).

These results were validated using single-cell DNA seq-

uencing coupled with cell-surface immunophenotyping analysis

of mononuclear cells (MNCs) isolated from sequential BM sam-

ples obtained at the time of diagnosis or BP from two represen-

tative RAS pathway-mutated CMML patients whose disease

never responded to therapy (Figures S1A and S1B) or underwent

clonal evolution after an initial response (Figures S2A and S2B).

Taken together, these data demonstrate that patients with RAS

pathway-mutated CMML have a high risk of BP at the time of

HMA therapy failure. This observation has important clinical im-

plications in light of our recent study showing that RAS pathway

mutations also drive resistance to and/or BP following veneto-

clax-based second-line therapy.11 These data underscore the

urgent need to dissect the biological mechanisms of RAS

pathway mutation-induced therapy resistance, as such an un-

derstanding could lead to the development of future therapeutic

approaches to prevent or overcome disease progression.

RAS pathway mutations activate cell-intrinsic and
-extrinsic inflammatory networks
To dissect the molecular mechanisms underlying the progres-

sion ofRAS pathway-mutated CMML, we first evaluated themo-

lecular determinants of disease initiation. We performed single-

cell RNA sequencing (scRNA-seq) analysis of lineage-negative

(Lin–) CD34+ hematopoietic stem and progenitor cells (HSPCs)

isolated from five untreated RAS pathway mutant CMML pa-

tients and two age-matched healthy donors (HDs) (Table S3).

This analysis identified eight cellular clusters driven by the differ-

entiation profile of the cells (Figure 2A), which we defined based

on the differential expression of validated lineage-specific tran-

scriptional factors (TFs) and cellular markers12,13 (Figure S3A;

Table S4). Compared with HSPCs from HDs, Lin–CD34+

HSPCs from RAS pathway mutant CMML patients had a pre-

dominant myeloid differentiation route with higher frequencies

of early myeloid hematopoietic progenitor cells (eMyHPCs)

(clusters 1 and 3, characterized by the high expression of

CD34, BTF3, and CEBPA but low expression of CD38) and

more differentiated MyHPCs (dMyHPCs) (clusters 0, 4, and 6,

marked by the expression of CEBPD and/or CEBPA, as well as

that of MPO) at the expense of more primitive HSCs (cluster 2,

marked by the high expression ofMLLT3,MEG3, and CLEC9A),

and erythroid/megakaryocyte (Ery/Mk) HPCs (clusters 5 and 7,

marked by the expression of KLF1, GATA1, and GATA2) (Fig-

ure 2B). Differential expression analysis revealed that genes up-

regulated in RAS pathway mutant CMML HSCs compared with

HD HSCs were mainly involved in oxidative phosphorylation,

interferon (IFN) response, and apoptosis (Figures 2C and S3B).

Similar results were observed in eMyHPCs and dMyHPCs

(Figure 2C).

To evaluate the contribution of downstream myelo/monocytic

(My/Mo) populations to disease maintenance, we performed

scRNA-seq analysis of BM MNCs isolated from three HDs, and

five untreated RAS pathway mutant CMML samples. To dissect

the specific role of RAS pathway mutations in disease initiation,

we also included BM MNCs from three untreated RAS pathway

wild-type CMML samples. This analysis identified 18 cellular

clusters inclusive of all major BM cell types that we defined

based on the expression of lineage-specific TFs and cellular

markers and using the single-cell transcriptome to protein pre-

diction with deep neural network pipeline14,15 (Figures 2D and

S3C; Table S5). Consistent with the predominant myeloid differ-

entiation bias of CMML HSPCs, differential analysis of BM cell

lineage composition revealed that the monocyte population

(clusters 0 and 4) increased in BM CMML samples compared

with that in BM HD samples, regardless of the presence of

RAS pathway mutations (Figure 2E).

However, although CMML monocytes from RAS pathway

wild-type CMML underwent transcriptional reprogramming

compared with those from HDs, RAS pathway mutant mono-

cytes had significantly enhanced upregulation of IFN and NF-

kB signaling-mediated inflammatory responses compared with

RAS pathway wild-type monocytes (Figures 2F and S4A).

Inflammatory networks modulate the immune microenviron-

ment and contribute to immune escape.16 To assess whether

CMML monocytes directly suppress the immune response

and whether RAS pathway mutations modulate such interac-

tions, we dissected the intercellular crosstalk and communica-

tion networks between CMML cells and all other BM cells. We

inferred cell-to-cell communications from the combined

expression of multi-subunit ligand-receptor complexes using

CellPhoneDB, a repository of ligands and receptors and their

interactions.17 After generating a homeostatic interactome of

BM MNCs from HDs, we analyzed the cellular communication

networks that were upregulated in RAS pathway wild-type

and mutant CMML BM samples (Figure S4B; Table S6).

Compared with HD MNCs, RAS pathway mutant CMML

MNCs had significantly more ligand-receptor interactions

(D) UMAP of scRNA-seq data for pooled single MNCs isolated fromBM samples of three HDs (n = 12,836), threeRAS pathway wild-type (RASwt) (n = 16,038), and

five RAS pathway mutant (RASmut) (n = 12,234) CMML patients. Each dot represents one cell. Different colors represent the cluster cell-type identity (left) or

sample origin (right). HSC, hematopoietic stem cells; MKP, megakaryocyte precursors; Ery, erythroid precursors; MyHPC, myeloid hematopoietic progenitor

cells; Mono, monocytes; CD16 Mono, non-classical CD16+ monocytes; cDC, classical dendritic cells; pDC, plasmacytoid dendritic cells; B cell, B lymphocytes;

PC, plasma cells; nCD4T, naive CD4+ T cells; mCD4/CD8, memory CD4+ and CD8+ T cells; eCD8T, effector CD8+ T cells; NKC, natural killer cells. Dashed lines

indicate single clusters in each cell-type population.

(E) Distribution of HD (top), and RAS pathway wild-type (RASwt) (middle) or mutant (RASmut) CMML (bottom) BM MNC populations among the clusters

shown in (D).

(F) Pathway enrichment analysis of the genes that were significantly upregulated in RAS pathway wild-type (top left) or mutant (top right) CMML monocyte

clusters compared with those in HD and RAS pathwaymutant monocyte clusters compared with those inRAS pathway wild-typemonocyte clusters (bottom left)

(adjusted p % 0.05). The top 10 hallmark gene sets are shown.
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involving monocytes, classical dendritic cells (cDCs), plasma-

cytoid DCs (pDCs), MyHPCs, effector CD8+ T (eCD8T) cells,

and natural killer (NK) cells (Figure S4B). Monocytes, cDCs,

and immune populations from patients with RAS pathway

mutant CMML gained significantly more ligand-to-receptor in-

teractions compared with those without RAS pathway muta-

tions (Figure S4B). Specifically, expression levels of chemokine

genes (CCL3 and CCL3L1) and cytokine genes (IL1B,

TNFSF10, MIF, and HGF) involved in inflammatory signaling

and NF-kB-mediated cell survival were significantly increased

in CMML monocytes, cDCs, pDCs, and MyHPCs, and enriched

in patients with RAS pathway mutations (Figure S4C). Mono-

cytes and cDCs from patients with RAS pathway mutations ex-

pressed higher levels of the receptors of these ligands

(CCR1, CCR5, CD74, and TNFRSF10B), which suggests that

an aberrant feedback loop among different cell types preferen-

tially contributes to CMML maintenance in RAS pathway

mutant CMML. Together, these data are consistent with previ-

ous findings showing that, in other cancers, NF-kB signaling

activation is essential for RAS pathway mutation-induced

tumorigenesis.18–21

CMML monocytes, pDCs, and cDCs also gained cell-to-cell

interactions with NK and eCD8T cells. Interactions involving

the HLA-E-KLRC1/2, CDH1-KLRG1, LGALS9-HAVCR2, and

TGFB1-TGBR1/3 ligand-receptor pairs (known to inhibit the im-

mune cell functions22–29) were the most common (Figure S4C;

Table S6). To evaluate whether CMML BM monocytes and im-

mune cells spatially co-localized, we performed multiplex

immunofluorescence analysis of BM biopsy sections obtained

from CMML patients (n = 4) at the time of diagnosis. This anal-

ysis revealed that BM monocytes (CD14+CD68� cells) resided

within a median of 19.73 mm (95% CI, 12.75–32.25 mm) from

CD8+ T cells and 22.62 mm (95% CI, 15.73–32.17 mm) from

NK cells (CD3�CD56+ cells; Figures S5A and S5B), which sug-

gests that these cell populations interact with each other.

Accordingly, both CMML NK cells (cluster 1) and eCD8T cells

(cluster 3) had increased expression levels of immune check-

point genes associated with these cells’ exhaustion (e.g.,

KLRG1, KLRC1, TIGIT, LAG3, CD244, B3GAT1, and CD160)

compared with those from HDs (Figure S5C).30–32 To further

characterize the functional state of CD8+ T and NK cells in

CMML, we evaluated the expression of activation markers on

these cells after antigen exposure. After co-culture with K562

AML cells, the frequencies of IFN-g+ CD8+ T cells and activated

CD16+ NK cells were significantly lower in RAS pathway mutant

CMML but not in RAS pathway wild-type CMML, compared

with those in HDs (Figure S5D). In addition, IFN-g+ CD8+

T cells and NK cells from patients with RAS pathway mutant

CMML, but not those from RAS pathway wild-type CMML,

had significantly lower IFN-g and perforin expression levels,

respectively (Figure S5D).

Taken together, these data suggest that CMML HSPCs and

downstream My/Mo cells undergo significant transcriptional re-

wiring and that RAS pathway mutations enhance the activation

of cell-intrinsic and -extrinsic inflammatory networks in CMML

monocyte populations to maintain cell proliferation and sup-

press the immune microenvironment, thus enabling immune

escape and clonal expansion.

RAS pathway-mutated HSCs upregulate NF-kB
transcriptional programs and drive CMML BP after HMA
therapy failure
To evaluate the cellular and molecular dynamics of CMML pro-

gression, we performed scRNA-seq analysis of Lin–CD34+

HSPCs isolated from BM samples sequentially obtained from

five RAS pathway mutant CMML patients at diagnosis and BP

(Figures 3A and S6A; Table S7). HSPCs isolated from BM sam-

ples obtained at BP maintained aberrant differentiation toward

the My/Mo lineage (Figure 3B) and had upregulated genes

belonging to the NF-kB signaling pathway (Figure 3C). Impor-

tantly, MCL1, an anti-apoptotic member of the BCL2 family

and a downstream effector of the NF-kB pathway, was signifi-

cantly upregulated in HSCs (cluster 6) and eMyHPCs (clusters

0 and 1) at BP compared with those at diagnosis (Figures S6B

and S6C; Table S8).

To evaluate whether HSPCs’ transcriptional changes at BP re-

sulted from epigenetic reprogramming in the more primitive

HSCs, we performed single-cell assays for transposase-acces-

sible chromatin with high-throughput sequencing (scATAC-

seq) to profile the chromatin accessibility landscape in

Lin–CD34+ HSPCs isolated from BM samples sequentially ob-

tained from three RAS pathway mutant CMML patients at diag-

nosis or BP. Our analysis identified five clusters with distinct TF

binding motif enrichment in the open chromatin regions (Figures

3D and S6D; Table S9). MyHPCs (clusters 1 and 2) were charac-

terized by open chromatin regions in the binding motifs of the

myeloid TFs SPI1B and CEBPA and TFs belonging to the FOS

and JUN families. HSCs (clusters 0 and 4) had the highest activ-

ities of TFs involved in stemness maintenance, such as HLF and

TFs belonging to the nuclear retinoid receptor and EGR families.

Ery/MkHPCs (cluster 3) were characterized by open chromatin

regions in binding motifs for GATA TFs.

Consistent with our transcriptomic data, HSCs at BP had

increased open chromatin peaks at the promoters of genes

involved in NF-kB pathway activation and inflammatory res-

ponse pathways (Figure 3E), including MCL1 (Figure S6E; Table

S10). HSCs also showed increased open chromatin peaks of

genes involved in NF-kB pathway activation and inflammatory

response pathways at the genes’ distal elements, which define

cell identity and differentiation trajectories more precisely than

promoter regions do33 (Figures 3F and S6F).

Taken together, these data suggest that RAS pathway-

mutated CMML HSCs exacerbate the activation of inflammatory

and NF-kB pathway transcriptional programs and promote tran-

scriptional upregulation of NF-kB signaling-mediated anti-

apoptotic pathways to maintain survival at BP after HMA failure.

RAS pathway-mutated CMML cells rely on MCL1

overexpression to maintain their survival at BP
To elucidate whetherMyHPCs’ transcriptional and epigenetic re-

programming drives BP, we performed scRNA-seq analysis of

MNCs isolated from sequential RAS pathway-mutated CMML

BM samples obtained from six CMML patients at diagnosis

and BP (Figures 4A and S7A; Table S11). MNCs at BP had a

significantly higher frequency of CD34+ MyHPCs (22.5% vs.

2.8%, respectively; clusters 7, 8, and 14) compared with those

at diagnosis (Figures 4B and S7B). These results were confirmed
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Figure 3. RAS pathway-mutated HSCs undergo epigenetic reprogramming and drive CMML BP after HMA therapy failure

(A) UMAP of scRNA-seq data for pooled single Lin–CD34+ cells isolated fromBMsamples of fiveRAS pathwaymutant CMML patients at diagnosis (n = 1,840) and

at BP after HMA therapy failure (n = 1,711). Each dot represents one cell. Different colors represent the cluster cell-type identity (left) or sample origin (right). HSC,

hematopoietic stem cells; eMyHPC, early myeloid hematopoietic progenitor cells; dMyHPC, differentiated myeloid hematopoietic progenitor cells; Ery/MkHPC,

erythroid/megakaryocyte hematopoietic progenitor cells. Dashed lines indicate single clusters in each cell-type population.

(B) Distribution of Lin–CD34+ cell types at diagnosis (top) and BP (bottom) among the clusters shown in (A).

(C) Pathway enrichment analysis of the genes that were significantly upregulated in HSCs (left) and dMyHPCs (right) at the time of BP after HMA therapy failure

compared with those at diagnosis (adjusted p % 0.05). The top 10 hallmark gene sets are shown.

(D) UMAP of scATAC-seq data for pooled Lin–CD34+ cells isolated from BM samples obtained from three RAS pathway mutant CMML patients at diagnosis (n =

5,066) and at BP after HMA therapy failure (n = 8,603). Each dot represents one cell. Different colors represent the cluster identity (left) or sample of origin (right).

HSC, hematopoietic stem cells; MyHPC, myeloid progenitor cells; Ery/MkHPC, erythroid/megakaryocyte hematopoietic progenitor cells.

(E) Pathway enrichment analysis of genes whose promoters were enriched in open chromatin regions in HSCs (clusters 0 and 4, shown in D) at the time of BP as

compared with those at diagnosis (p % 10�4). The top 10 hallmark gene sets are shown.

(F) Pathway enrichment analysis of genes whose distal elements were enriched in open chromatin regions in HSCs (clusters 0 and 4, shown in D) at the time of BP

as compared with those at diagnosis (adjusted p % 0.05). The top 10 hallmark gene sets are shown.
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Figure 4. RAS pathway-mutated CMML cells rely on MCL1 overexpression to maintain their survival at BP
(A) UMAP of scRNA-seq data for pooled single MNCs isolated from BM samples of six RAS pathway mutant CMML patients at diagnosis (n = 16,372) and at BP

after HMA therapy failure (n = 19,541). Each dot represents one cell. Different colors represent the cluster cell-type identity (left) or sample of origin (right). MyHPC,

myeloid hematopoietic progenitor cells; My/MoP, myelo/monocytic progenitors; Mono, monocytes; cDC, classical dendritic cells; pDC, plasmacytoid dendritic

cells; MKP, megakaryocyte precursors; Ery-E, early erythroid precursors; Ery-L, late erythroid precursors; B cell, B lymphocytes; PC, plasma cells; nCD4T, naive

CD4+ T cells; mCD4T, memory CD4+ T cells; eCD8T, effector CD8+ T cells; NKC, natural killer cells. Dashed lines indicate single clusters in each cell-type

population.

(B) Distribution of MNC populations at diagnosis (top) and progression (bottom) among the clusters shown in (A).

(C) Pathway enrichment analysis of the genes that were significantly upregulated in the monocytic populations (clusters 2, 3, 11, 15, and 20) shown in (A) at the

time of BP after HMA therapy failure compared with those at diagnosis (adjusted p % 0.05). The top 10 hallmark gene sets are shown.

(D) Numbers of live Lin–CD34+CD38– HSCs and Lin–CD34+CD38+ MyHPCs from CMML patients with BP after treatment with vehicle or AMG-176 (n = 4, 20 nM)

for 48 h. Lines represent means ± SD. Statistical significance was calculated using a two-tailed Student’s t test (***p < 0.001, ****p < 0.0001).

(E) UMAP of scRNA-seq data for pooled single MNCs isolated from BM samples obtained from a representative CMML patient at the time of BP after HMA

therapy failure (n = 6,209) and subsequent failure to venetoclax-based therapy (n = 6,795). Each dot represents one cell. Different colors represent the cluster cell-

type identity (left) or the sample of origin (right). HSC, hematopoietic stem cells; MyHPC, myeloid hematopoietic progenitor cells; My/MoP, myelo/monocytic

progenitors; Mono, monocytes; Ery/MkHPC, erythroid/megakaryocytic hematopoietic progenitor cells; Ery-E, early erythroid precursors; Ery-L, late erythroid

precursors; Pre-E, pre-erythrocytes; mCD8T, memory CD8+ T cells; eCD8T, effector CD8+ T cells; NKC, natural killer cells.

(F) Pathway enrichment analysis of the genes that were significantly upregulated in MyHPCs at the time of venetoclax failure compared with those at the time of

BP after HMA therapy failure (adjusted p % 0.05). The top 10 hallmark gene sets are shown.

(G) Distribution of myeloid cell types among the myeloid compartments at BP after HMA therapy failure (left) and venetoclax-based therapy failure (right).
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by flow cytometry analysis of Lin–CD34+ cells in 70% of the pa-

tients (Figure S7C), which suggests that BP after HMA therapy is

mostly driven by the expansion of the HSPC compartment.

Consistent with our results in the Lin–CD34+ compartment, dif-

ferential expression analysis confirmed that MyHPCs at BP

had upregulated genes involved in TNF-a-mediated NF-kB acti-

vation (Figure S7D), including MCL1 (Figures S7E and S7F;

Table S12). The upregulation of these genes was maintained in

downstream My/Mo progenitors (My/MoPs; clusters 5 and 17)

and was significantly increased in the monocytic populations

(clusters 2, 3, 11, 15, and 20) (Figures 4C and S7G; Table S12).

Consistent with these transcriptomic results, CD34+ BM cells

from patients with RAS pathway mutant CMML at BP (n = 2)

had higher MCL1 protein expression than did cells from patients

at diagnosis (n = 3; Figure S7H).

MNCs at BP exacerbated the cellular communication

networks between cDCs, MyHPCs, My/MoPs, pDCs, mono-

cytes, and eCD8T cells, compared with MNCs at baseline.

Exacerbation of the cellular communication networks mainly

occurred through immune-suppressive interactions between

the LGALS9-HAVCR2 ligand-receptor pair, as well as increased

CCL3/CCR1 and HGF/CD44 interactions between monocytes,

MyMoPs and MyHPCs (Figures S8A and S8B; Table S13).

To determine whether MCL1 upregulation was a hallmark of

BP in RAS pathway mutant CMML or a general mechanism of

treatment resistance and progression in CMML, we performed

scRNA-seq analysis of BM MNCs isolated from RAS pathway

wild-type CMML samples at diagnosis (n = 3) and BP after

HMA failure (n = 3) (Figures S9A and S9B; Table S14). RAS

pathway wild-type BM MNCs at progression had a higher fre-

quency of MyHPCs compared with those at diagnosis (8.1%

vs. 3.9%, respectively; cluster 7; Figure S9C). MyHPCs at BP up-

regulated genes involved in TNF-a-mediated NF-kB activation

but not MCL1 (Figures S9D and S9E; Table S15). Similar data

were also observed in downstream My/MoPs and monocytes

(Figure S9D; Table S15). Consistent with these findings, CD34+

BM cells from patients with RAS pathway wild-type CMML at

diagnosis (n = 3) and BP (n = 3) had similar MCL1 protein expres-

sion levels (Figure S7H).

Together, these data suggest that only RAS pathway-

mutated CMML MyHPCs and monocytes rely on MCL1-driven

anti-apoptotic pathways to maintain survival and expand

after therapy failure. To test this hypothesis, we treated

Lin–CD34+ HSPCs isolated from the BM of patients with

RAS pathway-mutated CMML with the MCL1 inhibitor AMG-

17634 (at a dose that did not deplete Lin–CD34+CD38– or

Lin–CD34+CD38+ HSPCs isolated from the BM of HDs in

co-culture system with mesenchymal stromal cells; Fig-

ure S10A). AMG-176 significantly decreased the numbers of

Lin–CD34+CD38– and Lin–CD34+CD38+ HSPCs isolated from

BM samples obtained from patients with RAS pathway-

mutated CMML at BP (Figure 4D). AMG-176 did not signifi-

cantly affect the survival of HSPCs isolated from BM samples

obtained from patients at diagnosis (Figure S10B), which con-

firms that CMML HSPCs maintain an intact apoptotic program

at disease initiation. Consistent with our scRNA-seq analysis

showing that MCL1 was not upregulated in RAS pathway

wild-type HSPCs, the treatment with AMG-176 did not deplete

RAS pathway wild-type HSPCs at the time of BP after HMA fail-

ure (Figure S10C).

Importantly, BCL2 was not overexpressed in either RAS

pathway mutant CMML HSPCs or downstream My/Mo popula-

tions at BP after HMA therapy failure (Figure S10D). BCL2

expression was significantly downregulated at progression in

MyHPCs and My/MoPs from CMML patients without detectable

RAS pathway mutations at the time of BP (Figure S10E). These

findings are consistent with our previous clinical observation

that CMML patients in whom HMA therapy has failed do not

benefit from second-line therapy with venetoclax.11 Indeed,

scRNA-seq analysis of MNCs isolated from sequential BM sam-

ples obtained from one representative RAS pathway mutant

CMML patient whose disease progressed after HMA therapy

failure and did not respond to venetoclax therapy (Figures 4E

and S10F; Table S16) revealed that MyHPCs further exacerbate

the expression of genes involved in TNF-a-mediated NF-kB

pathway activation (Figure 4F), including MCL1 (Figure S10G).

Venetoclax failure was associated with a significant expansion

of downstream My/MoPs in the myeloid compartment (Fig-

ure 4G) and these cells’ high expression ofMCL1 (Figure S10G).

Taken together, our findings suggest that venetoclax therapy

cannot overcome HMA failure-induced transcriptional reprog-

ramming in My/MoPs and provide a rationale for targeting effec-

tors of the NF-kB signaling pathway, such as MCL1, in patients

withRAS pathwaymutant CMML to improve the dismal outcome

of CMML patients whose disease is resistant to available

therapies.

DISCUSSION

Whereas the dissection of the molecular landscape of CMML

initiation and progression has significantly advanced our under-

standing of the pathogenesis of CMML,1,35–38 the development

of more effective therapeutic approaches to improve patient sur-

vival has been delayed by our limited understanding of the ways

in which genetic alterations affect distinct transcriptional states

of My/Mo differentiation.

Mutations in RAS pathway genes, which are present in 30% of

CMML patients,38 are enriched during disease progression in up

to 90% of the cases and predict a higher risk of and a shorter

time to relapse after HMA and venetoclax therapy.39 Currently,

there are no other therapies that improve the survival duration

of patients with RAS pathway-mutated CMML.

Using single-cell multi-omics technologies, we sought to

dissect the biological mechanisms behind RAS pathway muta-

tion-induced CMML evolution with the overall goal of identifying

cellular vulnerabilities that could be therapeutically targeted to

halt disease progression. We found that, at disease initiation,

RAS pathway mutant CMML HSPCs significantly upregulated

genes involved in the cell-intrinsic IFN signaling pathway such

as IRF1, IRF7, IRF9, IFI44, IFI44L, IFIH1, IFIT3, or STAT2 that

drive these cells’ differentiation toward the My/Mo lineage while

maintaining an intact apoptotic program. Consistent with this

observation and prior studies showing that KRAS or NRAS mu-

tations directly activate intrinsic IFN-stimulated genes,40 IFN

signaling activation in HSPCs was not associated with IFN re-

ceptor (IFNAR1, IFNAR2, IFNGR1, or IFNG2) or ligand (IFNG or
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IFNA) overexpression. In addition, this inflammatory reprogram-

ming was exacerbated in downstream RAS pathway mutant

monocyte populations, which expressed high levels of cytokines

and cell surface receptors involved in NF-kB pathway activation

and immune evasion. These results suggest that disease initia-

tion and maintenance, as a result of RAS pathway mutations,

rely on the activation of both cell-intrinsic and -extrinsic inflam-

matory networks in distinct cell populations and provide a ratio-

nale for using inhibitors of NF-kB-associated inflammatory

signaling cascades as a frontline treatment for patients with

RAS pathway-mutated CMML. These findings, which are

consistent with previous studies showing the role of inflamma-

tory cell populations in myeloid malignancies,41,42 have signifi-

cant implications since several inflammation-targeting therapies

that are currently in clinical development have shown great po-

tential to treat patients with myeloid malignancies.43–45

Consistent with the long-standing observation that inhibition

of apoptosis contributes to therapy resistance and cancer pro-

gression, we found thatRAS pathwaymutant CMMLHSPCs iso-

lated from BM samples at the time of BP depended onMCL1, an

anti-apoptotic downstream effector of the NF-kB pathway, to

maintain their survival and undergo clonal expansion. Consistent

with this observation, we had demonstrated previously that TNF-

a-mediated NF-kB pathway activation represents a cell-intrinsic

adaptive mechanism to overcome cell death in response to ther-

apeutic pressure.46 In addition, our findings align with prior data

demonstrating that RAS mutations can directly induce NF-kB

hyperactivation.21,47 Notably, targeting MCL1 activity with the

small molecule AMG-176 only significantly depleted HSPCs

from RAS mutant CMML but not those from RAS wild-type

CMML, a finding that supports the selective use of MCL1 inhib-

itors to treat patients with RAS pathway mutant CMML in whom

BP occurs at the time of HMA therapy failure. These results are

consistent with previous findings showing that CMML mono-

cytes rely on MCL1, but not BCL2, for survival,48 and that

NRAS-mutant monocytic subclones that emerge at AML relapse

depend onMCL1, not BCL2, for energy production.49 Consistent

with this observation, our scRNA-seq analysis of BMMNCs from

one representative patient with venetoclax-resistant disease

confirmed that BCL2 inhibition cannot overcome the activation

of NF-kB pathway-mediated inflammatory and survival mecha-

nisms in HSPCs and downstream My/Mo populations.

In conclusion, this study highlights the importance of dissect-

ing how specific genetic drivers affect the cell-of-origin in cancer

to gain mechanistic insights into therapy failure and, thereby,

develop selective therapeutic approaches to halt disease pro-

gression. Given that theRAS pathwaymutation-induced reprog-

ramming of CMML cells is a multi-step process that affects

multiple biological signaling pathways (e.g., inflammation,

apoptosis, and immune escape) in distinct BM cell types, our

findings also suggest that only combination therapies that

simultaneously target these pathways could effectively over-

come disease progression and prolong the survival of patients

whose disease is resistant to current therapeutic approaches.

Limitations of the study
In this study, we used 30 RNA-seq by 10X Genomics, which eval-

uates RNA transcript expression levels for individual genes at the

single-cell level but does not capture the entire RNA sequence,

hence not allowing inference of the complete cDNA sequence

and somatic mutation detection. Therefore, we were not able

to correlate transcriptome to RAS pathway mutation status

with single-cell resolution in all sequenced cases. Although we

attempted to mitigate this intrinsic limitation to our sequencing

technique by selecting samples with high RAS pathway mutant

variant allele frequencies (VAFs), future studies will require the

use of alternative single-cell sequencing technologies able to

simultaneously capture genotype and transcriptome at the sin-

gle-cell level to invariably characterize the specific features of

RAS pathway mutant vs. wild-type cells. In an attempt to miti-

gate the impact of such a limitation in our identification of

MCL1 upregulation as a preferential RAS mutant cell survival

mechanism, we confirmed MCL1 upregulation at the protein

level by evaluating RAS pathway mutant samples with high

VAFs. In addition, although we were able to confirm the selective

sensitivity of RAS pathway mutant Lin�CD34+ cells to MCL1 in-

hibition at the time of progression after HMA therapy failure,

there are inherent limitations to the extent to which these studies

can capture the in vivo effects of MCL1 inhibition and how this

could affect distinct cell types and functionalities. Finally,

although we validated our transcriptomic findings related to

cell-cell communication networks between key BM populations

with multiplex immunofluorescence and immunophenotypic im-

mune cell characterization, future studies will require deeper

investigation and validation of these interactions.
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Antibodies

Anti-human CD2 BD Biosciences Cat#: 555326; RRID: AB_395733

Anti-human CD3 BD Biosciences Cat#: 349201; RRID: AB_400405

Anti-human CD4 ThermoFisher Cat#: MHCD0401; RRID:AB_10392546

Anti-human CD7 BioLegend Cat#: 343104; RRID: AB_1659216

Anti-human CD11b ThermoFisher Cat#: 11-0118-42; RRID: AB_1582242
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Zombie UV BioLegend Cat#: 423107

Protein Transport Inhibitor Cocktail eBioscience Cat#: 00-4980-93
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DAPI Akoya Biosciences Cat#: FP1490; RRID: N/A

MCL1 Cell Signaling Technology Cat#: 4572; RRID:AB_2281980
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Biological samples

Bone marrow aspirates

from healthy donors

AllCells (Alameda, CA) and MD Anderson’s

Department of Stem Cell Transplantation

N/A

Bone marrow aspirates from

CMML patients

MD Anderson Bank N/A

Human bone marrow-derived

mesenchymal stem cells

Cells provided by Dr. M. Andreeff N/A

Chemicals, peptides, and recombinant proteins

AMG-176 Med Chem Express Cat#: HY-101565
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Simona

Colla (scolla@mdanderson.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d scRNA-seq, scATAC-seq, and scDNA-seq data are accessible at GEO under accession number GSE218390. No custom com-

puter codes were generated in this study.

d The lead contact can provide any additional information required to reanalyze the data reported in this work paper upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary human samples
BM aspirates were obtained from patients with CMML who were seen in the Department of Leukemia at the University of Texas MD

Anderson Cancer Center. Samples were obtained with the approval of the Institutional Review Board and in accordance with the

Declaration of Helsinki. CMML diagnoses were assigned according to the World Health Organization criteria.3

RAS pathway mutations were identified by targeted amplicon-based next-generation sequencing (NSG).52 Genomic DNAwas ex-

tracted from whole BM aspirate samples and was subject to targeted PCR-based sequencing using an NGS platform evaluating a

total of 81 genes, as previously described.52 This analysis was performed within the MDACC CLIA-certified Molecular Diagnostics

Laboratory after informed consent (additional details in supplemental information). For NGS-based analysis, the limit of detection for

Continued
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Critical commercial assays

Cytofix/Cytoperm kit BD Biosciences Cat#: 554714

Deposited data

scRNA-seq data This paper GEO: GSE218390

scATAC-seq data This paper GEO: GSE218390

scDNA-seq data This paper GEO: GSE218390

Experimental models: Cell lines

K562 cells ATCC ATCC CCL243

Software and algorithms

SPSS 23.0 SPSS, Inc https://www.ibm.com/products/

spss-statistics

R v4.1.2 R Core Team https://www.r-project.org

Seurat v4 R package ‘ Hao et al.50 https://github.com/satijalab/seurat

CellphoneDB Vento-Tormo et al.51 https://www.cellphonedb.org/

GraphPad Prism version 10.0 GraphPad software https://www.graphpad.com/

Spotfire TIBCO N/A

FlowJo BD Biosciences https://www.flowjo.com/

GSEA Metascape https://metascape.org/

Spotfire TIBCO https://www.spotfire.com/

Other

Ficoll-Paque PLUS ThermoFisher Cat#:45-001-752

CD34 Microbead Kit Miltenyi Biotec Cat#:130-046-702

NK Cell Isolation Kit Miltenyi Biotec Cat#: 130-092-657

Opal 9 Kit Akoya Biosciences Cat#: NEL797001KT

Qubit Thermo Fisher Scientific N/A
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variant calling was 2%. Previously described somatic mutations registered at the Catalog of Somatic Mutations in Cancer (COSMIC:

http://cancer.sanger.ac.uk/cosmic) were considered potential driver mutations.

All available samples carrying RAS pathway mutations were included in the study. Baseline BM aspirates were collected from pa-

tients before any treatment. Sequential BM samples were collected after HMA or venetoclax therapy failure. The clinical character-

istics of the patients with RAS pathway mutated CMML are shown in Tables S1 and S3. BM samples from HDs were obtained from

AllCells (Alameda, CA) and the Department of Stem Cell Transplantation at MD Anderson Cancer Center. Written informed consent

was obtained from all donors.

MNCswere collected from each BMsample immediately after BMaspiration using the standard gradient separation approachwith

Ficoll-Paque PLUS (catalog number #45-001-752, Thermo Fisher Scientific). MNCs were cryopreserved and stored in liquid nitrogen

until they were used. For cell sorting applications, MNCs were enriched in CD34+ cells using magnetic-activated cell sorting (MACS)

with the CD34 Microbead Kit (catalog number #130-046-702, Miltenyi Biotec, Germany) and further purified by fluorescence-acti-

vated cell sorting (FACS) as described below.

METHOD DETAILS

Clinical data analysis
A clinical dataset of 108 CMML patients treated with HMA therapy at the Department of Leukemia at the University of Texas MD An-

derson Cancer Center was evaluated to identify predictors of therapy outcomes. HMA therapy failure was defined as a lack of

response (based on IWG 2006 criteria) after at least 4 cycles of therapy or as relapse or progression after any number of cycles of

therapy. Blast progression (BP) was defined as 1) the presence of >5% blasts in the BM at the time of primary HMA failure in patients

with <5% blasts at baseline or an increase of at least 50% blasts in patients with 5–9% blasts at baseline; 2) BM blasts >20% or

myeloid sarcoma regardless of primary or secondary failure; 3) BM blasts >5% at the time of secondary HMA failure (relapse or pro-

gression). Associations between gene mutations and BP were assessed using data from 108 patients whose samples were

sequenced using the 81-gene panel; these analyses were performed at MD Anderson Cancer Center. Clinical datasets were

analyzed using the SPSS 23.0 (SPSS, Inc., Chicago, IL, USA) andR (version 3.5.1) statistical software programs. Logistical regression

analysis was performed using clinical, cytogenetic, and molecular characteristics in correlation with responses to HMA therapy. The

dataset was randomly divided into a training set (30 patients with BP) and a testing set (5 patients with BP). A combination rule derived

from selected features was trained using logistic regression in the training set and a fixedmodel in the testing set. Receiver operating

characteristic (ROC) curveswere generated using the ‘‘pROC’’ package in R (version 3.6.0). The 95%CIs for the areas under the ROC

curves were estimated using the DeLong method.53 The chi-square or Fisher exact test was used to analyze differences between

categorical variables. Survival curves were generated using the Kaplan-Meier method and compared using log rank tests. Re-

sponses toHMA- or venetoclax-based therapies were evaluated based on the InternationalWorking group 200354 and 200655 criteria

for patients with secondary AML or CMML, respectively.

Flow cytometry analysis and fluorescence-activated cell sorting (FACS)
Quantitative flow cytometry and FACS analyses of Lin–CD34+ cells were performed using previously described staining proto-

cols56,57 and antibodies against CD2, FITC, RPA-2.10, BD Biosciences, 555326; CD3, FITC, SK7, BD Biosciences, 349201; CD4,

FITC, S3.5, Thermo Fisher, MHCD0401; CD7, FITC, 6B7, BioLegend, 343104; CD11b, FITC, ICRF44, Thermo Fisher, 11-0118-42;

CD14, FITC, M4P9, BD Biosciences, 347493; CD19, FITC, SJ25C1, BD Biosciences, 340409; CD20, FITC, 2H7, BD Biosciences,

555622; CD33, FITC, P67.6, Thermo Fisher, 11-0337-42; CD56, FITC, B159, BD Biosciences, 562794; CD235a, FITC, HIR2, BD Bio-

sciences, 559943; CD34, BV421, 581, BD Biosciences, 562577; CD38, APC, HIT2, BioLegend, 303534, as we described

previously.58

Samples used for flow cytometry and FACS were acquired with a BD LSR Fortessa and a BD Influx Cell Sorter (BD Biosciences),

respectively. The cell populations were analyzed using FlowJo software (https://www.flowjo.com). All experiments included single-

stained controls and were performed at the South Campus Flow Cytometry & Cellular Imaging Facility at MD Anderson Cancer

Center.

Multiplex imaging assay
BM core biopsies were used for multiplex immunofluorescence assessment. We optimized and validated a multiplex immunofluo-

rescence panel using antibodies against CD3e, CD4, CD8, CD14, CD56, and CD68. Each antibody was assessed bymultiplex immu-

nofluorescence using the Opal 9 kit (catalog #NEL797001KT; Akoya Biosciences, Marlborough, MA), according to the following

clones and dilutions: CD3e (clone D7A6E(AM), Cell Signaling Technology, 1:100), CD4 (clone EPR6855, Abcam, 1:200), CD8 (clone

C8/144B, Thermo Scientific, 1:25), CD14 (clone SP192, Abcam, 1:100), CD56 (clone 123C3, Dako, 1:25), and CD68 (clone PG-M1,

Dako, 1:50). The slides were imaged using the Vectra Polaris spectral imaging system (Akoya Biosciences, Marlborough, MA) using

the fluorescence protocol at 10 nm l from 420 nm to 720 nm. Both germinal center and interfollicular areas from lymph nodes with

reactive lymphoid hyperplasia were used as positive controls. Each marker was analyzed at the single-cell level, and a supervised

algorithm for phenotypingwas built for eachmarker. Cell density for eachmarker and combinations of phenotypeswere consolidated

using Spotfire software (TIBCO Spotfire). The nearest neighbor analysis was performed using R version 4.2.1.
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Western blot
BM CD34+ cells were enriched from BMMNCs using magnetic sorting with the CD34 Microbead Kit (Miltenyi Biotec). Cells were re-

suspended in Mammalian Cell & Tissue Extraction Kit buffer (BioVision Incorporated) and incubated on ice for 10 min. Lysates were

then collected after centrifugation at 12,000 rpm at 4�C for 20 min. The amount of protein was quantified using the Qubit Protein

Assay Kit and a Qubit Fluorometer (Thermo Fisher Scientific). SDS-PAGE and Western blotting were performed following standard

protocols. Blotted membranes were incubated with primary monoclonal antibodies against human MCL1 (#4572S; 1:750 dilution;

Cell Signaling Technology) and vinculin (hVIN-1; 1:2,000 dilution; Sigma-Aldrich). Membranes were developed using the

SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific) in a KwikQuant Imager (Kindle Biosciences).

Vinculin was used as a loading control, and lysates from the myeloma cell line JJN3 were used as positive controls.

T cell and NK cell cytokine secretion assays
NK cells were isolated from BMMNCs obtained from HDs, and RAS pathway mutant or wild-type CMML patients by negative mag-

netic selection using the NKCell Isolation Kit (Miltenyi Biotec). NK cells or BMMNCsweremixed with the human erythroleukemia cell

line K562 at a target-to-effector ratio of 1:1. Cells were incubated for 4h at 37�C in 5% CO2 in the presence of a protein transport

inhibitor cocktail (eBioscience 00-4980-93) for 4 h. After incubation, cells were harvested, washed with PBS, and stained with the

viability dye Zombie UV. Cells were washed with PBS and resuspended in the presence of an Fc receptor-binding inhibitor antibody

(ThermoFisher) for 20 min. NK cells and BM MNCs were stained with antibodies against CD3 (AF700, BioLegend). NK cells were

further stained with antibodies against CD56 (PE-Dazle 594) and CD16 (PerCP-Cy5.5), whereas BM MNCs were stained with anti-

bodies against CD4 (PE-Dazzle 594) and CD8 (PerCP-Cy5.5). Cells were then washed, fixed, and permeabilized using the

Cytofix/Cytoperm kit (BD Biosciences) and intracellularly stained with antibodies against IFN-g (APC, BD Biosciences) and perforin

(BV711, BioLegend). Samples were acquired with a BD Fortessa (BD Biosciences), and cell populations were analyzed using FlowJo

software (version 10.7.1, Ashland, OR).

scRNA-seq analysis and bioinformatic pipeline
ScRNA-seq analysis was performed as we described previously.58 Live Lin–CD34+ cells and liveMNCswere isolated by FACS. Sam-

ple preparation and sequencing were performed at the Advanced Technology Genomics Core at MDAnderson Cancer Center. Sam-

ple concentration and cell suspension viability were evaluated using a Countess II FL Automated Cell Counter (Thermo Fisher Sci-

entific). Samples were normalized for input onto the Chromium Single Cell A Chip Kit (10X Genomics), and single cells were lysed and

barcoded for reverse transcription. Equal amounts of each uniquely indexed sample library were pooled together. Pooled libraries

were sequenced using a NovaSeq6000 SP 100-cycle flow cell (Illumina). After sequencing, raw reads were aligned to the human

genome (hg38), and the digital expression matrix was generated using cellranger count. Individual samples weremerged to generate

the digital expression matrix using cellranger aggr. The Seurat package in R was used to analyze the digital expression matrix. Cells

with less than 100 genes and less than 500 unique molecular identifiers detected were not analyzed further. The Seurat function

NormalizeData was used to normalize the raw counts. Variable genes were identified using the FindVariableGenes function. The

Seurat ScaleData function was used to scale and center expression values in the dataset for dimensional reduction. Default param-

eters were used for the Seurat functions. When needed, samples were integrated using the Seurat functions FindIntegrationAnchors

and IntegrateData. Principal component analysis and Uniform Manifold Approximation and Projection (UMAP) were used to reduce

the dimensions of the data, and the first 2 dimensionswere used in plots. To cluster the cells and determine themarker genes for each

cluster, we used the FindClusters and FindAllMarkers functions, respectively. Differential expression analysis of the samples was

performed using the FindMarkers function and the Wilcoxon rank-sum test. The Benjamini-Hochberg procedure was applied to

adjust the false discovery rate. Functional enrichment analysis was performed using the Metascape software (https://metascape.

org/gp/index.html#/main/step1).59 The human hallmark gene set was used. Analyses were performed using gene annotation avail-

able in 2020–2023.

CellphoneDB (v2.0.0)17 was used to analyze the ligand–receptor interactions. Briefly, each cell type was separated by disease

classification, and a separate run was performed for each disease classification. The connectome web was plotted using the igraph

package in R.

scATAC-seq analysis and bioinformatic pipeline
ScATAC-seq analysis was performed as we described previously.58 The scATAC-seq Low Cell Input Nuclei Isolation protocol (10X

Genomics) was used to isolate nuclei from FACS-purified cells. Extracted nuclei were used for the consecutive steps of the scATAC-

seq library preparation protocol following 10X Genomics guidelines. Equal molar concentrations of uniquely indexed samples were

pooled together. Pooled libraries were sequenced using a NextSeq500 150-cycle flow cell (Illumina). Reads were aligned to human

(hg38) genomes, and peaks were called using the cellranger-atac count pipeline. Individual samples were merged using the cell-

ranger-atac pipeline to generate the peak-barcodematrix and TF-barcodematrix. To identify specific TF activity for each cell cluster,

we used the R package Seurat to analyze the TF-barcode matrix. The raw counts were normalized by the sequencing depth for each

cell and scaled for each TF using the NormalizeData and ScaleData functions. Principal component analysis and UMAPwere applied

to reduce the dimensions of the data, and the first 2 dimensions were plotted. The FindClusters function was used to cluster the cells.

The FindAllMarkers function was used to determine the TF markers for each cluster. Differential analysis of TF activity in the samples
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was performed using the FindMarkers function and theWilcoxon rank-sum test. Cluster identity was determined based on the activity

of master regulators of lineage commitment, as we60 and others33,61 described previously. Cluster-specific peaks were determined

using the FindAllMarkers function, and differentially accessible peaks between the samples were determined using the FindMarkers

function. Each peak was associated with a specific gene based on its distance to that gene’s transcription start site (TSS). Peaks

overlapping with a promoter region (�1,000 bp, +100 bp) of any TSS were annotated as peaks in promoters, whereas peaks not

in promoter regions but within 200 kb of the closest TSS were annotated as peaks in the distal elements. Peaks not mapped in either

the promoters or distal elements were annotated as peaks in intergenic regions.

scDNA and protein-seq analysis
Simultaneous analyses of DNA mutations and the cell-surface immunophenotype (scDNA and protein-seq) were performed as we

described previously62 and according to the Mission Bio protocol using the custom-designed 37-gene myeloid panel kit and 48

oligo-conjugated antibodies against all major BM cell types (Biolegend). Briefly, cryopreserved BM MNCs were thawed, quantified,

and then stained with the pool of the oligo-conjugated antibodies. Stained cells were washed and loaded onto the Tapestri machine

for single-cell encapsulation, lysis, and barcoding. DNA libraries were extracted from the droplets followed by the purification using

Ampure XP beads (BeckmanCoulter). Then, the supernatant was incubatedwith biotinylated oligonucleotides (IntegratedDNA Tech-

nologies) to capture the antibody tags, followed by purification using streptavidin beads (Thermo Fisher Scientific). Purified DNA and

antibody-tagged libraries were indexed and then sequenced on the Illumina NovaSeq 6000 or NextSeq 500 systems with 150 bp

paired-end multiplexed runs.

The resulting files containing DNA and protein data were visualized using the Mission Bio Mosaic library version 1.8. Only manually

curated and whitelisted variants were used. Variants were filtered using the below setting: min_dp = 5, min_gq = 0, min_vaf = 21,

max_vaf = 100, min_prct_cells = 0, min_mut_prct_cells = 0, and min_std = 0. Protein reads were normalized by centered log ratio,

and subsequently underwent dimensionality reduction and clustering using Mosaic ‘run_pca’ (components = 15), ‘run_umap’ (attri-

bute = ’pca’, n_neighbors = 20, metric = ’cosine’, min_dist = 0), and ‘cluster’ (attribute = ’umap’, method = ’graph-community’,

k = 150). Default parameters were used unless otherwise specified, and randomness was controlled in all steps. Heatmaps

were separately visualized in R using the ComplexHeatmap package (https://bioconductor.org/packages/release/bioc/html/

ComplexHeatmap.html).

Primary cell culture assays
FACS-purified Lin–CD34+ HSPCs were resuspended in cytokine-free sterile RPMI medium supplemented with 10% FBS, 1% peni-

cillin-streptomycin, and 0.1% amphotericin B and plated in 48-well plates previously seeded with low-passage (p% 4) healthy BM-

derived human mesenchymal cells. Co-cultures were incubated at 37�C in a 5% CO2 atmosphere. After treatment with vehicle or

AMG-176 (20 nM) for 48 h, cells were harvested and stained for quantitative flow cytometric analysis using the antibody panel

described above and with AccuCheck Counting Beads (Thermo Fisher Scientific) added to each tube.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of flow cytometry data was performed using Prism 8 software (https://www.graphpad.com). The figure legends

include the statistical test(s) used in each experiment. Statistical significance was represented as *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001. In all analyses involving human samples, investigators were blinded to sample annotations and patient outcomes.

For replicated experiments, the number of replicates is indicated in the figure legends. No statistical method was used to predeter-

mine the sample size. No data were excluded from the analyses. The experiments were not randomized. Statistical analysis for blast

progression and survival in the clinical cohort was performed as specified in the ‘‘clinical data analysis’’ section (method details).
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Figure S1. Mutations in RAS pathway signaling genes predict a high risk of CMML BP after HMA therapy failure. Related to Figure 
1. (A) UMAP of scDNA and protein-seq data for pooled MNCs isolated from BM samples obtained from a CMML patient with pre-existing 
KRAST58K and NRASG12R mutations at diagnosis (n=1,826) and at BP after HMA therapy failure (n=4,001) included in the CMML patient 
cohort in Figure 1 and evaluated patient samples in Figure 4. BP was not associated with the clonal evolution of these mutations as they both 
had approximately 50% VAF at the onset of the disease. Each dot represents one cell. Cells are clustered based on immunophenotypic 
markers. Different colors represent cluster identity (left) or origin (right). Mono, monocytes; Ery, erythroid precursors; cDC, classical 
dendritic cells; CD4T, CD4+ T cells; MyHPC, myeloid hematopoietic progenitor cells; CD8T, CD8+ T cells; NKC, natural killer cells. (B) 
Heatmap displaying DNA and protein reads from each sequenced cell type shown in Fig. S1A. Colors for protein data correspond to antibody-
oligonucleotide intensity signals. High protein expression is depicted in red, and low protein expression is depicted in blue. DNA colors 
correspond to the genotypes for each individual mutation per cell read (wild-type = dark grey, mutant = red, missing = light grey) based on 
cluster. Percentages correspond to the frequencies of mutant reads within each cluster for a given mutation. 
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Figure S2. RAS pathway mutant clones expand at BP after HMA therapy failure in CMML. Related to Figure 1. (A) UMAP of scDNA 
and protein-seq data for pooled MNCs isolated from BM samples obtained from a CMML patient at diagnosis (n=3,213) and at BP after HMA 
therapy failure (n=5,342) included in the CMML patient cohort in Figure 1 and evaluated patient samples in Figure 4. BP was associated with 
the clonal evolution of a pre-existing CBLF378Ifs mutation and the acquisition of a previously undetected CBLC384Y mutation. Each dot 
represents one cell. Cells are clustered based on immunophenotypic markers. Different colors represent cluster identity (left) or origin (right). 
Mono, monocytes; Ery, erythroid precursors; CD8T, CD8+ T cells; DC, classical dendritic cells; NKC, natural killer cells; CD4T, CD4+ T 
cells; B cell, B lymphocytes, MyHPC; myeloid hematopoietic progenitor cells. (B) Heatmap displaying DNA and protein reads from each 
sequenced cell type as shown in Fig. S2A. Colors for protein data correspond to antibody-oligonucleotide intensity signals. Red indicates high 
protein expression, and blue indicates low protein expression. Colors for DNA data correspond to the genotype for each individual mutation 
per cell read (wild-type = dark grey, mutant = red, missing = light grey) based on cluster. Percentages correspond to the frequencies of mutant 
reads within each cluster for a given mutation.
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Figure S3. RAS pathway mutated CMML cells activate cell-intrinsic and -extrinsic inflammatory networks. Related to Figure 2. 
(A) Heatmap of the expression levels of the top 5 genes enriched in each of the 8 clusters shown in Fig. 2A. (B) Dot plots of the genes 
belonging to oxidative phosphorylation (top), IFN response (middle), and apoptosis (bottom) pathways that were significantly 
overexpressed in the CMML HSCs shown in Fig. 2A compared with those in HD HSCs. The scaled expression represents z scores across 
conditions. (C) Heatmap of the expression levels of the top 5 genes enriched in each of the 18 clusters shown in Fig. 2D.
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Figure S4. RAS pathway mutated CMML cells activate inflammatory networks and establish inhibitory immune interactions. 
Related to Figure 2. (A) Dot plots of the genes belonging to IFN response (left) and NF-kB signaling (right) pathways that were 
significantly overexpressed in RAS pathway mutant and/or wild-type CMML monocytes shown in Fig. 2D compared with those in HD 
monocytes. The scaled expression represents z scores across conditions. (B) Connectome web analysis of interactions between BM MNC 
populations that were significantly increased in RAS pathway wild-type (top) or mutant (middle) CMML compared to those of HDs, or in 
RAS pathway mutant CMML compared to RAS pathway wild-type CMML (bottom). The vertex (i.e., colored cell node) size is proportional 
to the number of interactions to and from each cell type, and the thickness of each connecting line is proportional to the number of 
interactions between 2 nodes. (C) Dot plots showing the most significant ligand- (left) to-receptor (right) interactions gained in MNCs from 
RAS pathway mutant CMML patients compared with those from RAS pathway wild-type CMML. Lines represent connections between 
ligands and their corresponding receptors. Color saturation indicates the level of gene expression. Dot size indicates the percentage of each 
cell type expressing the gene. The scaled expression represents z scores across conditions. 
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Figure S5. Immune cells are in a dysfunctional state in CMML and spatially co-localize with monocytic populations. Related to 
Figure 2. (A) Representative multiplex immunofluorescence image of a selected BM section area (20× magnification). Cells were stained 
with antibodies against CD3 (red), CD4 (green), CD8 (magenta), CD14 (cyan), CD56 (orange), and CD68 (yellow). White arrows indicate 
the interactions between CD14+ monocytes and CD3+ T cells. (B) The median distance between CD14+/CD68- monocytes and CD3+/CD8+ 
T cells (left) or CD3-/CD56+ NK cells (right) in BM sections obtained from CMML patients (n=4) at the time of diagnosis. (C) Dot plot of 
exhaustion markers in effector CD8+ T (left) and NK (right) cells from HDs, and RAS pathway wild-type (RASwt) or mutant (RASmut) 
CMML. The scaled expression represents z scores across conditions. (D) Frequencies of IFN-g+ CD8+ T cells (far left), CD16+ NK cells 
(middle left), and mean fluorescent intensity (MFI) of IFN-g+ in CD8+ T cells (middle right) or perforin in NK cells (far right) from the BM 
of HDs (n=3) and RAS pathway wild-type (RASwt) or mutant (RASmut) CMML (n=4). Lines represent means. Statistical significance was 
calculated using the Kruskal-Wallis test.
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Figure S6. RAS pathway–mutated HSCs undergo epigenetic reprogramming and drive CMML BP after HMA therapy failure. 
Related to Figure 3. (A) Heatmap of the expression levels of the top 5 genes enriched in each of the 9 clusters shown in Fig. 3A. (B) Dot 
plots of genes belonging to the NF-kB signaling pathway that were significantly upregulated in RAS mutant CMML HSCs (left) and 
eMyHPCs (right) at BP compared with those at diagnosis (adjusted P £ 0.05). The scaled expression represents z scores across conditions. 
(C) Violin plots of MCL1 expression levels of RAS pathway mutant CMML HSCs at diagnosis and BP (adjusted P = 2.55 × 10-4). (D) 
Heatmap of the activity of the top 10 TFs enriched in each of the 5 clusters shown in Fig. 3D. (E) Dot plots of genes involved in the NF-KB 
signaling (top) or inflammatory response (bottom) pathways whose promoters had increased open chromatin peaks in CMML HSCs at BP 
compared with those at diagnosis (P £ 10-4). The scaled expression represents z scores across conditions. (F) Dot plots of genes involved in 
the NF-KB signaling (left) or inflammatory response (right) pathways whose distal regulatory elements had increased open chromatin peaks 
in CMML HSCs at BP compared with those at diagnosis (adjusted P £ 0.05). The scaled expression represents z scores across conditions.
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Figure S7. RAS pathway mutated CMML cells upregulate NF-κB survival pathways, including MCL1, at BP. Related to Figure 4. (A) 
Heatmap of the expression levels of the top 5 genes enriched in each of the 21 clusters shown in Fig. 4A. (B) UMAP of the distribution of 
CD34 expression levels across the clusters, as shown in Fig. 4A. Red shading indicates normalized gene expression. Dashed lines indicate 
MyHPCs. (C) Frequency of Lin–CD34+ cells in MNCs from RAS mutant CMML BM samples sequentially collected at diagnosis and BP 
after HMA therapy failure (n=9). Statistical significance was calculated using a paired two-tailed Student’s t-test (*P <0.05). (D) Pathway 
enrichment analysis of the genes that were significantly upregulated in RAS mutant MyHPCs at the time of BP compared with those at 
diagnosis (adjusted P £ 0.05). The top 10 hallmark gene sets are shown. (E) Dot plots of genes belonging to the NF-kB signaling pathway 
that were significantly upregulated in CMML MyHPCs at BP compared with those at diagnosis (adjusted P £ 0.05). The scaled expression 
represents z scores across conditions. (F) Violin plots of MCL1 expression levels of RAS pathway mutant CMML MyHPCs at diagnosis and 
BP (adjusted P = 1.12 × 10-15). (G) Dot plots of genes belonging to the NF-kB signaling pathway that were significantly upregulated in RAS 
pathway mutant CMML monocytes at BP compared with those at diagnosis (adjusted P £ 0.05). The scaled expression represents z scores 
across conditions. (H) Western blot analysis of MCL1 expression levels in CD34+ BM cells isolated from CMML patients at baseline (RAS 
pathway wild-type, n=3; RAS pathway mutant, n=3) or at BP (RAS pathway wild-type, n=3; RAS pathway mutant, n=2). Vinculin was used 
as a loading control. JJN3 cells are shown as positive controls. The numbers above each case correspond to the patient’s UPN (as detailed in 
Supplementary Table S3). 
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Figure S8. RAS pathway mutated CMML MNCs at BP exacerbate the cellular communication networks observed at the time of 
diagnosis . Related to Figure 4. (A) Connectome web analysis of interactions that were significantly increased in BM MNCs from RAS 
pathway mutant CMML patients at BP compared to those at the time of diagnosis. The vertex (i.e., colored cell node) size is proportional to 
the number of interactions to and from each cell type, and the thickness of each connecting line is proportional to the number of interactions 
between 2 nodes. (B) Dot plots showing the most significant ligand- (left) to-receptor (right) interactions that were gained in MNCs from 
RAS pathway mutant CMML at diagnosis compared with those at BP (adjusted P £ 0.05). Lines represent connections between ligands and 
their corresponding receptors. Color saturation indicates the level of gene expression. Dot size indicates the percentage of each cell type 
expressing the gene. The scaled expression represents z scores across conditions. 
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Figure S9. RAS pathway wildtype CMML cells do not upregulate MCL1-driven antiapoptotic responses at BP. Related to Figure 4. 
(A) UMAP of scRNA-seq data for pooled single MNCs isolated from 3 BM samples isolated from RAS pathway wild-type CMML patients 
at diagnosis (n=16,070) and BP after HMA therapy failure (n=17,747). Each dot represents one cell. Different colors represent the cluster 
cell type identity (top) or sample origin (bottom). MyHPC, myeloid hematopoietic progenitor cells; MKP, megakaryocytic progenitor cells; 
Ery, erythroid precursors; My/MoP, myelo/monocytic progenitors; Mono, monocytes; CD16 Mono, CD16+ non-classical monocytes; cDC, 
classical dendritic cells; B cell, B lymphocytes; nCD4/CD8T, naïve CD4+, and CD8+ T cells; mCD4T, memory CD4+ T cells; eCD8T, 
effector CD8+ T cells; NKC, natural killer cells; CD56 NKC, CD56+ natural killer cells. Dashed lines indicate single clusters in each cell 
type population. (B) Heatmap of the expression levels of the top 5 genes enriched in each of the 21 clusters shown in Supplementary Fig. 
S9A. (C) Distribution of MNC populations at diagnosis (top) and BP (bottom) among the clusters shown in Fig. S9A. (D) Pathway 
enrichment analysis of the genes that were significantly upregulated in MyHPCs (top) and monocytes (bottom) from RAS pathway wild-type 
CMML at the time of BP compared with those at diagnosis (adjusted P £ 0.05). The top 10 hallmark gene sets are shown. (E) Violin plots of 
MCL1 expression levels in RAS pathway wild-type CMML MyHPCs at diagnosis and BP (adjusted P = no significant differences). 
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Figure S10. RAS pathway mutated CMML cells, but not RAS pathway wildtype CMML cells, rely on MCL1 overexpression to 
maintain their survival at BP. Related to Figure 4. (A) Number of live cultured Lin–CD34+CD38– and Lin–CD34+CD38+ cells from HD 
BM samples (n=2) after 48 hours of treatment with AMG-176. Lines represent means ± SEMs. (B) Number of live Lin–CD34+CD38– HSCs 
and Lin–CD34+CD38+ MyHPCs from RAS pathway mutant CMML patients at diagnosis and after treatment with vehicle or AMG-176 (n=6, 
20nM) for 48 hours. Lines represent means ± SDs. A paired two-tailed Student t-test revealed no significant differences. (C) Number of live 
Lin–CD34+CD38– HSCs and Lin–CD34+CD38+ MyHPCs from RAS pathway wild-type CMML patients at BP after HMA failure and after 
treatment with vehicle or AMG-176 (n=4, 20nM) for 48 hours. Lines represent means ± SDs. A paired two-tailed Student t-test revealed no 
significant differences. (D) Violin plots of BCL2 expression levels across each RAS pathway mutant CMML MNC population at diagnosis 
compared with those at BP (no significant difference was detected). (D) Violin plots of BCL2 expression levels in MyHPCs (left) and 
My/MoPs (right) from RAS pathway wild-type CMML at diagnosis compared with those at BP (adjusted P = 5.45 × 10-54 and 1.13 ×10-24, 
respectively). (F) Heatmap of the expression levels of the top 5 genes enriched in each of the 13 clusters shown in Fig. 4E. (G) Violin plots 
of MCL1 expression levels in RAS pathway mutant MyHPCs (top) and My/MoPs (bottom) at the time of BP after HMA therapy failure 
compared with those at venetoclax failure (adjusted P = 1.12 × 10–15 and no significant difference, respectively).
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The IL-1β inhibitor canakinumab in
previously treated lower-risk
myelodysplastic syndromes: a phase 2
clinical trial

A list of authors and their affiliations appears at the end of the paper

In myelodysplastic syndromes (MDS), the IL-1β pathway is upregulated, and
previous studies using mouse models of founder MDS mutations demon-
strated that it enhances hematopoietic stem and progenitor cells’ (HSPCs’)
aberrant differentiation towards the myeloid lineage at the expense of ery-
thropoiesis. To evaluate whether targeting the IL-1β signaling pathway can
rescue ineffective erythropoiesis in patients with MDS, we designed a phase 2
non-randomized single-arm clinical trial (NCT04239157) to assess the safety
profile and efficacy of the IL-1β inhibitor canakinumab in previously treated
lower-riskMDSpatients.Weenrolled 25patientswith amedian age of 74 years;
60% were male, 16% had lower-risk MDS, 84% had intermediate-1 risk MDS
according to the International Prognostic Scoring System score, and 80%
failed hypomethylating agent therapy. The studymet the primary endpoint of
defining the clinical activity of canakinumab, and the secondary objective of
determining the safety profile, including the rate of transfusion independence,
the durationof response, progression-free survival, leukemia-free survival, and
overall survival. The overall response rate was 17.4%, with all responses
including hematological improvement. Sequential post-hoc prospective
single-cell RNA sequencing analyses of HSPCs and bonemarrowmononuclear
cells at different time points during therapy showed that canakinumab’s on-
target effects in hematopoietic populations expressing the IL-1β receptor
decreased the TNF-mediated inflammatory signaling pathway but rescued
ineffective erythropoiesis only in the context of lower genetic complexity. This
study demonstrates that better stratification strategies could target lower-risk
MDS patients more effectively.

Increasing evidence supports the role of inflammatory signaling in the
pathogenesis of myeloid malignancies, including myelodysplastic
syndromes (MDS)1,2. Several inflammatory factors, such as IFN-γ, IL-1β,
and TNF-α, are critical drivers of premalignant clonal expansion, par-
ticularly in the setting of clonal hematopoiesis of indeterminate

potential (CHIP) induced by TET2- and DNMT3A-mutant HSPC clones,
which, unlike their healthy counterparts, are intrinsically resistant to
inflammation-mediated depletion3,4.

Interleukin-1β (IL-1β) is a proinflammatory cytokine crucial to
host-defense responses to infection and injury and activating the
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innate immune system5. Secreted IL-1β binds to its receptor (IL-1R1)
and triggers a signaling cascade that controls the gene expression of
multiple transcription factors, growth factors, and other cytokines
involved in hematological functions6. Activating this signaling cascade
cooperatively induces the expression of canonical IL-1 target genes,
such as IL-6, IL-8, or IL-1β7, which enhances myeloid skewing8 and
results in ineffective erythropoiesis. A deregulated IL-1β-mediated
signaling pathway occurs during aging9 and in many human diseases,
including hematopoietic malignancies and cardiovascular disorders10.
Moreover, recent studies usingmousemodels of CHIP induced byTet2
deletion demonstrated that IL-1β significantly expanded the mutant
clone by enhancing Tet2-depleted HSPCs’ self-renewal capability and
inhibiting the demethylation of transcription factor binding sites
related to terminal differentiation compared with their wild-type
counterparts. More importantly, the genetic deletion of Il-1r1 in Tet2-
knockout HPSCs or the pharmacologic inhibition of IL-1β signaling by
the Il-1r1 antagonist anakinra reduced myeloid expansion and clonal
evolution11. These results align with previous results showing that the
loss of Il-1r1 in Tet2-knockout HSPCs rescues several abnormalities
associated with Tet2 deficiency, including the expansion of the HSC
compartment, the pro-inflammatory state, and the myeloid-lymphoid
imbalance12. Together, these data underscore the urgent need to
clarify whether targeting the IL-1β pathway is a potential intervention
strategy to overcome aberrant myeloid differentiation and clonal
expansion in human early-stage myeloid neoplasms, such as clonal
cytopenias of undetermined significance (CCUS) or lower-risk MDS.

Canakinumab (Novartis, Basel, Switzerland), a fully human
monoclonal antibody, targets the IL-1β signaling pathway by blocking
the interaction of IL-1β with IL-1R1, thus inhibiting IL-1β downstream
target activation and preventing inflammatory mediator production.
In the CANTOS (Canakinumab Anti-Inflammatory Thrombosis Out-
come Study) trial, canakinumab treatment improved hemoglobin
levels and peripheral blood anemia in patients with CHIP-associated
mutations, particularly those with DNMT3A and TET2 mutations13.

Here, we present the results of a clinical trial evaluating the safety
profile and clinical and biological effects of the IL-1β inhibitor canaki-
numab in patients with lower-risk MDS. Our work demonstrates that
canakinumab rescues ineffective erythropoiesis and overcomes
transfusion dependency in the context of MDS with lower genetic
complexity.

Results
Patient cohort
Between August 2020 and June 2023, 27 patients were enrolled in a
phase 2 clinical trial of canakinumab. Two patients were ineligible, and
25 received treatment (Fig. 1). After performing a short exploratory
dose-finding run-in phase, we found no dose-limiting toxicity, and the
recommended phase 2 canakinumab dose was established as 300mg.
The baseline patient characteristics are described in Table 1 and Sup-
plementary Table 1. The cohort’s median age was 74 years (range
58–88). Of the 25 patients, 15 (60%) were men, and 22 (88%) were
White, one (4%)wasAsian, andone (4%)wasAfricanAmerican; the race
of one patient (4%) was unknown. Five patients (20%) did not receive
hypomethylating agent (HMA) therapy, and 20 patients (80%) had
failed HMA therapy. Patients who experienced HMA failure received a
median number of 6 prior cycles of HMAs (range 4–36); 55% of them
had primary HMA therapy failure. Twenty-four patients (96%) had
transfusion dependency, defined as the need for transfusion 8 weeks
before canakinumab initiation because of a hemoglobin level of less
than 8 g/dL. Among patients with transfusion dependency, themedian
baseline transfusion burden was 3 units of packed red blood cells
(PRBCs) per 8 weeks (range 0–16). Fourteen patients (56%) had a
normal karyotype, and one patient (4%) had a complex karyotype by
conventional cytogenetic analysis. The most common mutations
identified by targeted NGS involved SF3B1 (40%), TET2 (32%), and

DNMT3A (28%). Adetailed representationof the clinical characteristics,
including the cytogenetic and mutational profiles, of each patient is
shown in Supplementary Fig 1, and detailed information on their
molecular profiles is shown in Supplementary Table 2. The BM counts
andmorphological changes observedduring treatment are included in
Supplementary Table 3. Five patients (20%) had low (L), six (24%) had
moderate low (ML), seven (28%) had moderate high (MH), five (20%)
had high (H), and two (8%) had very high (VH) molecular IPSS (IPSS-
M) risk.

Safety profile of canakinumab
Canakinumabdemonstrated anoverall safeprofile in all 25 patients. No
patient discontinued therapy, but some non-fatal treatment-emergent
adverse events occurred. The most common overall treatment-
emergent adverse event was neutropenia. The median duration of
grade 3 or higher neutropenia was 14 days (range 5–36), and the
median absolute neutrophil count nadir was 0.540 (range
0.150–0.990). One death from sepsis (owing to a lung infection due to
methicillin-resistant Staphylococcus epidermidis) occurred on day
seven after canakinumab initiation and was deemed unrelated to
treatment. No patient experienced dose reductions or was removed
from the study due to canakinumab-related adverse events. The
adverse events that occurred during therapy are summarized in Sup-
plementary Table 4. Patients’ hematological parameters at multiple
time points during canakinumab treatment are summarized in Sup-
plementary Fig 2A.

Efficacy of canakinumab treatment
Of the 25 patients, 23 were evaluable for response (Fig. 2A and Sup-
plementary Table 1). The overall response rate was 17.4% (95% CI
4.9–38.8). Among the 4 responders, 3 failedHMA therapy before study
entry. Erythroid and platelet hematological improvement (HI-E andHI-
P) were observed in three patients (13%) and one patient (4%),
respectively. The HI rate (including HI-E and HI-P) was 17.4% (95%
credible interval [7.1% and 37.4%, respectively], based on a Bayesian
prior distribution of Beta [1.0, 1.0]). Hematological improvement was
exploratorily reassessed according to the IWG2018 guidelines, and the
HI-E was 13.8% (95% credible interval [4.0%, 28.2%]) (Supplementary
Table 5). The four patients’ response durations were 12.9, 12.1, 5.1, and
3.1 months, respectively. Transfusion independence (TI) was achieved
in three patients whose median duration of response was 8.53months
(95% CI 0.41–16.1). Two patients (UPN-01 and UPN-02), including one
patient whowas highly transfusion-dependent andwho receivedmore
than six units of PRBC before canakinumab therapy initiation, had a
stable response for over 12 months (Supplementary Table 5). Thirteen
patients (56.5%) had stable disease, but in six patients (26.1%), the
disease progressed during therapy, and of these six patients, one
patient developed acute myeloid leukemia at disease progres-
sion (Fig. 2A).

After a median follow-up of 24.9 months (95% CI 19.4, not estim-
able [NE]), themedianOS for the entire cohortwas 17.3months (95%CI
14.3, NE), the median PFS was 17.3 months (95% CI 7.73, NE) (Supple-
mentary Fig 2B, C), and the median LFS was 16.3 months (95% CI: 14.3,
NE). When patients were stratified by HMA therapy status, the median
OS was 29.4 months (95% CI 16.34, NE) in the HMA-naive cohort (n = 5)
and 17.3 months (95% CI 9.67, NE) in the HMA failure cohort (n = 20;
P =0.64) (Fig. 2B).

Patients were further classified according to the IPSS-M into
higher-risk (HR [VH, MH, and H]) and lower-risk (LR [ML and L])
cohorts. All patients with progressive disease (PD) were HR by IPSS-M
(42.8% vs. 0%, P = 0.01), while all responders (HI) were LR by IPSS-M
(36.3 vs. 0%, P =0.01). When we performed a separate univariate ana-
lysis to evaluate any associations between the IPSS-M classification and
OS or PFS (Fig. 2C), the median OS for the HR IPSS-M and LR IPSS-M
groups were 14.3 months and 29.4 months, respectively (P =0.03).
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Moreover, theHR IPSS-M and LR IPSS-M groups had 1-year PFS rates of
42.9% and 80.0%, respectively (P =0.0087) (Fig. 2C). The significant
association between IPSS-M risk category and OS (P = 0.04) and PFS
(P = 0.01) was further confirmed using the Cox proportional hazards
model, accounting for age and prior HMA treatment status (Supple-
mentary Table 6).

Canakinumab induces HSPCs’ differentiation in patients
with MDS
Toevaluate thebiological effects of canakinumabonhematopoiesis, we
performed sequential post-hoc scRNA-seq analysis of Lin-CD34+ HSPCs
obtained before and during treatment from a representative patient
with aDNMT3Amutation (UPN-02), whohad stableHI-E after two cycles
of canakinumab (Fig. 3A, B and Supplementary Data 1). This analysis
revealed that canakinumab increased HSCs’ differentiation towards the
erythroid andmyeloid lineage (Fig. 3C). Differential expression analysis
revealed that genes involved in the NF-κB signaling pathway, including
IL-1β, CXCL2, CXCL3, andMIF, were significantly downregulated in HSCs
obtained at canakinumab response compared with those in HSCs
obtained before treatment (Fig. 3D, Supplementary Fig 3A, B, and
Supplementary Data 2). Given that HSCs expressed IL-1β and IL-1R1
(Supplementary Fig 3C), these data confirmed canakinumab’s on-target
engagement. ScRNA-seq analysis of MNCs obtained before and after
canakinumab administration (Fig. 3E; Supplementary Data 3) revealed
that the expression of major regulators of the NF-κB and inflammatory
signaling pathways in MDS, including TLR2, KDM6B, REL, and NLRP3,
were significantly downregulated in the monocyte population (Fig. 3F,
Supplementary Data 4 and Supplementary Fig 3D), which also expres-
sed IL-1β and IL-1R1 (Supplementary Fig 3E). Consistent with this
observation, the levels of several pro-inflammatory cytokines, including
IL-1β, IL-18, IL-6, and IFN-g, were reduced in BM plasma collected at the
time of canakinumab response compared with those in BM plasma
collectedbefore treatment (Supplementary Fig 4). This broad spectrum

of pro-inflammatory cytokine inhibition was associated with a recovery
of BM erythroblasts (12% vs. 32%; Supplementary Table 3) and sig-
nificant changes in the immune microenvironment, including a
decrease in the CD8+GZMK+ memory T-cell population (Fig. 3G and
Supplementary Fig 5A–C), which is associated with several inflamma-
tory conditions and further enhances the release of pro-inflammatory
cytokines14–16. Consistent with this observation, when we inferred cell-
to-cell communication from the combined expression of multi-subunit
ligand–receptor complexes using CellPhoneDB17, we observed that
before canakinumab treatment, CD8+GZMK+ T cells were predicted to
interact with the monocyte population significantly, and these interac-
tions were significantly inhibited by canakinumab (Supplementary
Fig 5D). Specifically, the expression levels of ligands and receptors
known to drive monocyte migration (e.g., a4b1:PLAUR, CCL3/CCL3L1/
CCL5:CCR1)18–20 and differentiation into highly pro-inflammatory mac-
rophages (e.g., IFN-γ:IFNR, LTB:LTBR)21,22 were significantly decreased
after treatment (Supplementary Fig 5E, Supplementary Data 5).

Further analyses showed that canakinumab treatment did not
rescue aberrant erythroid differentiation in lower-risk MDS patients
with SF3B1 mutations (40% of the patients in our cohort), as demon-
strated by scRNA-seq analyses of Lin-CD34+ HSPCs (Fig. 4A, B; Sup-
plementary Data 6) and MNCs (Fig. 4C, D; Supplementary Data 7)
isolated from 2 representative patients with SF3B1 mutations whose
best responsewas stable disease (UPN-07 andUPN-14). Given that IL-1β
was expressed in both HSCs and monocytes (Supplementary Fig 6A)
and that canakinumab significantly decreased NF-κB–mediated
inflammatory signaling in thesepopulations (Fig. 4E, F; Supplementary
Data 8, 9), these data suggest that the IL-1β-mediated inflammatory
pathway does not drive the ineffective erythropoiesis induced by
SF3B1 mutations. Similar data were obtained for 2 other patients with
splicing factor mutations whose disease progressed after canakinu-
mab therapy (UPN-12 and UPN-20) (Supplementary Fig 6B–E; Supple-
mentary Data 10–12).

Fig. 1 | Schematic of the clinical trial. The diagram summarizes the flowchart of the clinical trial.
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Discussion
Extensive preclinical studies using mouse models of early-stage MDS
demonstrated that genetically and pharmacologically targeting the IL-
1β inflammatory signaling pathway rescues aberrant myeloid differ-
entiation, overcomes ineffective erythropoiesis, and arrests clonal
expansion11,12. To validate these results in the human setting, we con-
ducted a clinical trial of the IL-1β inhibitor canakinumab in patients
with lower-risk MDS.

Canakinumab was safe and well-tolerated, with no dose reduc-
tions or treatment discontinuation during the study. Cytopenia
(occurring in 64%of patients) was themost common grade 3 or higher
treatment-emergent adverse event, which may reflect a combination
of heightened myelosuppression induced by the treatment or simply
the natural history of patients with lower-risk MDS. In contrast to

previous clinical trials in the setting of chronic inflammatory diseases,
no grade 3 or 4 infection events were observed23,24.

It is worth noting that we initially used the IPSS and IPSS-R
criteria25,26 and defined our patients’ risk as lower-risk MDS because of
these patients’ baseline single cytopenias, low number of blasts, lower
frequencies of TP53 mutations (n = 2,8%), and complex karyotype
(n = 1,4%). However, 80% of patients previously received other thera-
pies, including HMA therapy (median number of cycles = 6). The
overall median number of prior lines of therapies was 2 (interquartile
range 1–3). In addition, 80% of the patients were transfusion-
dependent. When patients were re-classified according to the IPSS-M
score system27, we found that 56% of patients had features of higher-
risk disease and were in the MH, H, and VH subgroups. Notably, the
IPSS-M score stratification in lower-risk and higher-risk diseases
remained significantly associated with OS and PFS.

Canakinumab elicited an overall response rate of 17% (13% HI-E
and 4% HI-P), with a median response duration of 8.5 months among
responders. We acknowledge the advantages of the IWG 2018 criteria,
particularly in refining transfusion burden assessment and hematolo-
gic improvement in lower-risk MDS. Although our trial was designed
before 2018 using IWG 2006 response criteria, we retrospectively
collected transfusion burden data for 16 weeks before canakinumab
initiation when possible. The re-analysis with IWG 2018 criteria con-
firmed that three of four patients who achieved HI maintained
responses beyond 16 weeks. However, due to the shortcomings of
retrospective data collection, we adhered to the response criteria
outlined in our original protocol.

All patients whose disease responded to canakinumab belonged
to the lower-risk group by IPSS-M (HI: 36.4%; 4/11), whereas all patients
whose disease progressed during treatment were in the higher-risk
group (43%, 6/14). Interestingly, the only two patients with HI-E for
over 12 months and red blood cell TI (UPN-01 and UPN-02) harbored
founder TET2 or DNMT3Amutations, respectively.

Patients with SF3B1mutations (40% of the patients in our cohort)
did not respond to canakinumab. These results are consistent with the
different pathogenic mechanisms of ineffective erythropoiesis caused
by SF3B1 mutations, which induce the aberrant splicing of heme
transporters in the mitochondria of erythroblastic cells28. Lower HLA-
DR expression levels in SF3B1 mutant monocytes29 may also affect
canakinumab’s efficacy in reducing the interactions with CD8+GZMK+

T cells, which is predicted to drive monocytes’ migration and differ-
entiation into highly pro-inflammatory macrophages. In addition,
previous studies showed that SF3B1-mutant MDS have lower inflam-
matory signatures (including lower levels of IL-1β) compared to lower-
risk MDS without SF3B1 mutations, particularly those with isolated 5q
deletion, which are predicted to respond to anti-inflammatory
therapy30. Consistent with these findings, canakinumab treatment
was associated with prolonged response and transfusion indepen-
dence in the one patient with MDS-5q (UPN-01) included in our study.

Resistance to canakinumab treatment was also associated with
high genetic complexity, which suggests that beyond inflammation,
other intrinsic factors (e.g., cooperativemutation effects) and extrinsic
factors (e.g., the exacerbation of immune suppression) contribute to
patients’ cytopenias and mutant cells’ clonal expansion.

Consistent with preclinical studies in mice11, our study shows that
pharmacologically targeting the IL-1β pathway represents a promising
therapeutic strategy for improving hematologic parameters and
reducing inflammatory cytokine levels in patients with early-stage
disease (Supplementary Fig 7).

Given the accumulating evidence of innate immune activation in
the pathobiology ofMDS and its inflammatory BMmicroenvironment,
particularly in the early stage of the disease, combinations of canaki-
numab with other anti-inflammasome inhibitors, such as those tar-
geting the NLRP1- or NLRP3-mediated pathways, which neutralize the

Table 1 | Characteristics of the 25 patients enrolled in the
canakinumab trial

Characteristic

Age, y, median (range) 74 (58–88)

Male, n (%) 15 (60)

Hemoglobin, g/dL, median (range) 8.2 (6.6–9.5)

WBC× 109/L, median (range) 3.2 (2.2–5.9)

ANC × 109/L, median (range) 1.7 (0.38–3.96)

Platelets × 109/L, median (range) 129 (16–430.0)

Bone marrow blast %, median (range) 2 (1–4)

WHO 2022 diagnosis, n (%)

MDS-LB 12 (48)

MDS-SF3B1 11 (44)

MDS-5q 1 (4)

MDS-f 1 (4)

IPSS, n (%)

Low 4 (16)

Intermediate-1 21 (84)

IPSS-R, n (%)

Low 12 (48)

Intermediate 12 (48)

High 1 (4)

IPSS-M, n (%)

Low 5 (20)

Moderate low 6 (24)

Moderate high 7 (28)

High 5 (20)

Very high 2 (8)

Number of mutations per patient, med-
ian (range)

3 (1–10)

Number of pre-treatment PRBC unitsa, med-
ian (range)

3 (0–16)

Transfusion dependency, n (%) 24 (96)

Prior HMA treatment, n (%) 20 (80)

Number of prior lines of therapy, med-
ian (range)

2 (1–5)

Data are median (range), n (%), or n/N (%).
WBCwhite blood cells, ANC absolute neutrophil counts,WHOWorldHealth Organization,MDS-
LBMDSwith low blasts,MDS-5qMDSwith low blasts and isolated 5q deletion,MDS-SF3B1MDS
with low blasts and SF3B1mutation,MDS-fMDSwith fibrosis,Complex ≥ 3 alterations,Mutations
≥ 5% percentage, HMA hypomethylating agent, PRBC packed red blood cell, IPSS International
Prognostic Scoring System, IPSS-R Revised International Prognostic Scoring System, IPSS-M
Molecular International Prognostic Scoring System.
aBaseline transfusion status was defined during the 8-week period prior to canakinumab
initiation.

Article https://doi.org/10.1038/s41467-024-54290-2

Nature Communications |         (2024) 15:9840 4

www.nature.com/naturecommunications


Fig. 2 | Efficacy of canakinumab in lower-risk MDS patients. A Swimmer’s plot
showing transfusions, treatment durations, and responsesofMDSpatients enrolled
in the canakinumab trial (n = 25). Red dots represent independent evaluations of
transfusion needs in each patient; the dotted square represents the GI bleeding
time in patient UPN-04. GI, gastrointestinal; black lines represent the duration of
response. HI-E, hematological improvement-erythroid; HI-P, hematological

improvement-platelets; SD, stable disease; PD, progressive disease.
B Kaplan–Meier survival estimate curves for overall survival (left) and progression-
free survival (right) stratified by HMA therapy status. C Kaplan–Meier survival
estimate curves for overall survival (left) and progression-free survival (right)
stratified by IPSS-M risk. Source data are provided as a Source Data file.
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pyroptotic cell death31 and erythropoietin elaboration32 induced by
high levels of the alarmin S100A9 observed in the BM of lower-risk
MDS patients, may be beneficial in overcoming ineffective ery-
thropoiesis in these patients.

This work has limitations inherent to an early dose-finding study,
including the need for a control group and a small sample size.
Acknowledging that our patient cohort may not recapitulate the

broader lower-riskMDS population is also essential. The enrollment of
patients who were previously heavily treated and/or with high-risk
genetic features may not be optimal for evaluating response to IL-1β
inhibition. Indeed, although canakinumab demonstrated an efficient
on-target effect at the administered dose, our findings suggest its
efficacy is limited topatientswith lower genetic complexity. Therefore,
future studies should consider the stratification of the patients based
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on genetic and molecular profiles to identify specific features that
predict a favorable response to IL-1β inhibition.

In conclusion, further clinical trials of canakinumab in patients
with CCUS or lower-risk MDS defined based on the IPSS-M classifica-
tion will clarify whether the modulation of IL-1β-induced inflammation
can improve these patients’ peripheral blood cytopenias and reduce
their risk of developing cardiovascular disorders, thus modifying the
course of the disease.

Methods
The research complies with all relevant ethical regulations: MD
Anderson Cancer Center IRB-approved human sample protocol PA15-
0926. This study was conducted at the University of Texas MD
Anderson Cancer Center (Houston, TX, USA) andwas approved byMD
Anderson’s InstitutionalReviewBoard. Itwasperformed in accordance
with the ethical principles of the World Medical Association Declara-
tion of Helsinki. All patients provided informed written consent. This
study is registered at ClinicalTrials.gov (NCT04239157, https://
clinicaltrials.gov/study/NCT04239157). No deviations from the proto-
col occurred.

Study design and participants
BetweenAugust 2020 and June 2023, patientswith relapsed/refractory
lower-risk MDS, defined as low or intermediate-1 risk by the Interna-
tional Prognostic Scoring System (IPSS)25 or a score of ≤3.5 by the
Revised IPSS (IPSS-R)26, with a hemoglobin level <10 g/dL and symp-
tomatic anemia or transfusion dependency (defined as the need for
transfusion eight weeks before treatment for hemoglobin levels less
than 8 g/dL) were eligible for the study. Although the IPSS/IPSS-R was
developed for untreated patients, its use in the risk stratification of
patients with relapsed/refractory MDS was warranted, as no other
prognostication tools are available.

Additional eligibility criteria included (1) age ≥18 years; (2) Eastern
Cooperative Oncology Group (ECOG) performance status score ≤2; (3)
completion of previous antineoplastic agents, including cytotoxic,
biological, immunological, and investigational agents, at least 2weeks
before the start of the trial; and (4) adequate organ function (total
bilirubin ≤3.0x upper limit of normal [ULN], alanine aminotransferase
and aspartate aminotransferase≤ 3.0x ULN, serum creatinine clear-
ance >30mL/min by the Cockcroft-Gault formula).

Sex-based analyses were not performed in the clinical trial. Males
and females had comparable distributions in the clinical trial cohort.
The sex of all patients is included in Supplementary Table 1. Gender is
not relevant to this study. Due to the limited number of subjects
enrolled in the clinical trial, disaggregated analysis by sex should be
interpreted with caution.

Hydroxyurea was allowed for patients with rapidly proliferative
disease at any time before or during the study if considered in the
patient’s best interest. However, none of the patients in the trial
received hydroxyurea before or during canakinumab administration.
Patients with previously untreated MDS, uncontrolled infection, or
pregnancy/lactation were excluded.

Procedure
This was an open-label, single-arm, phase 2 clinical trial. Patients were
enrolled from September 2020 through November 2022. Since cana-
kinumabwasnot previously studied inMDS,we first performed a short
exploratory dose-finding run-in phase using a standard 3 + 3 design
with subcutaneous canakinumab given at 150mg (first dose level) and
then 300mg (second dose level). After this first phase, all newly
recruited patients received 300mg of subcutaneous canakinumab.
Canakinumab was supplied by Novartis (Basel, Switzerland) and
administered subcutaneously on day 1 of a 4-week cycle. The study’s
primary endpoint was the clinical activity of canakinumab, which was
determined by the rate of hematologic improvement (HI). Secondary
objectives were the safety profile, including the rate of transfusion
independence (TI), the duration of response (DoR), progression-free
survival (PFS), leukemia-free survival (LFS), and overall survival (OS).

Study assessments
Bone marrow (BM) aspirations and/or biopsies, flow cytometry, con-
ventional cytogenetics, and mutation analyses using an 81-gene next-
generation sequencing (NGS) panel33 were performed before therapy.
Additional BM aspirations and/or biopsies were performed at cycle 2,
day 28 (±3 days), and then every three cycles after that or more fre-
quently as clinically warranted. Unless no response was achieved after
six or more cycles, canakinumab was continued until disease pro-
gression, unacceptable toxicity, the development of concurrent severe
illness, patient refusal, or non-compliance. Safety was evaluated in all
patients who received at least one canakinumab dose by adverse event
(AE) assessment, clinical laboratory test results, physical examinations,
and vital signs. AEs were graded according to the National Cancer
Institute Common Terminology Criteria for Adverse Events (NCI-
CTCAE) version 5.0.

Single-cell RNA sequencing (scRNA-seq)
FACS-purified live lineage (Lin)-CD34+ or BM mononuclear cells
(MNCs) were processed and sequenced at MD Anderson’s Advanced
Technology Genomics Core, as previously described34. Sample con-
centration and cell suspension viability were evaluated using a Coun-
tess II FL Automated Cell Counter (ThermoFisher Scientific, Waltham,
MA) andmanual counting. Sampleswere normalized for input onto the

Fig. 3 | Targeting the IL-1β pathway overcomes ineffective erythropoiesis in
lower-risk-MDS. A Schematic of hemoglobin and platelet levels in patient UPN-02
and the number of packed red blood cell (PRBC) units received before and after
therapy. The black arrow indicates the response duration. C, cycle. Created in
BioRender. Rodriguez-Sevilla, J.J., (2024) https://. BioRender.com/t63n194.BUMAP
plot of scRNA-seq data from Lin-CD34+ cells from the BM of patient UPN-02 before
(PRE; n = 1381) and after 2, 4, 5, 8, 11, and 14 cycles of canakinumab treatment
(n = 5721). Different colors represent the sample (left) and cluster (right) identities.
My, myeloid; Lymph, lymphoid; HSC, hematopoietic stem cell; Mk, mega-
karyocytic; Er, erythroid. C Cluster distribution of Lin-CD34+ cells from the BM
before canakinumab treatment (PRE) and at the time of response (cycles 2, 4, 5, 8,
and 11) or relapse (cycle 14), represented as the percentage of cells in each cluster.
Black arrows indicate the Mk/Er clusters. RESP, response. For the Mk/Er clusters,
comparing samples C2, C4, C5, C8, C11, and C14 to the PRE sample: P =0.92,
0.00077, 4.57 × 10-6, 0.097, 1.06× 10-45, and 0.0015, respectively; two-sided Chi-
square test. D Pathway enrichment analysis of genes significantly (P ≤0.05)
downregulated in HSCs after 2 cycles of canakinumab treatment compared with

those before treatment. The top 10 Hallmark gene sets are shown. E UMAP plot of
scRNA-seq data from BMMNCs isolated from patient UPN-02 before canakinumab
treatment (PRE; n = 2980) and after 2, 4, 5, 8, 11, and 14 cycles of treatment
(n = 27,913). Different colors represent the sample (left) and cluster (right) iden-
tities. F Pathway enrichment analysis of genes significantly (P ≤0.05) down-
regulated in monocytes after 2 cycles of canakinumab treatment compared with
those before treatment. The top 10 Hallmark gene sets are shown. G Cluster dis-
tributionof BMMNCsbefore canakinumab treatment (PRE), at the timeof response
(cycles 2, 4, 5, 8, and 11) or relapse (cycle 14), represented as the percentage of cells
in each cluster. For thememory-2 T cell cluster, comparing samples C2, C4, C5, C8,
C11, and C14 to the PRE sample: P = 7.49× 10-27, 1.50 × 10-7, 0.021, 1,22 × 10-20,
7.67 × 10-30, and 0.036, respectively; two-sided Chi-square test. HSPC, hemato-
poietic stem and progenitor cell; Mk, megakaryocytic; GMP, granulo-monocytic
progenitor; Mono, monocytic; Er, erythroid; Prec, precursor; NK, natural killer;
Lymph, lymphoid; PC, plasma cell; Baso, basophil; mem, memory; RESP, response.
Source data are provided as a Source Data file.
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Chromium Single Cell A Chip Kit (10x Genomics, Pleasanton, CA), in
which single cells were lysed and barcoded for reverse transcription.
The pooled, single-stranded, barcoded cDNA was amplified and frag-
mented for library preparation. Pooled libraries were sequenced on a
NovaSeq6000 SP 100-cycle flow cell (Illumina, San Diego, CA).

Sequencing analysis was performed using 10x Genomics’ Cell-
Ranger software (v4.0.0 for samples UPN-07 and UPN-14 or v6.1.0 for
all other samples). Fastq files were generated using the CellRanger

MkFastq pipeline. Raw reads were mapped to the human reference
genome (refdata-cellranger-GRCh38-3.0.0) using the CellRanger
Count pipeline. Intron reads were not counted. The digital expression
matrix was analyzed with the R package Seurat (version 4.03-5.1.0)35 to
identify each cell type and signature gene. Cells with fewer than 500
unique molecular identifiers or greater than 50% mitochondrial
expression were excluded from further analysis. The Seurat function
NormalizeData was used to normalize the raw counts. Variable genes
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were identifiedusing the FindVariableFeatures function. The ScaleData
function was used to scale and center expression values in the dataset,
and the number of unique molecular identifiers was regressed against
each gene. Uniform manifold approximation and projection (UMAP)
was used to reduce the data dimensions, and the first two dimensions
were used in the plots. The FindClusters function was used to cluster
the cells. Marker genes for each cluster were identified using the Fin-
dAllMarkers function. Cell types were annotated based on the marker
genes and their match to canonical markers36–39. Pathway analyses of
differentially expressed genes were conducted using Metascape,
based on the two-sided hypergeometric test. The Benjamini-Hochberg
procedure is used for multiple comparison corrections40.

CellPhoneDB (v2.0.0)17 was used to analyze ligand–receptor
interactions. The connectome web was plotted using the igraph
package in R.

Quantification of cytokines, chemokines, and growth factors in
BM plasma
EGF, eotaxin, G-CSF, GM-CSF, IFN-α2, IFN-γ, IL-1α, IL-1β, IL-1RA, IL-2, IL-
3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-
17A, IL-17E/IL-25, IL-17F, IL-18, IL-22, IP-10, MCP-1, M-CSF, MIG, MIP-1α,
MIP-1β, PDGF-AA, PDGF-AB/BB, TNF-α, TNF-β, VEGFA, and RANTES
were simultaneously quantified from the plasma collected from the
BM of patients enrolled in the clinical trials using the MILLIPLEX
Human Cytokine/Chemokine/Growth Factor Panel A (HCYTA-60K-
PX38, Millipore, Burlington, MA) according to the manufacturer’s
guidelines. Sampleswere assayedneat, and 50μLof a 1:1mixture of the
sample and assay buffer was added to each assay plate well. For the
detection of RANTES, the samples were initially diluted with the assay
buffer to 1:100. Briefly, 25μL of the 38-analyte beadmixturewas added
to each plate well, and the plate was incubated overnight at 4 °C. The
following day, the platewas incubated at room temperature for 30min
with shaking at 500 rpm. After three washes, 25μL of detection anti-
body was added to each well, and the plate was incubated for 1 h at
room temperature with shaking at 500 rpm. Then, 25μL of
streptavidin–phycoerythrin solution was added to each well, and the
plate was incubated for 30min at room temperature with shaking at
500 rpm. After three wash steps, 150μL of xMAP Sheath Fluid Plus
(4050021, Thermo Fisher, Waltham, MA) was added to each well. The
acquisition was performed using the Luminex 200 system and xPO-
NENT version 4.2 software. Analysis was performed using the Bio-Plex
Manager version 6.1 software.

Statistical analysis
Responses were assessed using the modified International Working
Group 2006 criteria for MDS41. The overall response rate (ORR)
included complete response (CR), marrow CR (mCR), hematological
improvement (HI), and a combination of mCR and HI. The patients’
demographic and clinical characteristics and safety data were sum-
marized using descriptive statistics such as means and standard

deviations or medians and ranges. Toxicity type, severity, and attri-
bution were summarized for each patient using frequency tables. For
the efficacy analysis, we estimated theHI rate for canakinumab and the
95% confidential intervals (CIs) using the normal approximation
method. Transfusion independence (TI) was defined as no transfusion
requirements during an 8-week period or longer. The distribution of
time-to-event endpoints (OS, PFS, LFS, and DoR) was estimated using
the Kaplan–Meier method and compared using the log-rank test. The
analysis was further strengthened using the Cox proportional hazards
model. OSwasdefined as the time from the start of therapy to death or
last follow-up, with patients alive at the time of the last follow-up
censored without event. PFS was defined as the time from diagnosis to
disease progression or death from MDS. LFS was defined as the time
from the start of therapy to transformation to AML or death from any
cause, whichever occurred first. DoR was defined as the time from the
first response to the time of first objective documentation of disease
progression or death from any cause, whichever occurred first. The
median follow-up was determined using the reverse Kaplan–Meier
method. Statistical analyses were performed using the R platform
(version 4.2.2). Figures were generated using GraphPad Prism (version
10.0.0). Oncoplot visualization was performed using the software
package ComplexHeatmap (version 2.14.0). Swimmers plot visualiza-
tion was performed using the software packages swimplot (version
1.2.0) and ggplot2 (version 3.4.3). Fig. 3A and the graphical abstract
were made using Biorender.com.

The sample size of this study after the run-in phase ensures that a
posterior credible interval for the HI rate has a width of 0.27 at most
under the assumption of a HI rate of 20%. The data cutoff date for this
analysis was June 11, 2023. Data were reviewed and analyzed by the
contract research organization and the authors; all authors had access
to the primary clinical trial data.

Experimental data analysis
Quantitative data were analyzed with GraphPad Prism 10 software
(GraphPad, La Jolla, CA). Figure legends indicate the statistical tests
used in each experiment. Statistically significant differences in the
figures are indicated as *P <0.05, **P <0.01, ***P <0.001, and
****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
To respect participant confidentiality, the study clinical data are not
publicly available. Requests for deidentified data should be directed to
the corresponding author. The corresponding author will make the
data available immediately upon request for scientific no-profit pur-
poses and further elaboration. The granted access to the data will not
have any time limitation. The study protocol is also available upon

Fig. 4 | Canakinumab treatment fails to rescue anemia in patients with MDS
with SF3B1mutations. A UMAP plot of scRNA-seq data from Lin-CD34+ cells from
the BM of patients UPN-07 and UPN-14 before canakinumab treatment (PRE;
n = 3814) and after 2 cycles (C2) of canakinumab treatment (n = 4043). Each dot
represents a single cell. Different colors represent the sample (left) and cluster
(right) identities. Lymph, lymphoid;My,myeloid; Er, erythroid;HSC, hematopoietic
stem cell; Mk, megakaryocytic. B Cluster distribution of Lin-CD34+ cells isolated
from the BM before canakinumab treatment (PRE) and during cycle 2 (C2) of
canakinumab treatment, represented as the percentage of cells in each cluster
shown in Fig. 4A. C UMAP plot of scRNA-seq data from BM MNCs isolated from
patients UPN-07 and UPN-14 before canakinumab treatment (PRE; n = 6580) and
after 2 cycles (C2) of canakinumab treatment (n = 7356). Different colors represent
the sample (top) and cluster (bottom) identities. Er, erythroid; Prec, precursor; NK,
natural killer; Mk, megakaryocytic; Mem, memory; HSPC, hematopoietic stem and

progenitor cell; Mono, monocytic; Lymph, lymphoid. D Cluster distribution of BM
MNCs before canakinumab treatment (PRE) and at the end of cycle 2 (C2) of
canakinumab treatment, represented as the percentage of cells in each cluster
shown in Fig. 4C. HSPC, hematopoietic stem and progenitor cell; Mk, mega-
karyocytic; Mono, monocytic; Er, erythroid; Prec, precursor; NK, natural killer;
Lymph, lymphoid. E Pathway enrichment analysis of genes significantly (P ≤0.05)
downregulated in HSCs from patients UPN-07 and UPN-14 at the end of cycle 2 of
canakinumab treatment compared with those in HSCs before canakinumab treat-
ment. The top 10Hallmark gene sets are shown. (F) Pathway enrichment analysis of
genes significantly (P ≤0.05) downregulated in monocytes from patients UPN-07
andUPN-14 at the end of cycle 2 of canakinumab treatment comparedwith those in
monocytes before canakinumab treatment. The top 10 Hallmark gene sets are
shown. Source data are provided as a Source Data file.
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request to the corresponding author. The datasets generated using
scRNA-seq have been deposited under the accession code GSE237148.
The remaining data are available within the Article, Supplementary
Information, or Supplementary Data file. Source data are provided as a
Source Data file. Source data are provided with this paper.

Code availability
The R scripts and Seurat objects are available on the GitHub page:
https://github.com/mafeiyang/Canakinumab_LR-MDS.
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Supplementary Figure 1. Mutations and cytogenetic abnormalities of enrolled patients.

Oncoplot of the molecular landscapes, cytogenetic alterations, clinical characteristics, and canakinumab 

responses of the patients included in the clinical trial (n=25). Abn, abnormality; BM, bone marrow; HI-E, 

erythroid hematologic improvement; HI-P, platelet hematologic improvement; IPSS, International 

Prognostic Scoring System; IPSS-M, Molecular International Prognostic Scoring System; IPSS-R 

Revised International Prognostic Scoring System; PD, progression disease; PRBC, packed red blood 

cell; SD, stable disease.



Bas
eli

ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
6

7

8

9

10

11

Cycle

H
ae

m
og

lo
bi

n 
(g

/d
L)

Bas
eli

ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

1

2

3

4

5

Cycle

A
bs

ol
ut

e
ne

ut
ro

ph
il 

co
un

t (
x1

09 /L
)

Bas
eli

ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

100

200

300

Cycle

Pl
at

el
et

s 
(x

10
9 /L

)

Supplementary Figure 2

Bas
eli

ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
6

8

10

12

Cycle

H
ae

m
og

lo
bi

n 
(g

/d
L)

Bas
eli

ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

5

10

15

Cycle

A
bs

ol
ut

e
ne

ut
ro

ph
il 

co
un

t (
x1

09 /L
)

Bas
eli

ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

100

200

300

400

500

Cycle

Pl
at

el
et

s 
(x

10
9 /L

)

B

A

C

All 25
(0)

16
(1)

6
(5)

0
(11)

O
ve

ra
ll 

su
rv

iv
al

 (%
)

Pr
og

re
ss

io
n-

fre
e

 s
ur

vi
va

l (
%

)

All 25
(0)

14
(6)

6
(5)

0
(10)

Numbers at risk
(censored)

1.00

0.75

0.50

0.25

0.00
0 12 24 36

Time (months) Time (months)Numbers at risk
(censored)

0 12 24 36

1.00

0.75

0.50

0.25

0.00



Supplementary Figure 2. Efficacy of canakinumab in lower-risk MDS patients.

(A) Evolution of hematological parameters during canakinumab treatment. Shown are the median 

hemoglobin level (top), absolute neutrophil count (middle), and platelet count (bottom) for the entire 

population (left) and for each patient (right; n=25).

(B) Kaplan-Meier survival estimate curves for overall survival for the whole cohort (n=25). 

(C) Kaplan-Meier survival estimate curves for progression-free survival for the whole cohort (n=25).

Source data are provided as a Source Data file.
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Supplementary Figure 3. Targeting the IL-1b pathway overcomes ineffective 

erythropoiesis in lower-risk-MDS.

(A) Dot plot of the significantly expressed genes involved in TNF-α signaling through NF-κB (P ≤ 0.05) in 

HSCs obtained before and after canakinumab treatment, as shown in Figure 3B. 

(B) CXCL2, CXCL3, and MIF expression in HSCs from patient UPN-02 before canakinumab treatment 

(PRE) and at the end of cycle 2 (C2) of canakinumab treatment. Each dot represents the expression level 

in a single cell (P = 3.18 x10-10, 0.02, and 4.3 x10-8, respectively). 

(C) Expression levels of IL-1b (left) and IL-1R1 (right) in Lin-CD34+ cells from patient UPN-02. 

(D) Dot plot of the expression levels of genes involved in TNF-α signaling through NF-κB (left) and 

inflammatory signaling (right) pathways that were significantly (P ≤ 0.05) differentially expressed between 

monocytes (Figure 3E) obtained before and after cycle 2 (C2) of canakinumab treatment. 

(E) Expression levels of IL-1b (top) and IL-1R1 (bottom) in BM MNCs from patient UPN-02 before 

canakinumab treatment. 
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Supplementary Figure 4. Decrease of BM pro-inflammatory cytokines during response to 

canakinumab treatment. 

BM plasma concentrations (pg/mL) of the cytokines that were decreased after cycle 2 (C2) of 

canakinumab treatment in patient UPN-02. Technical replicate raw values are plotted. Lines represent 

the median. Source data are provided as a Source Data file. 
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Supplementary Figure 5. Modulating the IL-1β pathway changes the BM immune 

microenvironment.

(A) Expression levels of CD8A in MNCs isolated from the BM of patient UPN-02 before canakinumab 

treatment (PRE; left) and at the end of cycle 2 (C2; middle) and cycle 14 (C14; right) of canakinumab 

treatment. 

(B) Expression levels of GZMK in MNCs isolated from patient UPN-02 before canakinumab treatment 

(PRE; left) and at the end of cycle 2 (C2; middle) and cycle 14 (C14; right) of canakinumab treatment. 

(C) Cluster distribution of T-cell subtypes in the BM T-cell populations before canakinumab treatment 

(PRE; top) and at the time of response when the patient was transfusion-independent (cycles 2, 4, 5, 8, 

and 11) (middle) and cycle 14 (C14; bottom) of canakinumab treatment, represented as the percentage 

of cells in each cluster. Black arrows indicate T cells that represent the CD8+GZMK+ T-cell population. 

Clusters were grouped based on the cell lineage annotation. RESP, response.

(D) Connectome web analysis of interacting cell types among MNCs isolated from the BM of patient 

UPN-02 before canakinumab treatment (left) and after 2 cycles of canakinumab treatment (right). The 

vertex size (i.e., colored cell node) is proportional to the number of interactions to and from each cell 

type, and the thickness of each connecting line is proportional to the number of interactions between 2 

nodes. NK, natural killer; Mem, memory; PC, plasma cell; HSPC, hematopoietic stem and progenitor cell; 

Er, erythroid; Prec, precursor; Mono, monocytic; Lymph, lymphoid; GMP, granulo-monocytic progenitor. 

(E) Circle plot showing the most significant ligand-to-receptor interactions between CD8+GZMK+ T cells 

and monocytes that were gained from before canakinumab treatment to the end of cycle 2 (C2) of 

canakinumab treatment.

Source data are provided as a Source Data file.
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Supplementary Figure 6. Canakinumab treatment fails to rescue anemia in patients with 

MDS with SF3B1 mutations. 

(A) IL-1b expression levels in Lin-CD34+ cells (left) and BM MNCs (right) from patients UPN-07 and UPN-

14. 

(B) UMAP plot of scRNA-seq data from BM MNCs isolated from UPN-12 and UPN-20 patients before 

canakinumab treatment (PRE; n = 9,798) and after 2 cycles (C2) of canakinumab treatment (n = 11,249). 

Each dot represents one cell. Different colors represent the sample (left) and cluster (right) identities. Er, 

erythroid; Prec, precursor; NK, natural killer; Mk, megakaryocytic; Mem, memory; Neutros, neutrophils; 

HSPC, hematopoietic stem and progenitor cell; Mono, monocytic; Lymph, lymphoid; pDC, plasmacytoid 

dendritic cells. 

(C) Cluster distribution of BM MNCs before canakinumab treatment (PRE) and at the end of cycle 2 (C2) 

of canakinumab treatment, represented as the percentage of cells in each cluster shown in 

Supplementary Figure 6B. Clusters were grouped based on the cell lineage annotation. HSPC, 

hematopoietic stem and progenitor cell; Mk, megakaryocytic; GMP, granulo-monocytic progenitor; Mono, 

monocytic; Er, erythroid; Prec, precursor; NK, natural killer; Lymph, lymphoid; pDC, plasmacytoid 

dendritic cells; Neutros, neutrophils. 

(D) Pathway enrichment analysis of genes significantly (FDR < 0.05) downregulated in HSPCs from 

patients UPN-12 and UPN-20 at the end of cycle 2 of canakinumab treatment compared with those in 

HSPCs before canakinumab treatment. The top 10 Hallmark gene sets are shown. 

(E) Pathway enrichment analysis of genes significantly (FDR < 0.05) downregulated in monocytes from 

patients UPN-12 and UPN-20 at the end of cycle 2 of canakinumab treatment compared with those in 

monocytes before canakinumab treatment. The top 10 Hallmark gene sets are shown.

Source data are provided as a Source Data file. 



Supplementary Figure 7



Supplementary Figure 7. Proposed working model.

Inflammatory signaling mediated by the overexpression of IL-1b drives aberrant differentiation in early-

stage MDS. Canakinumab, targeting the IL-1b-mediated pathway, rescued ineffective erythropoiesis in 

lower-risk MDS patients with lower genetic complexity.

Created in BioRender. “Rodriguez-Sevilla JJ*, Adema V*, Chien K*, ..., Colla S." 

https://BioRender.com/t63n194". 
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Supplementary Table 2. Summary of baseline mutations before canakinumab treatment. 
 

Patient ID Gene NM cDNA AA change VAF (%) 
UPN-01 TET2 NM_001127208.2 c.3954+1G>T p.? 26 
UPN-01 CBL NM_005188.4 c.1204_1209del p.T402_S403del 10 
UPN-02 DNMT3A NM_022552.4 c.2227C>T p.P743S 33 
UPN-03 ZRSR2 NM_005089.3 c.119C>G p.S40* 80 
UPN-03 SRSF2 NM_003016.4 c.284C>T p.P95L 29 
UPN-03 ASXL1 NM_015338.6 c.1900_1922del p.E635fs*14 5 
UPN-04 TET2 NM_001127208.2 c.2188del p.T730fs*21 66 
UPN-04 TET2 NM_001127208.2 c.3732_3733del p.Y1245fs*22 14 
UPN-04 ZRSR2 NM_005089.3 c.515del p.C172fs*66 10 
UPN-04 ZRSR2 NM_005089.3 c.46_47insGGCCGCCCTGA p.K16fs*4 10 
UPN-04 TET2 NM_001127208.2 c.3782G>A p.R1261H 6 
UPN-04 SRSF2 NM_003016.4 c.286C>G p.P96A 3 
UPN-04 TP53 NM_000546.5 c.818G>T p.R273L 1 
UPN-05 DNMT3A NM_022552.4 c.1979A>G p.Y660C 8 
UPN-06 SF3B1 NM_012433.3 c.2098A>G p.K700E 51 
UPN-06 TET2 NM_00112720 c.4919del p.D1640fs*55 46 
UPN-06 SETBP1 NM_015559.3 c.2608G>A p.G870S 45 
UPN-07 SF3B1 NM_012433.3 c.2098A>G p.K700E 37 
UPN-07 DNMT3A NM_022552.4 c.1871_1874del  p.P624fs*26 33 
UPN-07 RUNX1 NM_001754.4 c.701del p.T234fs*3 3 
UPN-08 U2AF1 NM_006758.2 c.101C>T p.S34F 9 
UPN-09 SH2B3 NM_005475.3 c.1023_1024insA p.? 63 
UPN-09 SF3B1 NM_012433.3 c.2098A>G p.K700E 47 
UPN-09 TET2 NM_00112720 c.2943del p.K982fs*25 11 
UPN-10 SF3B1 NM_012433.3 c.1984C>T p.H662Y 47 
UPN-10 TET2 NM_001127208.2 c.2344G>T p.E782* 43 
UPN-10 TET2 NM_001127208.2 c.3278_3281del p.T1093fs*12 12 
UPN-10 TET2 NM_001127208.2 c.4081G>A p.G1361S 5 
UPN-10 TET2 NM_001127208.2 c.4160A>C p.N1387T 3 
UPN-10 TET2 NM_001127208.2 c.4959_4960del p.Q1654fs*6 1 
UPN-11 ZRSR2 NM_005089.3 c.969_972dupAAAG p.H325fs*15 66 
UPN-11 EZH2 NM_004456.5 c.118-2del p.? 7 
UPN-11 ETNK1 NM_018638.5 c.467G>A p.G156D 2 
UPN-12 RUNX1 NM_001754.4 c.419_422del p.Y140fs*4 44 
UPN-12 ASXL1 NM_015338.6 c.2439del p.I814fs*4 43 
UPN-12 RUNX1 NM_001754.4 c.423_424insA p.A142fs*2 42 
UPN-12 EZH2 NM_004456.5 c.836A>G p.H279R 42 
UPN-12 SRSF2 NM_003016.4 c.284C>G p.P95R 41 
UPN-12 STAG2 NM_006603.5 c.2747_2748insCTTA p.K917fs*2 37 
UPN-12 KRAS NM_004985.5 c.53C>A p.A18D 8 
UPN-12 BCOR NM_017745.6 c.1112delinsGTTCTC p.L371fs 2 
UPN-13 IDH2 NM_002168.3 c.419G>A p.R140Q 38 
UPN-13 SRSF2 NM_003016.4 c.284C>A p.P95H 36 
UPN-13 RUNX1 NM_001754.4 c.1163C>A p.S388* 33 
UPN-13 FLT3 NM_004119.3 c.2503G>C p.D835H 5 



UPN-14 DNMT3A NM_022552.4 c.2711C>T p.P904L 39 
UPN-14 SF3B1 NM_012433.3 c.2098A>G p.K700E 38 
UPN-15 SRSF2 NM_003016.4 c.284_307del p.P95_R102del 25 
UPN-15 IDH2 NM_002168.3 c.419G>A p.R140Q 24 
UPN-15 ASXL1 NM_015338.6 c.1934dupG p.G646fs*11 17 
UPN-16 SRSF2 NM_003016.4 c.284C>G  p.P95R 35 
UPN-17 EZH2 NM_004456.5 c.1852-1G>A p.? 83 
UPN-17 RUNX1 NM_001754.4 c.57_58del p.? 34 
UPN-18 ASXL1 NM_015338.6 c.2179G>T p.E727* 5 
UPN-18 NF1 NM_001042492.3 c.2251G>C p.? 4 
UPN-18 SH2B3 NM_005475.3 c.765dupC p.S256fs*12 2 
UPN-19 SF3B1 NM_012433.3 c.2098A>G p.K700E 41 
UPN-20 TET2 NM_001127208.2 c.4862_4866del p.L1621fs*38 39 
UPN-20 DNMT3A NM_022552.4 c.2711C>T p.P904L 38 
UPN-20 SF3B1 NM_012433.3 c.2098A>G p.K700E 35 
UPN-20 ASXL1 NM_015338.6 c.1934dupG p.G646fs*11 18 
UPN-20 RUNX1 NM_001754.4 c.1070dupC p.T358fs*242 1 
UPN-21 SF3B1 NM_012433.3 c.1997A>C  p.K666T 19 
UPN-21 PHF6 NM_032458.3 c.19C>T p.Q7* 13 
UPN-21 TP53 NM_000546.5 c.536A>T p.H179L 3 
UPN-22 SF3B1 NM_012433.3 c.2098A>G p.K700E 46 
UPN-22 BCOR NM_017745.6 c.4834dupC p.L1612fs*6 44 
UPN-22 DNMT3A NM_022552.4 c.2645G>A p.R882H 39 
UPN-22 GNAS NM_000516.6 c.602G>A p.R201H 25 
UPN-22 RUNX1 NM_001754.4 c.1145_1148dupCGCC p.P384fs*217 23 
UPN-22 BCORL1 NM_021946.4 c.3001dupC p.Q1001fs*5 17 
UPN-22 TET2 NM_00112720 c.3501-2A>G p.? 9 
UPN-22 BCORL1 NM_021946.4 c.3466dupC p.Q1156fs*60 6 
UPN-22 BCORL1 NM_021946.4 c.1505_1506insGGACCCA p.Y502* 6 
UPN-22 BCORL1 NM_021946.4 c.4560C>G p.Y1520* 5 
UPN-23 BCOR NM_017745.6 c.4326+1G>A p.? 86 
UPN-23 STAG2 NM_006603.5 c.605C>A p.S202* 84 
UPN-23 U2AF1 NM_006758.2 c.101C>T p.S34F 44 
UPN-23 DNMT3A NM_022552.4 c.2644C>T p.R882C 30 
UPN-23 BCORL1 NM_021946.4 c.4813dupC p.L1605fs*43 16 
UPN-23 NF1 NM_00104249 c.6772C>T p.R2258* 4 
UPN-23 TET2 NM_001127208.2 c.3868_3869insGGGT p.S1290fs*11 2 
UPN-24 SF3B1 NM_012433.3 c.2098A>G p.K700E 39 
UPN-25 ASXL1 NM_015338.6 c.3591_3592dupTG p.G1198fs*20 45 
UPN-25 GATA2 NM_032638.5 c.1186C>T p.R396W 43 
UPN-25 SRSF2 NM_003016.4 c.284C>T p.P95L 34 

 
 
 
 
 
 
 
 
 
 



Supplementary Table 3. Bone marrow count or morphological changes observed during canakinumab treatment. 
 

Patient ID Time 
point Cellularity  Blasts (%) Erythroblasts 

(%) 
Monocytes 

(%)  ME ratio Dysplasia 

UPN-01 baseline 40 2 47 1 0.7 GEM 
UPN-01 response 40 1 40 2 1 GM 
UPN-02 baseline 85 2 12 4 6.6 GM 
UPN-02 response 60 1 32 2 2 GEM 
UPN-02 LOR NA NA NA NA NA NA 
UPN-03 baseline 85 2 18 2 4 GEM 

UPN-03 C2 NA 1 14 8 5.4 GE (unable to 
assess M) 

UPN-03 C5 65 3 24 6 3 GEM 
UPN-04 baseline 70 2 39 1 1 GEM 
UPN-04 C2 60 3 9 8 9.5 GEM 
UPN-04 C5 45 2 6 1 12 GEM 

UPN-05 baseline 95 Unable to 
assess 

Unable to 
assess 

Unable to 
assess 

Unable to 
assess 

M (unable to 
assess E and G) 

UPN-05 C2 Unable to 
assess 

Unable to 
assess 

Unable to 
assess 

Unable to 
assess 

Unable to 
assess Unable to assess 

UPN-05 C5 Unable to 
assess 

Unable to 
assess 

Unable to 
assess 

Unable to 
assess 

Unable to 
assess Unable to assess 

UPN-06 baseline 80 4 58 1 0.5 GEM 
UPN-06 C2 85 3 67 2 0.4 EM 
UPN-06 C5 90 2 59 1 0.4 GEM 
UPN-07 baseline 45 1 3 14 21.5 GM 
UPN-07 C2 60 1 5 7 15.7 GM 

UPN-07 C5 10 0 7 2 9.6 G (unable to 
assess E and M) 

UPN-08 baseline 10 1 16 5 1.2 Minimal GE 

UPN-08 C2 5 0 8 8 6.8 GE (unable to 
assess M) 

UPN-08 C5 30 1 28 3 1.9 
Minimal GE 

(unable to assess 
M) 

UPN-09 baseline 85 2 56 2 0.7 EM 
UPN-09 C2 75 1 40 2 1.3 EM 
UPN-09 C5 95 1 45 2 1.1 EM 
UPN-10 baseline 80 3 64 3 0.5 GEM 
UPN-10 C2 65 1 34 2 1.6 GEM 
UPN-11 baseline 40 3 32 2 1.5 GEM 
UPN-11 C2 30 4 43 2 1.2 GEM 
UPN-11 C5 45 4 42 2 1.3 GEM 
UPN-12 baseline 100 4 43 2 1.1 GEM 
UPN-12 C2 90 7 59 2 0.6 GEM 
UPN-12 40 95 7 46 0 1 GEM 
UPN-12 C5 95 6 54 2 0.7 GEM 
UPN-13 baseline 90 2 40 4 1.4 GEM 
UPN-13 C2 65 5 43 1 1.2 GEM 
UPN-13 C5 60 9 37 3 1.5 EM 
UPN-14 baseline 60 1 36 3 1.4 GEM 
UPN-14 C2 70 1 38 3 1.1 GEM 
UPN-14 C5 60 1 31 2 1.5 EM 



UPN-15 baseline 60 3 40 3 1.2 GEM 
UPN-15 C2 65 2 40 3 1.2 GEM 
UPN-15 C5 95 37 27 11 2.6 N/A  
UPN-16 baseline 40 2 31 1 1.9 GEM 
UPN-16 response 40 1 43 2 1 EM 
UPN-16 LOR 30 2 43 4 1 GEM 
UPN-17 baseline 45 3 8 5 10.4 NA 
UPN-17 C2 65 1 1 2 64.5 M 
UPN-17 C5 70 1 1 8 90 NA 
UPN-18 baseline 35 2 31 2 1.5 G 
UPN-18 C2 75 3 15 3 3.6 GEM 
UPN-18 C5 NA NA NA NA NA NA 
UPN-19 baseline 80 1 52 3 0.7 GEM 
UPN-19 C2 60 1 42 2 1.1 GEM 

UPN-19 C4 70 1 52 1 0.7 EM (unable to 
assess G) 

UPN-20 baseline 35 3 29 5 1.7 EM 
UPN-20 C2 50 8 36 2 1.4 EM 
UPN-20 C5 NA NA NA NA NA NA 
UPN-21 baseline <5 3 23 8 2.2 GEM 
UPN-21 C2 40 6 42 3 1 GEM 
UPN-21 C5 NA NA NA NA NA NA 
UPN-22 baseline 70 6 65 1 0.4 EM 
UPN-22 C2 50 15 49 1 0.9 E  
UPN-22 C5 NA NA NA NA NA NA 

UPN-23 baseline Unable to 
assess 1 9 3 4.9 GE (unable to 

assess M) 
UPN-23 C2 NA NA NA NA NA NA 
UPN-23 C5 NA NA NA NA NA NA 
UPN-24 baseline 70 1 33 0 1.6 EM 
UPN-24 C2 60 4 49 1 0.8 EM 

UPN-25 baseline Unable to 
assess 2 3 32 23.2 G (unable to 

assess E and M) 
UPN-25 C2 NA NA NA NA NA NA 
UPN-25 C5 NA NA NA NA NA NA 

 
LOR, loss of response; C2, cycle 2; C4, cycle 4; C5, cycle 5.NA, not available; GEM, granulocytic, erythroid and 
megakaryocytic dysplasia; G, granulocytic dysplasia; GM, granulocytic and megakaryocytic dysplasia; EM, erythroid and 
megakaryocytic dysplasia 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Table 4. Treatment-emergent adverse events by grade in the entire cohort (n=25). 
 

  Grade 1-2 Grade-3 Grade-4 Grade-5 
Total number of events 218 (80) 44 (16) 9 (3) 1 (0.4) 
Neutropenia 9 (36) 10 (40) 5 (20) 0 
Fatigue 20 (80) 3 (12) 0 0 
Gastrointestinal 20 (80) 0 0 0 
Skin lesions 18 (72) 2 (8) 0 0 
Elevated liver function tests 16 (64) 2 (8) 0 0 
Surgical/Medical Procedures 16 (64) 0 0 0 
Myalgias/Arthralgias 14 (56) 1 (4) 0 0 
Electrolyte/Glucose Abnormalities 14 (56) 0 0 0 
Respiratory 13 (52) 1 (4) 0 0 
Anemia 3 (12) 10 (40) 1 (4) 0 
Infection 9 (36) 4 (16) 0 1 (4) 
Thrombocytopenia 7 (28) 4 (16) 3 (12) 0 
Acute kidney injury 11 (44) 1 (4) 0 0 
Psychiatric and Neurologic 9 (36) 0 0 0 
Cardiac 7 (28) 1 (4) 0 0 
Anorexia/Malnutrition 7 (28) 1 (4) 0 0 
Fever/Chills or Infusion Reaction 6 (24) 1 (4) 0 0 
Bleeding/Bruising 5 (20) 2 (8) 0 0 
Headache 6 (24) 0 0 0 
Urinary Symptoms 4 (16) 1 (4) 0 0 
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Supplementary Table 6.  Multivariate analysis for overall survival and progression-free survival. 
 
Analysis of overall survival (two-sided Wald tests for Cox proportional hazards models. Adjustments for multiple comparisons were 
not performed). 
 

  Hazard Ratio P-value 
Age>75 vs. <75  1.23 0.71 
IPSS-M High vs. Low  3.66 0.04 
HMA-failure vs. HMA-naïve  1.38 0.63 

 
Analysis of Progression-Free Survival  
 

  Hazard Ratio P-value 
Age>75 vs. <75  1.82 0.29 
IPSS-M High vs. Low  4.6 0.01 
HMA-failure vs. HMA-naïve  0.81 0.75 

 
HMA, hypomethylating agent; IPSS-M, Molecular International Prognostic Scoring System. 
*Patients were classified according to the IPSS-M into higher-risk (very high, moderately high, and high) and lower-risk 
(very low, moderately low, and low) cohorts. 
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TO THE EDITOR:
Chronic myelomonocytic leukemia (CMML) is a clonal disorder of
mutant hematopoietic stem/progenitor cells (HSPCs) [1] charac-
terized by high risk of progression to acute myeloid leukemia
(AML) [2]. Integration of molecular data with clinical and
cytogenetic features has allowed developing multiple prognostic
risk models applicable in clinical practice [3, 4]. Despite these
advances, our ability to accurately predict disease transformation
and our understanding on how distinct genomic events cooperate
to determine the disease behavior remains limited. Although
previous studies have reported the potential cooperative effects of
specific mutations [5, 6], determining if certain recurrent
cooperative genomic patterns predict for disease phenotype
and clinical outcomes could help define diseases subsets to
optimize patient management and direct translational efforts
aimed at developing rationally designed novel combinations.
In order to evaluate further if distinct genomic profiles,

characterized by recurrent co-occurrence of somatic mutations,
define clinicopathologic subgroups of CMML with distinct out-
comes, we evaluated a cohort of patients with CMML, defined
using the WHO 2016 classification [7], and used computational
methods to identify unique clusters defined by recurrent co-
mutational patterns and define their clinical features and out-
comes. Akaike information criterion (AIC) method was applied to
evaluate mixture model components defining clusters solely
based on mutational profile. Mutation data was obtained using
an amplicon-based next-generation sequencing platform, as
detailed in Supplementary Methods, and was available in all 296
patients included in this discovery cohort. Expectation-
maximization (EM) algorithm was used for mixture model fitting
to multivariate binary data. Unsupervised cluster membership was
chosen as a function of the component with the highest weight
for any individual, and we examined means of cluster centers.
Generalized linear models were used to study the association of
overall response (ORR), complete remission (CR), and risk factors.
Overall survival (OS) was calculated as the time from diagnosis to

death or last follow-up date. Leukemia-free survival (LFS) was
calculated from the time of diagnosis until transformation to AML,
death or last follow-up date. Patients who were alive at their last
follow-up were censored on that date. The Kaplan–Meier product
limit method was used to estimate the median OS, EFS, and for
each clinical/demographic factor. Univariate and multivariate Cox
proportional hazards regression analyses were used to identify
any association with each of the variables and survival outcomes.
Statistical analyses were performed using R version 4.0.3, Jamovi
version 2.0.0, SPSS Statistics version 28 (IBM), (and GraphPad
version 9.0.0 (San Diego, CA).
A total of 296 patients were included in the analysis. Patient

characteristics of the entire cohort are shown in Supplementary
Table S1. Frequency of identified somatic mutations among the
entire population is shown in Supplementary Fig. S1. Based on the
frequency and co-occurrence of identified somatic mutations, we
aimed to identify patient clusters with shared genomic profiles
and overall co-mutation patterns. We examined AIC over 2 to 5
mixture model components and arrived at 3 by optimization of
AIC and clinical understanding of co-mutational patterns. We fit
mixture models to the multivariate binary mutation data using the
EM algorithm and 5 randomly chosen starting values without
consideration of patient outcomes. Unsupervised cluster member-
ship was chosen as a function of the component with the highest
weight for any individual, and we examined differences between
cluster means. Mutation frequencies among each of the defined
clusters are shown in Fig. 1A. Cluster 1 (C1, n= 107), was
characterized by high frequency of ASXL1 mutations (86%), with
lower TET2 mutation frequency (20%), and enrichment of RUNX1
(35%), NRAS (28%) and U2AF1 (18%) mutations. SETBP1 and EZH2
mutations were nearly exclusively observed in C1 (16% and 20%
of C1 pts, respectively). All pts with ETV6 and STAG2 mutations
belonged to this cluster. Cluster 2 (C2, n= 135) was defined by
universal presence of TET2 mutations (93%) with frequent SRSF2
co-mutation (56%) and lower frequency of ASXL1 (34%), RUNX1
(15%) or NRAS (12%) mutations, compared to C1. Despite their
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overall low frequency, BRAF mutations were restricted to C2, while
CBL mutations were observed at similar frequencies in C1 (16%)
and C2 (18%). This suggests that co-mutation profiles and
genomic context differs among genes involved in RAS pathway
signaling. Cluster 3 (C3, n= 54) included a minor and more

genomically heterogenous group enriched for SF3B1 (25%), KRAS
(24%), DNMT3A (22%) and TP53 (15%) mutations, with absence of
ASXL1 mutations, and low frequency of TET2 (12%) mutations. All
BCORL1 and WT1 mutations and most ASXL2 and CEBPA mutations
were in C3. Given the heterogeneity within this cluster, we then
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sought to evaluate the presence of unique genomic subclusters.
To do so, we evaluated co-mutational profiles among patients
assigned to cluster 3 based on attributed cluster weights.
Although no statistically significant subclusters had been identi-
fied by our initial AIC and EM algorithm, this analysis revealed six
distinct subclusters (Supplementary Fig. S2) defined by presence
of SF3B1 with or without DNMT3A co-mutation (C3a, n= 15), KRAS
mutations (C3b, n= 12), DNMT3A mutations in the absence of
SF3B1 or TP53 mutations (C3c, n-= 4), TP53 mutations (C3c, n= 8),
other not-otherwise specifiable recurrent co-mutational profiles
(C3d, n= 8) and a subset with no detectable somatic mutations
among evaluated genes (C3f, n= 7).
Next, to determine if the clonal dominance and architecture

among recurrent or specific somatic mutations define each of the
clusters, we evaluated the allele frequency distribution and likely
mutation dominance among the unique clusters (Fig. 1B, C,
Supplementary Figs. S3–S4). This analysis revealed that RUNX1
mutations not only were more frequent among C1 but appeared
at higher median VAF compared to other clusters (C1: 40%, C2:
11%, C3: 25%, p= 0.003). Consistent with the higher median VAF
of RUNX1 mutations in C1, RUNX1 mutations were more likely to
appear within dominant clones in C1 compared to C2 (C1: 32/43
[74%]; C2: 10/26 [39%]; p= 0.003). Mutations in U2AF1 had mildly
higher median VAF in C3 compared to cluster 1 (49% vs 43%,
p= 0.017). Analysis of clonal dominance revealed that among C1,
majority of patients had ASXL1 mutations within dominant clones
(dominant n= 71/94 [76%] and minor n= 23/94 [25%], respec-
tively). This was also the case among C2 (dominant: n= 30/45
[67%] vs minor: n= 15/45 [33%], respectively). Despite higher
frequency of TET2mutations in C2, majority of mutations involving
TET2 appeared within dominant clones irrespective of cluster (85%
vs 89% in C1 and C2, respectively, p= 0.754). However, TET2
multihit loss (defined as ≥2 TET2 mutations and/or TET2 VAF ≥
55%, implying a biallelic alteration due to loss of heterozygosis or
4q24 deletion, as previously reported [8, 9]) was significantly
enriched among C2 when compared to C1 (C1: 9/18 [50%]; C2: 33/
93 [73.8%]; p= 0.038). Mutations in SRSF2 and U2AF1 where
almost invariable present within dominant clones while NRAS, CBL
or KRAS mutations could be found in similar frequencies as part of
dominant or minor clones among all clusters.
To determine if these unique genomic clusters are associated to

specific phenotypic features, we evaluated the clinicopathologic
and cytogenetic features of each cluster (Supplementary Table S1).
Cluster 1 was enriched in MP-CMML (C1: 64%; C2: 48%; C3: 52%,
p < 0.001) and had higher frequency of del(7q)/-7 (C1: 11%; C2 0%,
C3: 6%, p < 0.001) and trisomy 8 (C1: 15%, C2: 7%, C3: 6%,
p= 0.05). Complex karyotype (C1: 1%, C2: 1%, C3: 22%, p < 0.001)
was nearly exclusive of C3, while C2 was more likely to be
associated with a normal karyotype (C1: 59%; C1: 73%; C3: 41%,
p < 0.001) and higher median hemoglobin (C1: 9.8 g/dL; C2: 12.1 g/
dL, C3: 9.7 g/dL, p < 0.001).
A total of 55 (19%) patients experienced progression to AML

including 21 (20%), 26 (19%) and 8 (15%) in C1, C2, and C3,
respectively. To evaluate if unique dynamic genomic evolution
defines each of the clusters, we aimed to study the clonal changes

associated with AML progression among each cluster. Matched
NGS at the time of transformation to AML was available in 36 (C1:
n= 13; C2 n= 19; C3: n= 4) of the 55 (65%) patients who had
progression to AML (Supplementary Fig. S5). Expansion of pre-
existing clones (defined as increase of VAF to a higher group as
defined in Supplementary Fig. S5) was observed in 8 (62%), 4
(21%) and 2 (50%) patients in C1, C2 and C3 at transformation,
respectively (Supplementary Fig. S6). Only one patient in C1 and
two patients in C2 had no changes in clonal architecture at
transformation. Among these 3 patients, sequential cytogenetic
evaluation revealed no changes at transformation compared to
diagnosis. Overall, acquisition or expansion of NRAS (n= 12, 33%),
CBL (n= 7, 19%), RUNX1 (n= 6, 17%), NPM1 (n= 5, 14%), ASXL1
(n= 5, 14%) and PHF6 (n= 5, 14%) were the most common events
and were present in >10% of patients. Acquisition of new NRAS,
RUNX1 and ASXL1 mutations, more commonly present in C1 at
diagnosis, was observed in 32%, 19% and 19% of patients in C2 at
transformation.
With a median follow up of 31.1 months (95% CI

25.3–36.9 months), a total of 216 patients received therapy
including 195 (66%) receiving hypomethylating-agent (HMA)-
based therapies. No significant differences in ORR or CR rates
following IWG 2006 criteria were observed based on mutation
clusters (Supplementary Table S1). By univariate analysis, patients
in C1 and C3 had significantly worse LFS (C1: 23.9 months [95% CI
7.7–40.1], C2: 54.8 months [95% CI 34.8–74.9 months], C3:
26.5 months [95% CI 0.0–63.8 months], p= 0.02, Fig. 1D) and OS
(C1: 29.4 months [95% CI 14.2–44.5 months], C2: 54.8 months [95%
CI 40.7–68.9 months], C3: 45.1 months [95% CI 22.9–67.4 months],
p= 0.05, Fig. 1E) than those in C2. Survival differences among
patients in C3 based on genomic subclusters are detailed in
Supplementary Fig. S7. Overall, no significant differences in OS or
LFS were observed among subclusters. To evaluate if mutation
clusters predicted for survival outcomes we fitted Cox propor-
tional hazards models, regressing OS and LFS on normalized
cluster weights with adjustment for age and sex (Supplementary
Tables S2–S3). We performed 2 degree of freedom likelihood ratio
tests on cluster weight in all models regardless of covariate
adjustment, finding their contribution to explaining variation in
the survival outcomes (p < 0.015 in all cases). Use of Cox
proportional hazards models confirmed that, when corrected by
age and sex, cluster annotation by attributed cluster weights
predicted for LFS and OS.
In conclusion, our data confirms prior reports suggesting that

certain mutations co-occur in CMML [5, 6] and identifies three
major genomic-defined disease clusters: C1 defined by dominant
ASXL1 and RUNX1 mutations, frequent SETPB1 and EZH2 mutations
and lack of TET2 enrichment; C2 defined by multihit TET2 and
SRSF2 co-dominance and a more heterogenous C3 encompassing
six unique subclusters defined by SF3B1, KRAS, DNMT3A, TP53
mutations as well as non-recurrent co-mutations or those with no
detectable mutations. Although further validation and refinement
of these disease clusters is needed in larger cohorts of patients,
while accounting for specific previously reported mutational
combinations (such as those involving ASXL1 and TET2), our data

Fig. 1 Mutational composition and clinical outcomes of genomic clusters in CMML. A Oncoplot showing hierarchical clustering based on
co-mutation profiles of 296 patients with CMML. Cells in red wine color correspond to presence of mutation, those in yellow to lack of
mutation. Cases are clustered by mixture model component defined clusters based on frequency and patterns of appearance of mutations on
individual patients. B Variant allele frequencies (VAFs) of identified mutations in each individual clusters. Median and ranges are shown for
each individual mutation. Statistical comparisons were performed using the Mann–Whitney test (*P < 0.05). C Frequency of likely clonal
hierarchy (dominant or minor clone) of identified mutations within each CMML genetic cluster. Clonal relationships were tested using Pearson
goodness-of-fit tests with clonal heterogeneity being defined in cases with goodness-of-fit p < 0.05 suggesting significant variability of VAF
distributions reflecting presence of several clones. D Kaplan–Meier survival estimate curve for leukemia-free survival according to clusters.
Patients were attributed a cluster by unsupervised cluster membership defined as a function of component with highest weight for a cluster
for each individual patient. E Kaplan–Meier survival estimate curve for overall survival according to clusters. Patients were attributed a cluster
by unsupervised cluster membership defined as a function of component with highest weight for a cluster for each individual patient.
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might help improve disease classification by considering genomic
composition.
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PCR-based next generation sequencing (NGS) 81-Gene panel   
 

Gene Exons (codons) tested 
  

ANKRD26 1 (1-6) 

ASXL1 11-12 (362-1442), 12 (1450-1542) 

ASXL2 11-12 (381-1436) 

BCOR 2-4 (1-511), 4-12 (515-1547), 13-15 (1550-1644), 15 (1663-1722) 

BCORL1 1-6 (1-1261), 6 (1292-1323), 6-12 (1326-1700), 12 (1706-1712) 

BRAF 11 (439-478), 15 (581-620) 

BRINP3 2-8 (1-767) 

CALR 9 (352-418) 

CBL 7-9 (336-477) 

CBLB 7-10 (282-469) 

CBLC 7-9 (336-454), 10 (465-475) 

CEBPA 1 (1-90), 1 (249-358), 1 (128-175), 1 (178-201) 

CREBBP 1-8 (1-608), 9-30 (615-1724), 31 (2238-2443), 31 (2049-2235), 31 (1725-1943), 31 (1950-2042) 

CRLF2 6 (217-256)  

CSF3R 14 (575-622), 17 (681-800), 17 (822-864) 

CUX1 2-6 (11-172), 6-9 (174-241), 10-14 (248-408) 

DDX41 1-11 (1-410), 12 (416-418), 12-17 (420-623) 

DNMT3A 8-22 (286-862), 23 (866-913) 

EED 1-2 (1-69), 2-8 (71-287), 9-12 (289-442) 

ELANE 1-2 (1-48), 2 (69-75), 4-5 (123-268) 

ETNK1 3 (228-275) 

ETV6 1-8 (1-453) 

EZH2 2-5 (1-158), 5-6 (160-205), 7 (209-217), 8-19 (243-732), 20 (752) 

FBXW7 9-12 (413-708) 

FLT3 11-20 (437-847) 

GATA1 2-3 (1-84) 

GATA2 2 (2-5), 2-5 (22-377), 5-6 (379-481) 

GFI1 2 (2-39) 

GNAS 8 (200-202), 11 (315-324) 

HNRNPK 3-17 (1-465) 

HRAS 2-3 (1-59), 3-4 (87-135), 4 (137-150) 

IDH1 4 (132-133) 

IDH2 4 (125-178) 

IKZF1 2-8 (1-443), 8 (445-518) 

IL2RG 1-2 (1-45), 2-8 (51-340), 8 (352-370) 

IL7R 5-7 (180-292) 

JAK1 3-22 (3-1023), 22-24 (1026-1123) 

JAK2 10 (405-442), 12-14 (505-622), 16 (665-711), 18 (762-812) 

JAK3 2-23 (1-1069) 

KDM6A 1-29 (1-1402) 

KIT 8-9 (411-514), 11 (550-592), 17 (788-828) 
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KMT2A 2 (145-168), 3-4 (176-1075), 4 (1081-1112), 5 (1117-1184), 6 (1190-1212), 7 (1224-1325),  
8-13 (1338-1560), 14-15 (1566-1665),  
27 (2186-2195), 27 (2201-2355), 27 (2373-3215), 27 (3223-3324), 27 (3339-3575) 

KRAS 2-4 (1-150) 

MAP2K1 2 (27-90), 3 (98-146) 

MPL 10 (490-522), 12 (552-636) 

NF1 2-5 (21-189), 6 (201-218), 8-13 (244-467), 13-24 (478-1066), 25-26 (1082-1146),  
26-31 (1160-1378), 31-35 (1380-1550), 35-38 (1564-1868),  
39 (1870-1884), 39-47 (1886-2322), 47-52 (2325-2555), 52-58 (2568-2840) 

NOTCH1 26-28 (1529-1795), 34 (2069-2273), 34 (2290-2556), 34 (2069-2273), 34 (2290-2556) 

NPM1 11 (283-295) 

NRAS 2-4 (1-150) 

PAX5 1-10 (14-392) 

PHF6 2-10 (1-366) 

PIGA 2 (1-6), 2-6 (16-485) 

PML 3 (201-255) 

PRPF40B 2-19 (2-609), 19-20 (611-658), 20-26 (661-893) 

PTEN 7-8 (212-285), 8 (290-342) 

PTPN11 3-4 (46-125), 7 (253-285), 12 (460-462), 12-13 (465-533) 

RAD21 2-14 (1-632) 

RARA 6-7 (211-338) 

RUNX1 2-9 (1-437), 9 (456-474) 

SETBP1 4 (838-885) 
SF1 1-13 (1-640) 

SF3A1 1-7 (1-322), 7-9 (328-424), 9-16 (427-794) 

SF3B1 13-16 (574-790) 

SH2B3 2 (1-118), 2 (132-164), 2-8 (211-576) 

SMC1A 1-19 (1-983), 20-25 (992-1234) 

SMC3 1-6 (1-110), 6-16 (113-504), 16-17 (507-580), 17-29 (591-1217) 

SRSF2 1 (1-38), 1 (45-121) 

STAG1 2 (1-5), 3-20 (10-703), 21-22 (718-738), 22-27 (740-953), 27-34 (955-1259) 

STAG2 2-15 (1-512), 16-33 (521-1232) 

STAT3 17 (521-534), 17 (489-503), 17 (506-508), 18-22 (534-715) 

STAT5A 3-7 (1-214), 8-9 (264-286), 9-20 (303-795) 

STAT5B 16 (636-693) 

SUZ12 1-2 (20-107), 4-5 (129-169), 7-16 (198-740) 

TERT 1 (1-24), 2 (80-172), 2-4 (258-630), 4-5 (633-677), 5-6 (683-749), 6-8 (753-800), 8-16 (805-1133) 

TET2 3 (1-77), 3 (91-826), 3 (829-853), 3-11 (867-2003) 

TP53 2 (1-25), 4-11 (80-394) 

U2AF1 2 (15-44), 6 (117-161) 

U2AF2 1-5 (1-161), 6-12 (163-473) 

WT1 1 (122-216), 1 (2-44), 1 (56-58), 2-10 (216-518) 

ZRSR2 1-4 (1-90), 5 (108-131), 6-9 (134-263), 9-11 (267-483) 
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Computational and study methodology. NGS, next-generation sequencing; AIC, Akaike information 
criterion; EM, expectation-maximization; LFS, leukemia-free survival; OS, overall survival. 

 
 
 
  



 5 

Table 1. Clinicopathologic features and response outcomes of CMML genomic clusters. 

Variable 

Total  
(n=296) 

n (%) / median 
[Range] 

Cluster 1 
(n=107) 

n (%) / median 
[Range] 

Cluster 2 
(n=135) 

n (%) / median 
[Range] 

Cluster 3 
(n=54) 

n (%) / median 
[Range] 

P value 

Age (years) 70 [30-94] 71 [34-90] 72 [36-94] 71 [30-93] 0.217 

Male 210 (71) 78 (73) 91 (67) 41 (76) 0.434 

MP-CMML 160 (54) 68 (64) 64 (48) 28 (52) 0.047 

CMML-2 by WHO 152 (51) 60 (56) 61 (45) 31 (57) 0.149 

Hgb (g/dL) 11.0 [5.3-17.3] 9.8 [5.3-16.9] 12.1 [6.6-16] 9.7 [6-17.3] <0.001 

WBC (x109/L) 10.7 [1.2-136.9] 14.9 [3.3-136.9] 9.6 [2.6-115.9] 10.2 [1.2-70.1] 0.001 

ANC (x109/L) 6.1 [0.0-52.6] 8.1 [01-52.1] 5.3 [0-42.5] 4.9 [03-52.6] 0.006 

AMC (x109/L)1 1.9 [0.0-73.1] 2.4 [0.4-73.1] 1.8 [0.0-47.5] 1.6 [0.0-22.3] 0.017 

PB Monocyte % 19 [3-60] 19 [3-55] 20 [3-59] 18 [3-60] 0.684 

PB Neutrophil % 53 [3-92] 54 [3-92] 53 [12-87] 52 [11-80] 0.606 

PB Lymphocyte % 16 [2-77] 13 [2-69] 19 [4-55] 17 [3-77] 0.025 

PB Blast % 0 [0-18] 0 [0-18] 0 [0-10] 0 [0-10] <0.001 

PB Promyelocyte % 0 [0-2] 0.5 [0-2] 0 ]0-2] 0.5 [0-2] 0.546 

PB Metamyelocyte % 4 [1-23] 6.5 [1-23] 3.5 [1-17] 2 [1-14] 0.058 

Platelets (x109/L) 107 [4-764] 107 [9-750] 109 [10-591] 99 [4-764] 0.597 

BM blast % 5 [0-18] 6 [1-18] 5 [0-18] 5 [0-18] 0.442 

BM promyelocyte % 1 [0-25] 1 [0-8] 1 [0-25] 1 [1-8] 0.457 

BM granulocyte % 28 [0-67] 27 [0-58] 29.2 [4-67] 24 [3-40] 0.003 

BM monocyte % 11 [0-49] 10 [0-49] 11 [0-32] 9 [1-42] 0.340 

Cr (mg/dL) 0.98 [0.53-2.86] 1.04 [0.54-2.59] 0.98 [0.58-2.86] 0.94 [0.53-2.46] 0.590 

LDH (IU/L) 300 [126-6075] 340 [139-4464] 287 [126-6075] 254 [130-1808] 0.084 

Karyotype      

Normal 184 (62) 63 (59) 99 (73) 22 (41) <0.001 

-Y 11 (4) 0 (0) 6 (4) 5 (9) 0.011 

-7/del(7q) 15 (5) 12 (11) 2 (0) 3 (6) <0.001 

Trisomy 8 28 (10) 16 (15) 9 (7) 3 (6) 0.051 

Inv(3) 3 (1) 0 (0) 0 (0) 3 (6) 0.001 

Del(20q) 12 (4) 4 (4) 5 (4) 3 (6) 0.826 

Complex 14 (5) 1 (1) 1 (1) 12 (22) <0.001 

Therapy-related 69 (23) 24 (22) 30 (22) 15 (28) 0.598 

Therapy type     0.131 
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HMA 195 (66) 81 (76) 82 (61) 32 (59)  

Observation 80 (27) 18 (17) 44 (33) 18 (33)  

Hydroxyurea only 3 (1) 0 (0) 2 (2) 1 (2)  

LDAC-based 10 (3) 5 (5) 3 (2) 2 (4)  

Intensive 6 (2) 3 (3) 3 (2) 0 (0)  

Response2      

Overall response 109 (56) 41/82 (50) 48/82 (59) 20/31 (65) 0.313 

Complete response 49 (25) 16/82 (20) 24/82 (32) 9/31 (29) 0.288 

 

WBC: white blood cell count; MP-CMML: myeloproliferative chronic myelomonocytic leukemia; Hgb: 

hemoglobin; ANC: absolute neutrophil count; AMC: absolute monocyte count; PB: peripheral blood; BM: 

bone marrow; HMA: hypomethylating agent; LDAC: low-dose cytarabine; Cr: creatinine. 

1 Peripheral blood values at date of initial presentation. Values include those from patients with prior 

hydroxyurea therapy at time of presentation. 

2 Responses reported among patients treated with HMA therapy. 
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Table S2. Cox proportional hazards model for overall survival regressed on cluster weights 

 
 

Concordance: 0.643 
Likelihood ratio test: p=5x10-4 
Wald test: p=7x10-4 
Score (logrank) test: p=6x10-4 

 
 
 
  

Variable Log hazard ratio Hazard ratio 95% CI P value 

Cluster 1 0.62946 1.87660 1.164-3.024 0.00974 

Cluster 3 0.49413 1.63908 0.923-2.911 0.09178 

Cluster 2 Reference - - - 

Age 0.3967 1.04046 1.016-1.066 0.00126 

Sex 0.29470 1.34273 0.871-2.071 0.18244 
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Table S3. Cox proportional hazards model for leukemia-free survival regressed on cluster weights 
 

  

Concordance: 0.628 
Likelihood ratio test:    p= 8x10-4 
Wald test: p=8x10-4 
Score (logrank) test: p=7x10-4 
  

Variable Log hazard ratio Hazard ratio 95% CI P value 

Cluster 1 0.71635 2.047 1.298-3.228 0.00205 

Cluster 3 0.64384 1.904 1.104-3.283 0.02058 

Cluster 2 Reference - - - 

Age 0.02768 1.028 1.006-1.051 0.01445 

Sex 0.32334 1.382 0.915-2.087 0.1245 
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Figure S1. Frequency of identified somatic mutations in the total cohort. 
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Figure S2. Genomic subclusters among patients classified as cluster 3. Oncotype representing all 
patients with cluster weight scores defining for cluster 3. Each column represents one individual patient. 
Patients are grouped based on common mutation and co-mutation profiles. Colored cells represent genes 
for which a mutation was detected in an individual patient. Different colors represent each of the unique 
subclusters. NOS, not otherwise specifiable; NDM, no detectable somatic mutations in evaluated genes. 
 

  

Cluster 3a

SF3B1 (DNMT3A, TET2)

Cluster 3b
KRAS (DNMT3A)

Cluster 3c

DNMT3A

Cluster 3d
TP53

Cluster 3e

Other - NOS
Cluster 3f

NDM

SF 3B 1

KR A S

DN M T3A

TP53

N R AS

R U N X1

TET2

U 2AF 1

A SXL2

B CO R

IDH2

PTPN 11

SR SF 2

W T1

B CO R L1

CEB PA

G A TA 2

N F 1

CSF 3R

F LT3

JAK2

KIT

M AP2K1

N PM 1

SETB P1

SH2B 3

U 2AF 2

B R A F

Z R SR 2



 11 

Figure S3. Variant allele frequency distributions of most common somatic mutations. Allele 
frequency distribution frequencies are shown for ASXL1 (A), TET2 (B), SRSF2 (C), NRAS (D), KRAS (E), 
CBL (F) and RUNX1 (G) among the three CMML genomic clusters. C: cluster. 
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Figure S4. Mutation dominance distribution by CMML cluster. Frequencies of identified mutations as 
part of dominant or minor clones, in patients with 2 or more somatic mutations, among the 3 CMML 
genomic clusters. Clonal relationships were tested using Pearson goodness-of-fit tests with clonal 
heterogeneity being defined in cases with goodness-of-fit p values <0.05 suggesting significant variability 
of VAF distributions reflecting presence of several clones. 
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Figure S5. Clonal architecture at diagnosis and AML for each CMML cluster. Heatmap detailing 
frequency and clonal size of identified mutations among the 36 patients with comprehensive NGS at CMML 
diagnosis and at progression to AML. Mutations are color coded based on variant allele frequency (VAF) 
and classified among four groups: VAF <5%, 5-20%, 20-50% and >50%. Cytogenetic risk category defined 
according to the Revised International Prognostic Scoring System (IPSS-R) are color coded based on risk. 
Patients are grouped by cluster with each column representing one time point (CMML or AML diagnosis, 
respectively) for each individual patient. Patients are separated by thick vertical lines.  
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Figure S6. Frequency of emerging or expanding somatic mutations at transformation by CMML 
cluster. New and expanded mutations at progression among all patients (A), cluster 1 (B), cluster 2 (C) or 
cluster 3 (D) are shown. New mutations are shown in darker shaded color while clones with preexisting 
mutations that expanded at progression are shown in lighter shaded color.  
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Figure S7. Survival outcomes based on cluster 3 genomic subclusters. Kaplan-Meier estimate survival 
curves for leukemia-free survival (A) or overall survival (B) based on genomic subcluster among patients 
belonging to cluster 3 based on attributable cluster weights. 
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The field of myeloid malignancies, particularly MDS and CMML, represents a dynamic 

interplay of clonal evolution, inflammatory signaling, and therapeutic resistance. The body of 

work presented in this thesis aims to advance our understanding of how these factors interact 

to drive disease progression, therapeutic failure, and potential avenues for intervention. By 

integrating findings across multiple studies, this discussion explores the biological 

underpinnings of these conditions and the challenges they pose, offering insights into 

innovative, targeted interventions. 

 

Over the past two decades, no new therapeutic agents have been approved for the treatment 

of high-risk MDS or CMML, underscoring the persistent challenge of therapy resistance in 

managing these diseases (262). While the molecular and biological mechanisms driving 

venetoclax resistance in AML have been thoroughly explored (350, 463, 464), the reasons 

why patients with MDS and CMML develop secondary resistance to venetoclax following an 

initial response, particularly after failing HMA therapy, remain poorly understood. Venetoclax 

initially induces apoptosis in HSCs reliant on BCL2-mediated survival. However, adaptive 

mechanisms eventually emerge, enabling malignant HSCs to evade therapy. This thesis 

highlights how venetoclax resistance arises through transcriptional reprogramming, where 

granulomonocytic-biased HSCs adapt by activating NF-κB signaling pathways. This molecular 

adaptation involves genetic alterations in key regulatory genes such as STAG2 and RUNX1, 

which reshape the transcriptional milieu to favor a myeloid lineage bias and pro-survival 

signaling. Importantly, the interplay between TP53 mutations and venetoclax resistance 

highlights an intrinsic vulnerability of the apoptotic machinery in these malignancies. TP53-

mutated clones not only exhibit intrinsic resistance to BCL2 inhibition but also retain their 

transcriptional state, making them resilient to therapy-induced depletion (465). This finding 

aligns with previous studies identifying TP53 mutations as mediators of poor prognosis and 

therapy failure. These findings exemplify a broader theme in myeloid malignancies, where 

HSC hierarchy and transcriptional flexibility enable survival despite therapeutic intervention 

(348). 

 

Interestingly, our data suggest that RUNX1 and STAG2 mutations do not directly confer 

venetoclax resistance but instead influence hematopoiesis by promoting the myeloid 

differentiation of LT-HSCs and enhancing the self-renewal capacity of LMPPs and 

granulocytic-monocytic progenitors (GMPs), as previously shown in conditional mouse models 

of RUNX1 or STAG2 deletion (466, 467). Consistently, delicate HSC profile studies showed 

that MDS LMPPs and GMPs depend on NF-κB-mediated pathways, rather than BCL2, for 

survival under therapy (83). Our observations emphasize that differentiation state, rather than 

direct molecular effects of these mutations, drives resistance. To validate these findings, we 
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employed the SKM-1 cell line, derived from a patient with MDS whose disease progressed to 

myelomonocytic leukemia (468). This cell line harbors mutations in STAG2, ASXL1, KRAS, 

and TP53, faithfully recapitulating the molecular complexity observed in patients with 

treatment-refractory MDS. To test whether STAG2 mutation directly influenced venetoclax 

resistance, we restored STAG2 expression in SKM-1 cells using lentiviral gene delivery. 

Interestingly, re-expression of STAG2 did not alter BCL2 or phospho-p65 (an effector of NF-

κB signaling) levels, nor did it affect sensitivity to venetoclax alone or in combination with HMA 

therapy. These findings further support the hypothesis that venetoclax resistance in MDS is 

driven primarily by the differentiation state of malignant HSPCs rather than the direct molecular 

effects of specific mutations. 

 

A pivotal finding is the role of the HSC differentiation hierarchy as a biomarker in determining 

therapeutic response and resistance patterns in MDS. Patients with an immunophenotypic 

“CMP pattern” exhibit greater initial sensitivity to venetoclax due to their reliance on BCL2. 

Conversely, those with a “GMP pattern” demonstrate intrinsic resistance, reflecting their 

dependency on NF-κB-mediated survival mechanisms. Over time, even CMP-pattern HSCs 

adapt under the selective pressure of venetoclax treatment, transitioning to NF-κB-driven pro-

survival signaling pathways. This underscores the necessity of tailoring therapeutic strategies 

based on the differentiation states of malignant HSCs, which serve as both predictors of 

treatment response and mediators of resistance. Our multi-omics analyses elucidate the 

genetic and transcriptional reprogramming events underlying venetoclax resistance. This 

plasticity not only confers resistance but also creates vulnerabilities that can be therapeutically 

exploited. Particularly, MCL1, a pivotal downstream mediator of NF-κB signaling, is 

significantly upregulated in venetoclax-resistant HSCs, promoting survival and clonal 

expansion under therapeutic stress. Preclinical studies suggest that targeting MCL1 could 

provide a promising approach to overcoming venetoclax resistance in "GMP-pattern" MDS. 

These findings emphasize the importance of exploring combination therapies that leverage 

MCL1 inhibition to disrupt the survival mechanisms of resistant HSCs, paving the way for more 

effective treatment strategies in venetoclax-refractory cases. 

 

From a clinical perspective, these findings underscore the importance of early intervention 

strategies that preempt the emergence of resistance pathways. Monitoring the emergence or 

expansion of STAG2- or RUNX1-mutated clones in venetoclax-treated patients could guide 

the timely incorporation of combination therapies to target adaptive survival mechanisms. 

Such approaches may prevent disease progression and extend the duration of therapeutic 

response. Furthermore, understanding the differentiation states and molecular profiles of 
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HSCs in individual patients could guide personalized treatment strategies, aligning with the 

principles of precision medicine. 

 

The complexity of resistance in myeloid malignancies is exemplified by the dependence of 

RAS-mutant CMML on MCL1 and NF-κB-mediated survival pathways. This dependency 

underscores how distinct mechanisms of survival are activated under therapeutic pressure 

(365). Following the failure of HMAs, the NF-κB pathway emerges as a central mediator of cell 

survival, rerouting apoptotic reliance from BCL2 to MCL1. This shift highlights the remarkable 

adaptability of HSCs within CMML, particularly in RAS-mutant populations, which can evade 

cytotoxic interventions and sustain survival. Despite significant advancements in 

characterizing molecular landscape of CMML, the limited understanding of how genetic 

alterations influence distinct transcriptional states of monocytic/myeloid differentiation has 

delayed progress in improving patient survival (96, 97, 469-471). RAS pathway mutations, 

initially found in approximately 30% of CMML patients (471), become increasingly prevalent 

during disease progression, reaching up to 90% of cases. These alterations are strongly linked 

to an elevated risk of relapse and poorer survival outcomes following venetoclax-based (472). 

To date, no therapies effectively extend survival in RAS-mutant CMML patients. 

 

The mechanistic insight provided by transcriptomic and chromatin accessibility profiling 

elucidates how NF-κB and MCL1 upregulation not only contribute to cell survival but also foster 

conditions favorable to blast transformation. RAS mutations amplify NF-κB signaling and 

immune evasion mechanisms, enabling HSCs and downstream monocytic populations to 

thrive under HMA failure. The reliance of RAS-mutant HSCs on MCL1, rather than BCL2, for 

survival highlights a shared resistance mechanism across myeloid malignancies. Notably, the 

selective efficacy of AMG-176, an MCL1 inhibitor, underscores the therapeutic potential of 

targeting this pathway in CMML patients exhibiting blast progression after HMA failure. These 

findings mirror observations in venetoclax-resistant MDS, where GMP-pattern HSCs 

upregulate MCL1 to evade apoptosis.  

 

Using single-cell multi-omics technologies, we sought to dissect the biological mechanisms 

behind RAS pathway mutation–induced CMML evolution with the overall goal of identifying 

cellular vulnerabilities that could be therapeutically targeted to halt disease progression. We 

found that at disease initiation, CMML HSPCs significantly upregulated NF-KB pathway and 

IFN–mediated inflammatory transcriptional signals that drive these cells’ differentiation 

towards the monocytic/myeloid lineage while maintaining an intact apoptotic program. This 

inflammatory reprogramming was exacerbated in downstream RAS pathway mutant 

monocyte populations, which expressed high levels of cytokines and cell surface receptors 
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involved in NF-KB pathway activation and immune evasion. These results suggest that disease 

initiation and maintenance rely on the activation of cell-intrinsic and -extrinsic inflammatory 

networks and provide a rationale for using inhibitors of NF-KB–associated inflammatory 

signaling cascades as a frontline treatment for patients with RAS pathway mutated CMML. 

These results are in agreement with earlier studies emphasizing the involvement of 

inflammatory cell populations in myeloid malignancies (367, 473). Importantly, they 

underscore the therapeutic promise of inflammation-targeting strategies, many of which are in 

advanced clinical development and show considerable potential for managing myeloid 

malignancies (438, 474, 475).  

 

Adding to the existing discussion, the complexity of inflammation and immune dysregulation 

in myeloid malignancies extends beyond HSPC-driven processes, as demonstrated by the 

involvement of T cells and NK cells in MDS and CMML (166). Single-cell analyses reveal that 

interactions between CMML monocytes and immune effector cells, such as effector CD8+ T 

cells and NK cells, are significantly altered, particularly in RAS-mutant CMML. These 

interactions are characterized by immune-suppressive ligand-receptor engagements, 

including HLA-E-KLRC1/2 and TGFB1-TGBR1/3 pairs, which contribute to the functional 

exhaustion of T cells and NK cells (476-482). As a result, both CD8+ T cells and NK cells in 

the CMML microenvironment exhibit diminished activation and cytokine production, further 

exacerbating immune evasion and clonal expansion. 

 

Targeting MCL1 activity with the small molecule AMG-176 only significantly depleted HSPCs 

from RAS mutant CMML but not those from RAS wildtype CMML, a finding that supports the 

selective use of MCL1 inhibitors to treat patients with RAS pathway mutant CMML in whom 

BP occurs at the time of HMA therapy failure. These results are consistent with previous 

findings showing that CMML monocytes rely on MCL1, but not BCL2, for survival (483), and 

that NRAS-mutant monocytic subclones that emerge at AML relapse depend on MCL1, not 

BCL2, for energy production (350). Consistent with this observation, our scRNA-seq analysis 

of BM MNCs from one representative patient with venetoclax-resistant disease confirmed that 

BCL2 inhibition cannot overcome the activation of NF-KB pathway–mediated inflammatory and 

survival mechanisms in HSPCs and downstream My/Mo populations.  

 

These findings integrate seamlessly with our understanding of the interplay between NF-κB 

and MCL1 signaling pathways in HSPCs, underscoring the multifaceted nature of CMML 

progression. The immune-suppressive microenvironment, characterized by dysfunctional 

CD8+ T cells and NK cells, not only facilitates disease persistence but also intersects with the 

adaptive survival mechanisms of HSPCs. Specifically, the reliance of RAS-mutant CMML 
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HSPCs on MCL1 for anti-apoptotic signaling becomes more pronounced under venetoclax 

resistance, creating a dual axis of therapeutic opportunity. Addressing these interconnected 

pathways through combination therapies that target MCL1-driven survival and simultaneously 

rejuvenate immune effector functions holds significant potential. Such an approach could 

disrupt the intricate feedback loop between immune evasion and HSPC resilience, offering a 

more comprehensive strategy to overcoming resistance mechanisms and enhancing clinical 

outcomes for patients with CMML. These findings highlight the critical need for therapeutic 

designs that consider both the intrinsic adaptability of leukemic cells and the extrinsic influence 

of the tumor microenvironment. 

 

Inflammation not only drives disease progression but also establishes a permissive 

environment for clonal expansion and therapeutic resistance. Pro-inflammatory cytokines, 

including IL-1β, TNF-α, and IFN-γ, are key mediators in shaping the BM microenvironment. 

These factors contribute to a self-reinforcing cycle of immune dysregulation and hematopoietic 

skewing, which exacerbates ineffective erythropoiesis and promotes the persistence of 

aberrant HSC clones. Mutant HSCs, particularly those harboring CHIP-associated mutations 

in TET2 and DNMT3A, exploit this inflammatory milieu, enhancing their self-renewal capacity 

while evading differentiation signals. Unlike their wildtype counterparts, these mutant clones 

exhibit an intrinsic resistance to inflammation-induced depletion, providing a competitive edge 

that fuels disease evolution and therapeutic resistance (185, 186). This interplay between 

clonal hematopoiesis, inflammatory signaling and leukemization underscores the need for 

therapeutic approaches that disrupt these pathogenic pathways. 

 

Interleukin-1β (IL-1β) is a master-regulator pro-inflammatory cytokine that plays a pivotal role 

in the innate immune response to infection and tissue injury. By binding to its receptor, IL-1R1, 

IL-1β activates a signaling cascade that regulates the expression of various transcription 

factors, cytokines, and growth factors essential for hematopoiesis (484). This signaling 

cascade promotes the expression of IL-1β target genes, such as IL-6 and IL-8, which drive 

myeloid skewing and contribute to ineffective erythropoiesis (179). Dysregulated IL-1β 

signaling has been implicated in aging (485) and a range of diseases, including hematopoietic 

malignancies and cardiovascular disorders (486).  

 

The CANTOS trial provided further evidence supporting IL-1β inhibition in inflammation-driven 

malignancies. Treatment with canakinumab, an IL-1β monoclonal antibody, resulted in 

improved hemoglobin levels in patients with CHIP-associated mutations, especially those with 

TET2 and DNMT3A mutations, offering a compelling rationale for exploring its application in 

inflammation-driven malignancies such as MDS and CMML (486-488). Recent studies using 
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Tet2-deficient mouse models have shown that IL-1β enhances the self-renewal capacity of 

mutant HSCs by hindering the demethylation of critical transcription factor binding sites 

involved in terminal differentiation (489, 490). Both genetic knockout of Il-1r1 in Tet2-deficient 

HSPCs and pharmacological inhibition of IL-1β signaling with the IL-1R1 antagonist anakinra 

led to significant reductions in myeloid skewing and clonal expansion (489, 490). These results 

highlight the therapeutic potential of targeting the IL-1β pathway as a strategy to address 

dysfunctional myeloid skewing and clonal dominance in early-stage myeloid neoplasms, such 

as clonal cytopenias of undetermined significance (CCUS) and lower-risk MDS. To confirm 

these findings in a human setting, we conducted a phase 2 trial evaluating the efficacy of the 

IL-1β inhibitor canakinumab in individuals with lower-risk MDS and CMML (NCT04239157).  

 

Canakinumab exhibited a favorable safety profile in a final cohort of 25 patients, with no dose 

adjustments or treatment discontinuation reported. Cytopenia, occurring in 64% of patients, 

was the most frequently observed grade 3 or higher adverse event associated with the 

treatment. This adverse effect likely reflects a combination of treatment-induced 

myelosuppression and the inherent clinical trajectory of patients with lower-risk MDS. 

Importantly, unlike prior trials conducted in the context of IL-1β inhibition, no grade 3 or 4 

infections were reported during the trial (491, 492). 

 

The overall response rate to canakinumab was 17%, with hematologic improvements in 

erythroid (HI-E, 13%) and platelet (HI-P, 4%) lineages. The median response duration among 

responders was 8.5 months. Patient stratification according to the IPSS-M scoring system 

revealed that the efficacy of canakinumab was primarily confined to patients with lower-risk 

MDS, where the inflammatory milieu is less confounded by high genetic complexity. Patients 

with founder mutations in TET2 or DNMT3A exhibited durable responses, including prolonged 

hematologic improvements and transfusion independence. In contrast, patients with SF3B1 

mutations failed to respond, likely due to distinct pathogenic mechanisms underlying 

ineffective erythropoiesis and the relatively lower inflammatory signatures observed in these 

subtypes (493).  

 

The lack of response in SF3B1-mutant MDS may also be linked to reduced HLA-DR 

expression levels in SF3B1-mutant monocytes, which impairs the efficacy of canakinumab in 

modulating interactions with pro-inflammatory CD8+GZMK+ T cells. These interactions are 

believed to promote the migration of monocytes and their differentiation into pro-inflammatory 

macrophages 

. Previous research supports that SF3B1-mutant MDS is characterized by lower levels of 

inflammatory cytokines, including IL-1β, compared to other lower-risk MDS subtypes, 
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particularly those with isolated 5q deletions (493). Consistent with these findings, 

canakinumab produced its most prolonged response and induced transfusion independence 

in the only patient with MDS-5q included in this study. Resistance to canakinumab was closely 

linked to increased genetic complexity, suggesting that mechanisms beyond inflammation, 

including cooperative mutational effects and enhanced immune suppression, contribute to the 

persistence of cytopenias and the clonal expansion of mutant cells. These findings highlight 

the multifaceted pathogenesis of MDS and the need for combination therapeutic strategies.  

 

This study is subject to limitations inherent in early-phase dose-finding trials, including the lack 

of a control group and the relatively small sample size. Furthermore, the enrolled patients may 

not fully represent the broader lower-risk MDS population, as many had received prior 

intensive treatments or exhibited high-risk genetic features. While Canakinumab 

demonstrates a strong on-target effect in reducing inflammation and improving hematologic 

parameters, resistance to treatment underscores the multifactorial nature of MDS 

pathogenesis. High genetic complexity and immune suppression exacerbate clonal 

expansion, highlighting the importance of integrating anti-inflammatory therapies with other 

targeted approaches to address both intrinsic and extrinsic disease drivers. These results 

emphasize the need for patient stratification based on genetic and molecular profiles to 

optimize treatment outcomes and identify those most likely to benefit from IL-1β inhibition, as 

well as its application in pre-leukemic stages (i.e., high-risk CCUS/CMUS).  

 

Up to this point, we have thoroughly examined the mechanisms governing the behavior of 

HSPCs in a disease state, particularly within a pro-inflammatory and immunocompromised 

environment, and how these factors contribute to both disease initiation and progression. 

However, these processes operate in a broader context characterized by chromosomal 

instability and high tumor burden, hallmarks that profoundly shape the disease's trajectory. 

Within this framework, the complex interplay between co-occurring mutations and disease 

phenotypes in CMML, as explored in the third manuscript, provides crucial insights into 

disease heterogeneity and progression risks. 

 

CMML is a clonal disorder originating in mutant HSPCs (96) and is marked by a significant 

risk of progression to AML (337). The integration of molecular, clinical, and cytogenetic data 

has enabled the development of multiple prognostic models for clinical application (53, 494). 

However, despite these advances, predicting disease transformation and understanding the 

cooperative interactions of distinct genomic events remain limited. Prior studies have hinted 

at the cooperative effects of specific mutations (52, 267), but more comprehensive efforts to 
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define recurrent genomic patterns and their impact on clinical phenotypes could refine CMML 

classification and guide the development of novel, rationally designed combination therapies. 

 

Our analysis sheds light on the cooperative effects of recurrent somatic mutations in CMML, 

identifying specific genomic patterns associated with distinct clinical phenotypes and 

outcomes. In order to evaluate further if distinct genomic profiles, characterized by recurrent 

co-occurrence of somatic mutations, define clinicopathologic subgroups of CMML with distinct 

outcomes, we evaluated a cohort of patients with CMML and used computational methods to 

identify unique clusters defined by recurrent co-mutational patterns and define their clinical 

features and outcomes. Our data confirms prior reports suggesting that certain mutations co-

occur in CMML (52, 267) and identifies three major genomic-defined disease clusters: Using 

computational approaches, three major mutational clusters were defined: Cluster 1 (C1) 

dominated by ASXL1 and RUNX1 mutations with frequent co-occurrence of SETBP1 and 

EZH2 mutations, Cluster 2 (C2) characterized by multi-hit TET2 mutations and SRSF2 co-

dominance, and Cluster 3 (C3), a heterogeneous group enriched for SF3B1, KRAS, DNMT3A, 

and TP53 mutations. 

 

These clusters provide a framework for understanding how mutational co-occurrence drives 

clinical diversity in CMML. For example, the predominance of ASXL1 mutations in C1 

correlates with aggressive phenotypes, including elevated blast counts and a higher frequency 

of del(7q)/-7, which are known markers of poor prognosis (495). Conversely, the universal 

presence of TET2 mutations in C2, often co-occurring with SRSF2 mutations, reflects a distinct 

biological subset with prolonged survival and a higher likelihood of maintaining a normal 

karyotype (496). Meanwhile, the genomic heterogeneity of C3 underscores its complexity, with 

mutations in SF3B1 and TP53 defining subgroups that exhibit unique vulnerabilities and 

clinical behaviors. 

 

Importantly, the dynamic nature of clonal evolution further delineates these clusters. For 

instance, patients in C1 and C2 showed expansion of pre-existing NRAS, RUNX1, and 

ASXL1-mutant clones at the time of AML transformation. This observation highlights the role 

of clonal dominance and allele frequency in defining disease evolution. Notably, C2 patients 

with biallelic TET2 loss exhibited unique phenotypic features, including higher hemoglobin 

levels and better LFS compared to those with monoallelic TET2 alterations. These findings 

emphasize the significance of genomic context in modulating disease outcomes and suggest 

that incorporating these mutational patterns into risk stratification models could enhance their 

predictive power. 
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From a therapeutic perspective, these results highlight the potential of targeting specific 

pathways associated with distinct mutational clusters. For example, the dependency of 

ASXL1-mutant clones on inflammatory and anti-apoptotic signaling pathways, such as NF-κB 

and MCL1, suggests that inhibitors targeting these axes may be particularly effective in C1-

dominated CMML. Similarly, the enrichment of spliceosome mutations in C2 underscores the 

need to explore therapeutic strategies that exploit vulnerabilities in RNA splicing machinery. 

For patients in C3, characterized by TP53 and SF3B1 mutations, interventions aimed at 

mitigating DNA damage responses and aberrant mitochondrial function could provide novel 

avenues for treatment. Overall, the integration of molecular, phenotypic, and clinical data into 

a unified model provides a robust framework for refining CMML classification and guiding 

personalized therapeutic interventions. Through the identification and detailed 

characterization of these mutational clusters, our study enhances the understanding of CMML 

pathogenesis and  

lays the foundation for rationally designed therapies that address the disease's underlying 

molecular drivers. Future studies should aim to validate these findings in larger cohorts and 

investigate how these mutational profiles interact with the tumor microenvironment, 

particularly in shaping inflammatory signaling and immune evasion. These efforts are essential 

for translating these findings into clinical applications, with the ultimate goal of improving 

outcomes for patients affected by this complex and heterogeneous disease. 

 

In bringing together the intricate puzzle of myeloid malignancies, this discussion highlights the 

profound complexity of disease biology, where clonal evolution, inflammatory signaling, and 

therapeutic resistance converge to create formidable challenges. The work presented bridges 

molecular insights with clinical implications, underscoring the transformative power of 

precision medicine to reframe our approach to MDS and CMML. By unraveling the adaptive 

survival mechanisms of HSPCs, the dynamic nature of inflammatory pathways, and the co-

mutational landscapes driving disease progression, this thesis paves the way for a deeper 

understanding of these malignancies. It calls for a paradigm shift—one that embraces the 

heterogeneity of disease, anticipates resistance mechanisms, and tailors interventions to the 

unique vulnerabilities of each patient. 

 

At its heart, this research is a testament to the resilience of scientific inquiry and the pursuit of 

hope in the face of complexity. It reminds us that while the challenges are immense, so too is 

the potential for innovation. By integrating knowledge across molecular, cellular, and clinical 

dimensions, we move closer to realizing the goal of personalized and durable therapies—

turning the tide of disease, one discovery at a time. This work is not just a step forward in 
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understanding myeloid malignancies; it is a call to action, urging continued exploration and 

collaboration to bring transformative therapies to patients in need. 
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1. Differentiation hierarchies in hematopoietic stem cells strongly influence therapeutic 

responses in myelodysplastic syndromes and chronic myelomonocytic leukemia. 

Patients with common myeloid progenitor patterns show greater sensitivity to venetoclax, 

whereas those with granulomonocytic progenitor patterns exhibit resistance driven by 

NF-κB-mediated survival pathways. 

 

 

2. Venetoclax resistance is driven by adaptive transcriptional reprogramming, where 

granulomonocytic-biased hematopoietic stem cells transition from BCL2 dependency to 

reliance on NF-κB and MCL1 signaling. This shift is fueled by the expansion of pre-

existing mutations such as STAG2 and RUNX1, highlighting the plasticity of clonal 

evolution under therapeutic pressure. 

 

 

3. RAS-mutant chronic myelomonocytic leukemia amplifies inflammatory signaling through 

NF-κB, driving clonal evolution and resistance under hypomethylating agent failure. 

Targeting MCL1 and NF-κB pathways in this high-risk subset provides promising 

therapeutic opportunities. 

 

 

4. Canakinumab is safe in myelodysplastic syndromes and efficiently targets IL-1β 

signaling. Sequential single-cell RNA sequencing analyses of hematopoietic stem and 

progenitor cell and bone marrow mononuclear cells during therapy demonstrated 

canakinumab's on-target effects, reducing TNF-mediated inflammatory signaling in 

hematopoietic populations expressing the IL-1β receptor. Importantly, the restoration of 

effective erythropoiesis and transfusion independence was observed only in patients with 

lower genetic complexity. 

 

 

5. Co-occurring mutations define distinct subgroups in chronic myelomonocytic leukemia, 

with ASXL1-dominant, multi-hit TET2, TET2/SRSF2-enriched, and TP53/SF3B1-

associated clusters correlating with unique clinical behaviors and outcomes. These 

genomic patterns enhance risk stratification and reveal actionable vulnerabilities. 
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