
SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

Department of Medicine and Surgery 
 

PhD program in Translational and Molecular Medicine 
XXXVI cycle 

  
 
 

 
 

 

Study of the immunological landscape in 

Myelodysplastic Syndromes: a multi-omics 

approach 
 
 

 
 

Elena Riva 
 

Registration Number: 791898 
 
 
 

 
 

 

Tutor: Prof. Matteo Giovanni Della Porta 
 
Coordinator: Prof. Francesco Mantegazza 
 
 
 

 
 

ACADEMIC YEAR 2022/2023 
 



 



1 
 

Table of Contents 

1. Chapter 1: General introduction………………………………………………………………………………..3 

 

1.1 Myelodysplastic Syndromes.…………………………………………………….…………………………….4 

1.1.1 Diagnosis and clinical classification…..…………………………………………………………4 

1.1.2 Risk stratification: IPSS-R and IPSS-M…………………………………………………..……..8 

1.2 Biology and genetic basis………………………………………………………………………………………12 

1.2.1 The bone marrow niche…………………………………………………………………………… 13 

1.2.2 Genetic landscape of MDS…………………………………………………………………………15 

1.2.3 TP53 mutated MDS……………………………………………………………………………………18 

1.2.4 SF3B1 mutated MDS………………………………………………………………………………….20 

1.2.5 Clonal evolution of MDS…………………………………………………………………………….21 

1.3 Therapeutic approaches………………………………………………………………………………………..25 

1.3.1 Treatments for Low-risk MDS patients……………………………………………………...26 

1.3.2 Treatments for high-risk MDS patients: hematopoietic stem cell 

transplantation………………………………………………………………………………………….27 

1.3.3 Treatments for high-risk MDS patients: hypomethylating agents………………29 

1.3.4 Emerging therapeutic strategies for refractory/relapsed patients……………..34 

1.4 Immune landscape………………………………………………………………………………………………..35 

1.4.1 Immune dysregulation in low-risk MDS……………………………………………………..36 

1.4.2 Immune dysregulation in high-risk MDS and AML……………………………………..39 

1.4.3 Effects of hypomethylating agents on immune cells and possible 

combinations with immunotherapies………………………………………………………..42 

 

2. Chapter 2: Aim of the thesis………………………………………………………………………….…………48 

 

References for Chapters 1 and 2…………………………………………………………………………………50 

 

3. Chapter 3: Deciphering the role of immune system dysfunction in classification and 

prognosis of Myelodysplastic Syndromes patients…….……………………………………..…….89 

3.1 Introduction………………………………………………………………………………………………………….89 

3.2 Material and methods…………………………………………………………………………………………..90 

3.3 Results…………………………………………………………………………………………………………………..94 

3.4 Discussion……………………………………………………………………………………………………………111 

3.5 References………………………………………………………………………………………………………….114 

3.6 Supplementary Figures……………..………………………………………………………………………..120 

3.7 Supplementary Tables…………………………………………………………………………………………144 

 

4. Chapter 4: Clinical implications of p53 dysfunction in patients with Myelodysplastic 

Syndromes………………………………………………………………………………………………………….…146 

4.1 Introduction……………………………………………………………………………………………………..…146 



2 
 

4.2 Results…………………………………………………………………………………………………………………147 

4.3 Discussion……………………………………………………………………………………………………………158 

4.4 Material and methods…………………………………………………………………………………………159 

4.5 References………………………………………………………………………………………………………….161 

4.6 Supplementary Figures………………..……………………………………………………………………..168 

4.7 Supplementary Tables…………………………………………………………………………………………175 

 

5. Chapter 5: SF3B1 splicing mutations distinctly shape monocyte signatures in lower-

risk myelodysplastic neoplasms…………………………………………………………………………….177 

5.1 Introduction………………………………………………………………………………………………………..177 

5.2 Material and methods…………………………………………………………………………………………178 

5.3 Results…………………………………………………………………………………………………………………179 

5.4 Discussion……………………………………………………………………………………………………………188 

5.5 References………………………………………………………………………………………………………….189 

5.6 Supplementary Methods……………………………………………………………………….……..…….192 

5.7 Supplementary Figures….…………………………………………………………………………..…..…..198 

 

6. Chapter 6: Summary, conclusions and future perspectives…………………………………….205 

6.1 References………………………………………………………………………………………………………….208 

 

 

 

  



3 
 

 

Chapter 1 

 

 

 

 

 

 

 

General Introduction  



4 
 

1.1 Myelodysplastic Syndromes  

Myelodysplastic syndromes (MDS) are a heterogeneous group of hematopoietic stem cell (HSC) clonal 

disorders characterized by abnormal cell morphology (myelodysplasia), ineffective hematopoiesis which 

leads to peripheral blood cytopenia, recurrent genetic abnormalities and an increased risk of evolution to 

acute myeloid leukemia (AML), called secondary acute myeloid leukemia (sAML) (Cazzola M., 2020; Corey et 

al., 2007). Approximately 30% of MDS patients progress to leukemia, and secondary AML accounts for 19-

25% of total AML cases, showing also a worse outcome compared to de novo AML (Enrico et al., 2017; 

Granfeldt Østgård et al., 2015; Hulegårdh et al., 2015; Xu et al., 2014). 

 

 

 

 

 

 

 

 

1.1.1 Diagnosis and clinical classification 

MDS are among the most common hematological malignancies, with an incidence in the United States 

between 5.3 and 13.1 cases per 100,000 persons (Cogle, 2015) which is expected to substantially increase 

due to the progressive population aging. The median age at diagnosis is 71–76 years (Ma et al., 2007; Sekeres 

et al., 2011) and while no difference in MDS incidence based on sex has been observed in patients <40 years 

of age, a marked male predominance exists in those >40 years of age (Li et al., 2022). 

Although some patients can be asymptomatic at diagnosis and are identified only by the incidental discovery 

of cytopenia, the most common symptoms for MDS finding are fatigue and weakness (often related to 

anemia), easy bruising and bleeding (owing to thrombocytopenia) and recurrent bacterial and fungal 

infections (as a result of neutropenia).  

Until 2022, MDS diagnosis and classification were made according to the World Health Organization (WHO) 

guidelines of 2016 (Arber et al., 2016).  

The key diagnostic criteria were (Cazzola, 2020; Montalban-Bravo et al., 2018): 

- persistent cytopenia in one or more peripheral-blood cell lineages, assessed by peripheral blood cell 

count 

- morphologic dysplasia in one or more bone marrow cell lineages (the frequency of dysplastic cells 

must be ≥ 10%) and presence of blasts, assessed by bone marrow aspirate and biopsy 

- chromosomal aberrations, assessed by cytogenetic analyses 

The subtypes of MDS were classified on the basis of the number of dysplastic lineages (single- or multi- 

lineage dysplasia), presence or absence of ring sideroblasts, percentage of bone marrow and peripheral-

blood blasts, and type of cytogenetic abnormality, in particular the deletion of the chromosome 5 long arm 

(5q) was considered as a distinct MDS entity (table 1).  

Figure 1 

Examples of common morphologic alterations in MDS. Figure from Olnes et al., 2011. 
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Myeloblasts must have a frequency less than 20% on total nucleated cells in the bone marrow: over that 

threshold, a diagnosis of secondary AML is made (Cazzola M., 2020; Arber et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In 2022, two independent novel classification of myeloid neoplasms and leukemias were published: the WHO 

2022 (Khoury et al., 2022) and the International Consensus Classification (ICC) 2022 (Arber et al., 2022). 

The WHO 2022 classification has introduced the term “myelodysplastic neoplasms” (always abbreviated as 

MDS) in place of myelodysplastic syndromes and maintains the threshold for dysplasia at 10% for all lineages. 

This classification divides MDS in two different branches (table 2): those with defined genetic abnormalities 

and those defined by morphology. The genetic abnormalities that are taken into account are the isolated 5q 

deletion (MDS 5q-), the mutation in SF3B1 gene (MDS-SF3B1) and the biallelic inactivation of TP53 gene 

(MDS-biTP53). Among morphologically defined category, MDS are classified on the basis of blast percentage 

(MDS with low blast – LB –, MDS with increased blast – IB1/IB2 –), hypoplasia (MDS-h), the presence of 

fibrosis (MDS-f) or ring sideroblast (MDS-RS). The number of dysplastic lineages (single- or multi-) has been 

removed from classification criteria. 

 

 

Table 1 

Diagnostic criteria for Myeloid Neoplasms with Myelodysplasia and precursor conditions for MDS, 

based on WHO 2016 classification. Table from Cazzola, 2020 
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ICC2022 instead maintained the single- or multi- lineage dysplasia when no otherwise is specified (MDS NOS-

SLD and MDS NOS-MLD) but does not consider the presence of ring sideroblast. Furthermore, this 

classification divides MDS in two different classes on the basis of blast percentage: those with 5-9% of blasts 

are classified as MDS with excess blasts (MDS-EB), whereas those with a blast percentage of 10-19% are 

classified as MDS/AML, underlying the disease continuum and similarities among MDS and sAML (table 3). 

The genetic abnormalities that are considered as relevant for this classification are the isolated 5q deletion 

(MDS-del(5q)), the SF3B1 mutation (MDS-SF3B1) and the TP53 mutation that should be multi-hit or copy 

number loss in MDS with < 9% blasts or any mutation with a VAF > 10% in MDS/AML (table 4).  

Table 2 

MDS WHO 2022 classification. Table from Khoury et al., 2022 
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It is thus evident that both novel classifications aim to integrate mutational data into MDS stratification, 

according to the huge number of papers supporting the impact of such mutations on patients’ survival, 

disease phenotype, therapeutic decision making and clinical outcome. In fact, SF3B1 mutation has been 

associated to good prognosis and generally identifies the ring sideroblast phenotype (Malcovati et al., 2015; 

Malcovati et al., 2020), whereas mutations in TP53 gene were instead associated with worse prognosis, a 

more aggressive disease phenotype, an increased risk of sAML evolution and shorter treatment response 

duration, especially when multi-hit and with a high VAF (Bernard et al., 2020; Sallman et al., 2016; Takahashi 

et al., 2016). 

Table 3 

MDS ICC 2022 classification. Table from Arber et al., 2022. 

Table 4 

ICC 2022 criteria for TP53 mutations. Table from Arber et al., 2022. 
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MDS are frequently anteceded by clonal hematopoiesis of indeterminate potential (CHIP) or clonal 

cytopenias of undetermined significance (CCUS), pre-malignant conditions both characterized by the clonal 

expansion of somatically mutated clones but absence of dysplasia, excess of blasts and MDS-defining 

chromosomal abnormalities (Steensma et al., 2015; Steensma DP., 2019). These biological states are very 

common with aging (they were found in almost 10% of over 65) and are associated with an increased risk for 

subsequent hematologic cancers (Genovese et al., 2014; Jaiswal et al., 2014). In CHIP patients, the somatic 

mutation occurs in a gene which is frequently mutated in myeloid neoplasms (especially DNMT3A, TET2 and 

ASXL1) and is found with a variant allele frequency (VAF) of at least 2%. CCUS patients show instead a VAF of 

at least 20%, and for this reason have a greater risk of malignancy evolution and show a natural history similar 

to MDS (Steensma DP., 2019; Malcovati et al., 2017). Another important difference between CHIP and CCUS 

is the fact that CHIP patients are not cytopenic, whereas CCUS is characterized by cytopenia in one or more 

blood cell lineages.  

In the end, there is a third clinical condition which is characterized by persistent cytopenia in absence of 

clonal hematopoiesis and without meeting the minimal criteria for MDS: this peculiar phenotype is called 

idiopathic cytopenia of undetermined significance (ICUS) and fall into the category of “unexplained 

cytopenias”, since no karyotypic abnormalities or gene defects are detected in most of the cases (Valent et 

al., 2012). Rarely, some patients showed clonal hematopoiesis (detected by Fluorescent in situ hybridization 

- FISH) but often these clones are very small (Wimazal et al., 2007; Schroeder et al., 2010). Since some ICUS 

patients could develop MDS or leukemia, especially the ones carrying karyotypic alterations, a long-term 

follow up is recommended.  

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

1.1.2 Risk stratification: IPSS-R and IPSS-M 

In MDS patients, morbidity and mortality are primarily related to complications arising from cytopenias and 

transformation to leukemia. However, clinical course is very variable among patients: some live for many 

years with minimal supportive care, whereas other progress in few months to AML. Due to this variability, 

several risk stratification systems have been developed in the past decades. In 1997, a collaborative study 

headed by Greenberg at Stanford University, established the International Prognostic Scoring System (IPSS) 

with the aim to estimate the risk of evolution to AML and expected survival on the basis of the degree of 

cytopenia, percentage of bone marrow blasts and cytogenetic features (Greenberg P et al., 1997). This 

scoring system was subsequently revised in 2012 (IPSS-R) with the addition of novel clinical and biological 

criteria such as the inclusion of a broader set of chromosomal aberrations and blast percentages, patient age, 

serum ferritin, hemoglobin and lactate dehydrogenase level. The IPSS-R stratifies patients into five risk 

groups, whereas the original IPSS had four (Greenberg P et al., 2012; Cazzola M., 2020): 

Figure 2 

The different spectrum of clonal hematopoiesis and cytopenia. Figure re-adapted from Steensma et al., 2015. 
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- Very low risk MDS: IPSS-R score ≤ 1.5; median overall survival 8.8 years  

- Low risk MDS: IPSS-R score 1.5-3; median overall survival 5.3 years 

- Intermediate risk MDS: IPSS-R score 3-4.5; median overall survival 3 years 

- High risk MDS: IPSS-R score 4.5-6; median overall survival 1.6 years 

- Very high risk MDS: IPSS-R score > 6; median overall survival 0.8 years 

 

 

 

 

 

 

 

 

 

 

 

The evaluation of recurrent chromosomal abnormalities is very important for diagnosis and prognostication 

of MDS. Those alterations are detected, by metaphase karyotyping, in about half of patients (Haase et al., 

2007). Most of abnormalities are unbalanced changes resulting in loss or gain (called copy number alterations 

– CNAs) of a large amount of chromosomal material (Ogawa, 2019). The most frequent among these are -

7/del(7q) and -5/del(5q), followed by trisomy 8, dup(1q), del(20q), del(11q), del(12p)/t(12p), 

del(17p)/iso(17q), del(18q), +21q gains, del(13q), and +der(1;7)(q10;p10). These are secondary genetic 

events deriving from the genomic instability caused by the genetic driver mutations: the only exception is 

represented by del(5q), which characterizes the 5q- syndrome. Many chromosomal lesions can cooccur as a 

part of complex abnormalities, designated as complex karyotypes (CKs): complex karyotype is often 

accompanied by TP53 mutations and is associated with poor prognosis (Haase et al., 2019; Misawa et al., 

1996; Ren et al., 2020). By contrast, del(5q), del(12p), del(20q) and the presence of >1 abnormality including 

del(5q) are associated with favorable prognosis. Cytogenetic abnormalities are categorized into 5 prognostic 

subgroups (table 5) that possess significant prognostic power for overall survival, risk of sAML evolution and 

allogeneic hematopoietic stem cell transplantation outcome (Bochtler et al., 2015; Deeg et al., 2012; Schanz 

et al., 2012). The risk score associated with cytogenetics is included among the IPSS-R criteria. 

Figure 3 

Clinical outcomes of patients with myelodysplastic syndrome in relation to Revised International Prognostic Scoring 

System prognostic risk-based categories. Figure from Hellström-Lindberg et al., 2020. 
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Other risk stratification systems such as the World Health Organization Classification-Based Prognostic 

Scoring System (WPSS) (Malcovati et al., 2007) and the MD Anderson Prognostic Scoring System (MDPSS) 

(Kantarjian et al., 2008; Garcia-Manero et al., 2008) have been developed, but since the introduction of IPSS-

R, this last one remains the most widely used (Sperling et al., 2017; Steensma DP and Stone RM, 2020) as it 

showed the best predictive power (Jonas et al., 2014; Moreno Berggren et al., 2018). 

Importantly, none of this prognostic scoring systems include information about somatic mutations in 

individual genes, although (as mentioned before) some mutations can independently predict prognosis. This 

represents an important limit if we consider that recurrent chromosomal abnormalities are detected in 50% 

of cases, whereas when cytogenetics is combined with gene sequencing, a range from 78 to 90% of patients 

are found to carry a clonal genetic lesion (Haferlach et al., 2014; Papaemmanuil et al., 2013). Another 

important limit associated to these scoring systems is their incapacity to predict patient outcomes and 

response to therapies with hypomethylating agents (Zeidan et al., 2016). 

Given the increasing evidence that genetic aberrations can independently possess prognostic significance 

and refine classification and prognostication, the International Working Group for the prognosis of MDS 

(IWG-PM) recently developed the Molecular International Prognostic Scoring System (IPSS-M) (Bernard et 

al., 2022), a clinical and molecular prognostic model which integrates genomic profiling with cytogenetic and 

hematologic parameters for risk stratification intended as leukemia-free survival, leukemic transformation, 

and overall survival. In addition to cytogenetics, percentage of bone marrow blast, hemoglobin level and 

platelets count, the IPSS-M scoring includes the mutational status of 31 genes that are recurrently mutated 

in MDS, for a total of 37 different parameters required for risk calculation. The top genetic predictors were 

identified in multi-hit TP53 mutations (derived from combination of mutations, deletions or copy number 

loss), FLT3 mutations, MLL partial tandem duplication (MLLPTD) and three different patterns of co-mutations 

for SF3B1. This ranking system stratifies patients into six different risk categories, defined as very low (VL), 

low (L), moderate low (ML), moderate high (MH), high (H) and very high (VH) (Fig.4A).The IPSS-M categories 

re-stratify 46% of patients (of these, 74% were upstaged and 26% down-staged) (Fig. 4B) and show a strong 

capacity of patient separation for leukemia-free survival (LFS) and overall survival (OS) probability (Fig.4C-D). 

 

Table 5 

IPSS-R chromosomal risk categories. 

Figure from Li et al., 2022. 
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Among restratified patients, 24% possessed one mutated gene and 62% had two or more, meaning that the 

restratification was the result of cumulative prognostic power of each single mutation. Most of the patients 

that were upstaged showed two or more IPSS-M adverse genes, whereas only a small fraction of donwstaged 

patients carried adverse genes. The only two genes that displayed a stable risk category association and 

concordance between IPSS-R and IPSS-M were TP53multihit and SF3B1, respectively associated with very 

high/high and low/very low categories. 

After the publication of IPSS-M, our and other groups validated it in independent large patient cohorts 

(Aguirre et al., 2023; Baer et al., 2023; Kewan et al., 2023; Sauta et al., 2023). All the independent validations 

confirmed the increased prognostic assessment of IPSS-M compared to IPSS-R in terms of overall survival, 

leukemia free-survival and leukemic transformation prediction, opening a new era in MDS stratification. In 

our published study, we also assessed the IPSS-M accuracy in cases with missing molecular information, 

defining a minimum set of 15 genes that are relevant for the score performance. Moreover, we tested both 

the predictive (= probability of response) and prognostic (= probability of survival) values of IPSS-M in patients 

receiving specific treatments, in particular hypomethylating agents (HMAs) and hematopoietic stem cell 

transplantation (HSCT). Interestingly, the molecular score was able to significantly improve the prediction of 

survival probability and disease relapse in patients treated with HSCT but not in ones treated with HMAs. 

1.2 Biology and genetic basis of MDS 

Myelodysplastic syndromes are clonal diseases arising from the growth and spread of a somatically mutated 

HSC clone. This model of clonal evolution generally begins with CHIP and the transition to MDS is the result 

of a complex interplay between genetic mutations, epigenetic alterations, a corrupted bone marrow 

microenvironment and immune system dysfunctions. This is a multi-step process, which can develop over 

many years and whose main phases are the following: 

1. A local clone acquires a selective advantage thanks to somatic genetic lesions, termed driver 

mutations. The initiating mutation occurs in a hematopoietic stem cell capable of self-

renewal and frequently hits genes involved in DNA methylation and histone modification, 

typically TET2, ASXL1 and DNMT3A, which are in fact the ones found mutated in CHIP 

patients. It is established that both DNA methylation and histone modifications are key 

regulator factors during hematopoietic differentiation (Cedar et al., 2011; Rodrigues et al., 

2020) and that HSC aging is linked to epigenetic changes (Bocker et al., 2011; Chambers et 

al., 2007). Epigenetic flexibility due to an alteration in these genes can confer enhanced cell 

adaptability and phenotypic diversification compared to other genetic mutations. 

Deregulated gene expression of key pathways such as self-renewal, stress response, survival 

Figure 4 

Panel A. Density plot showing the frequency of the six IPSS-M categories. The bottom x-axis shows the IPSS-M score and 

the top x-axis shows the corresponding hazard ratio from the hypothetical average patient. Vertical dashed lines 

represent cutoffs that are applied to the score to define the risk categories. 

Panel B. Stacked bar plots showing the restratification of IPSS-R to IPSS-M for 2678 patients where both scores could be 

calculated. Each row corresponds to one IPSS-R category, and colors represent the IPSS-M categories. The gray bar plots 

represent the percentage of restratified patients in each IPSS-R stratum, counting either any shift (left) or cases with 

more than one shifts (right). 

Panels C and D. Kaplan–Meier probability estimating the leukemia free survival (LFS) and overall survival (OS) across 

IPSS-M risk categories. Dashed lines highlight the median values. P-values are from the log-rank test. 

Figure re-adapted from Bernard et al., 2022 
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and cell cycle gives a competitive advantage to the mutated HSC, which prevaricate healthy 

stem cells and establish its clone in the niche. Aberrant methylation thus contributes to MDS 

initiation and progression (Itzykson et al., 2013; Jiang et al., 2008). 

2. In the second phase, the mutant cells migrate out the bone marrow and, through peripheral 

blood, seed into other bone marrow districts creating new local clones. The mechanisms by 

which neoplastic hematopoietic cells leave the primary site and migrate to other bone 

marrow districts remain poorly elucidated (Papayannopoulou et al., 2007), but it seems that 

2 pathways are involved in the bone marrow retention: one dependent on α4β1 integrin 

(Papayannopoulou et al., 1993; Priestley et al., 2006; Scott et al., 2003) and the other one on 

CXCR4/CXCL12 signaling (Burger et al., 2008; De Lourdes Perim et al., 2015). 

3. The third phase is the first clinically evident and is characterized by the dominance of the 

mutated clone in the bone marrow. At the onset of clinical disease, the median number of 

driver mutations is 2 to 3 and the vast majority of circulating mature cells derive from the 

dominant clone (Cazzola et al., 2013). As the disease progresses, mutant cells acquire 

additional mutations and cytogenetic abnormalities arise (Lindsley et al., 2013). At this point, 

mutated HSC clones have acquired the capacity to convert the bone marrow niche to their 

favor, allowing disease progression and further clonal expansion at the expense of non-

malignant HSCs.  

4. The fourth and last phase is characterized by clonal selection and leukemic transformation: 

the emergence and expansion of preexisting subclones with increasingly aggressive 

phenotype and impaired differentiation capacity leads to an increase of blasts percentage in 

the bone marrow. 

 

1.2.1 The bone marrow niche  

The bone marrow niche is a complex tissue composed of many cellular and noncellular components that 

collectively cooperate to HSCs maintenance, proliferation, localization, and differentiation. However, under 

certain circumstances, the same components can also favor neoplastic processes. The cellular types 

inhabiting the bone marrow microenvironment are extremely heterogeneous and include mesenchymal 

stromal cells, endothelial cells, fibroblasts, adipocytes, osteolineage cells (osteoclasts, osteoblasts and 

osteocytes), non-myelinating Schwann Cells, megakaryocytes and several immune cells (macrophages, 

dendritic cells, NK cells, B and T lymphocytes). These diverse cell types create different special structures 

within the bone marrow (Ghobrial et al., 2018; Wilson et al., 2006): 

- The vascular niche is composed by central regions enriched in endothelial cells and pericytes which 

compose blood vessels. These regions are rich of oxygen and are involved in HSCs mobilization, 

proliferation and differentiation. 

- The reticular niche regulates the production of stem cell factors and is enriched in a particular type 

of reticular cells termed CXCL12-abundant reticular (CAR) cells, which are distributed throughout the 

bone marrow and possess long processes that create a network. The chemokine CXCL12, also known 

as stromal cell-derived factor [SDF]-1, is a strong chemotactic molecule that induces migration of 

hematopoietic progenitor and stem cells, endothelial cells and most leukocytes by interacting with 

its receptors CXC chemokine receptor 4 (CXCR4) (Janssens et al., 2018). The CXCL12-CXCR4 signaling 

is essential for homing and maintenance of HSCs and development of immune cells, and HSCs have 

been shown to be in contact with CAR cell processes in the marrow (Sugiyama et al., 2006). 

- The endosteal niche is composed by bone marrow zones enriched in osteolineage cells. These are 

hypoxic environments (oxygen tension < 5%) and are the site of HSCs homing, long-term retention 

and self-renewal. HSCs are well-adapted to tolerate low oxygen levels thanks to the expression of 

HIF transcription factors (HIFs) which activate the transcription of genes containing hypoxia-
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responsive elements (HREs) and that regulate a variety of biological processes such as angiogenesis, 

non-oxidative glycolysis, and matrix formation (Reagan et al., 2016; Schipani et al., 2013). 

 

 

As I mentioned before, not only genetic and epigenetic factors are responsible of disease pathogenesis, but 

also bone marrow microenvironment gives an important contribution. It has been shown that 

myelodysplastic clones are able to reprogram mesenchymal stromal cells (MSCs) in the niche to support their 

own growth (Medyouf et al., 2014; Pronk et al., 2019) and to release cytokines, chemokines and other soluble 

factors able to alter the functions and properties of immune cells (Sarhan et al., 2020; Schroeder et al., 2016). 

Moreover, many other molecules that are released from tumor cells have been found implied in tumor 

growth and dissemination (Reagan et al., 2016). Among them, the vascular endothelial growth factor (VEGF) 

plays a key role in increasing bone marrow vascularity that allows blast cells to proliferate and survive (Legros 

et al., 2012; Wimazal et al., 2006; Xiong et al., 2021). Also the expression and secretion of MMP-2 and -9 

matrix metalloproteinases have been shown to be upregulated and involved in tissue remodeling and tumor 

invasion and migration (Chaudhary et al., 2016; Ries et al., 1999; Travaglino et al., 2008). Other molecules 

that can play a role are activin-A with the TGF-β family citokines (Verma et al., 2020) and endothelin-1 

(Yachoui et al., 2015).  

Altered MSCs display inhibited osteogenesis and enhanced osteogenic capacity which leads to the 

accumulation of altered osteoblasts in the niche as a myelofibrotic cells (Reagan et al., 2016). Moreover, 

MSCs also exert immunomodulatory capacities (Zheng et al., 2022), regulating both adaptive and innate 

immune cells functions and exhibiting different characteristics depending on the stage of the disease: in low-

risk MDS they display a global activation of inflammatory programs through the release of pro-inflammatory 

cytokines such as IL-1β and NFkB (Chen et al., 2016; Sallman et al., 2019), whereas in higher risk MDS they 

demonstrate higher apoptotic and immunosuppressive properties (Wang et al., 1013; Zhao et al., 2012). Also 

endothelial progenitor cells seem to be dysfunctional and to contribute to vascular niche dysfunction (Teofili 

et al., 2015). 

Both AML and MDS display a hypercellular bone marrow due to an increased cell proliferation and lack of 

mature blood cells. Usually, in AML all the three main lineages (red blood cells, granulocytes and platelets) 

Figure 5 

Stem cell niches in healthy bone marrow. Figure from Ghobrial et al., 2018. 
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are reduced, whereas in MDS there might be a loss of one, two or all the three lineages. However, the 

mechanisms at the basis of peripheral cytopenia is different: in AML, blast cells show a block in the 

differentiation at an early stage and reduced cell death, whereas in MDS the progenitor cells proceed in their 

maturation pathways, but the final stage is dysplastic and exhibit increased apoptosis (Corey et al., 2007; 

Sperling et al., 2016). Apoptosis rate changes along disease progression: early stage and low-risk MDS are 

characterized by high rate of apoptosis, whereas in higher-risk MDS the intramedullary apoptosis decreases 

and blast cells begin to accumulate in the bone marrow (Greenberg, 1998; Westwood et al., 2003). The 

reduction of apoptotic rate in advanced stages of MDS is correlated to a decreased ratio of pro- versus anti- 

apoptotic Bcl-2-family proteins (Parker et al., 2000; Parker et al., 1998). 

 

1.2.2 Genetic landscape of MDS  

Thanks to the advent and massive use of next generation sequencing (NGS) technologies, the genetic 

landscape of MDS is now quite well elucidated. Two important studies sequenced the largest cohorts of MDS 

patients (Papaemmanuil et al., 2013; Haferlach et al., 2014) and found 50 recurrently mutated genes that 

can be classified in six different categories: 

- DNA methylation: DNMT3A, TET2, IDH1, IDH2 

- Chromatin modification: EZH2, ASXL1 

- RNA splicing: SF3B1, U2AF1, SRSF2, ZRSR2 

- Regulation of transcription: RUNX1, GATA2, ETV6, BCOR 

- Signaling and DNA repair: TP53, JAK2, KRAS, NRAS, CBL 

- Cohesin complex: STAG2, RAD21, SMC1A, CTCF 

Haferlach et al. found that about 90% of samples carry at least one mutation, with a median of 3 (in a range 

from 0 to 12) per patient. Papaemmanuil et al. found instead at least one oncogenic mutation in 74% of 

cases. Both the papers agree on the fact that the combination of sequencing and cytogenetics analysis is able 

to detect oncogenic lesions in a greater fraction compared to cytogenetics alone.  

Only six genes were found to be consistently mutated with a frequency >10%: SF3B1 (24-33%), TET2 (22-

32%), ASXL1 (23%), RSF2 (14-17%), DNMT3A (13%) and RUNX1 (11%). Other less frequent mutations (from 2 

to 10% of cases) were found in U2AF1, ZRSR2, STAG2, TP53, EZH2, IDH2, CBL, NRAS, BCOR, JAK2, IDH1 and 

KRAS (Fig.6A). Looking to the gene categories, the most frequently targeted was RNA splicing (64% of the 

cases), followed by DNA methylation (47%) and chromatin modification (28%) (Fig 6B). Interestingly, the 

mutation frequency of these genes categories was correlated with specific WHO subtypes: for example, 

splicing genes were found enriched in MDS with ring sideroblast RARS and RCMD-RS, whereas cohesin 

complex, RAS pathways and DNA repair were mostly found in higher risk categories with excess of blasts 

(RAEB-1 and RAEB-2). The mean number of mutations also correlated with severity of the disease: the more 

severe is the disease, the more is the fraction of samples with high (≥4) number of mutations (Fig. 6C).  
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Papaemmanuil et al. also found the number of driver oncogenic mutations per patient as one of the strongest 

predictors of outcome in terms of leukemia free survival (LFS) and incidence of AML transformation. In fact, 

this study highlighted that the number of driver mutations is negatively correlated with LFS (fig.7A) and 

positively correlated with AML transformation rates (fig. 7B). 

Figure 6 

Panel A. Frequency of mutations in 47 significantly mutated genes in 944 cases across several WHO subtypes, shown 

in different colors. Panel B. Frequency of gene mutations involved in common functional pathways. Panel C. Number 

of gene mutations detected in different MDS subtypes. Figure from Haferlach et al., 2014. 
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Further analyses showed that genes have tendencies of co-occurrence or mutual exclusivity: in general, genes 

belonging to the same biological pathway do not show co-occurrence suggesting that a second mutation in 

the same group provides no additional selective advantage to the tumor due to functional redundancy or is 

not tolerated (Haferlach et al., 2014; Walter et al., 2013). In particular, SF3B1 is negatively correlated with 

every common mutated gene other than DNMT3A and JAK2 (Fig.8). Other negative correlations include 

SRSF2 with DNMT3A, EZH2 and IRF1 and ASXL1 with DNMT3A. Positive correlation was instead observed 

among STAG2, IDH2, ASXL1, RUNX1 and BCOR and among TET2 with SRSF2 and ZRSR2. 

 

 

Figure 7 

(A) Leukemia-free survival in MDS patients classified on the basis of how many oncogenic mutations they carry 

(including both point mutations and cytogenetic lesions). (B) Incidence of transformation to acute leukemia in MDS 

patients classified on the basis of how many oncogenic mutations they carry. Figure re-adapted from Papaemmanuil 

et al., 2013. 
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Mutational exclusivity implies that the mutation taken in consideration is sufficient by itself to confer a gain 

of function to the cell, and no additional advantage is achieved from the accumulation of other mutations. 

By contrast, mutational co-occurrence indicates the presence of functional interactions among the mutations 

for MDS pathogenesis. However, some genes show mutual exclusivity even if they operate in different 

pathways (for example, EZH2 and SRSF or IDH2 and SF3B1), meaning that functional redundancy is not the 

unique factor to consider. Another reason why some genes show mutual exclusivity is that these gene 

mutations can be tumorigenic only in specific genomic contexts: in fact, the set of commutated genes of 

genes involved in the same pathways (for example SF3B1 and SRSF2) can be very different, meaning that the 

functional consequences of mutations in genes belonging to the same category cannot be the same and can 

also result in different disease phenotype. This led to the formulation of an hypothesis of “genetic 

predestination”, according to which the earliest mutations affect and shrink the downstream repertoire of 

cooperating genetic lesions (Papaemmanuil et al., 2013). 

1.2.3 TP53 mutated MDS 

As previously mentioned, TP53-mutated myelodysplastic syndrome forms a distinct group with dismal 

outcomes due to a more aggressive disease phenotype, an increased risk of sAML evolution and shorter 

treatment response duration (Bernard et al., 2020; Sallman et al., 2016; Takahashi et al., 2016). 

TP53 is a 20-kb tumor suppressor gene located on chromosome 17p13.1, which encodes for the transcription 

factor p53, called “the guardian of the genome.” The protein has five functional domains: the transactivation 

domain, a proline-rich domain in the N-terminal region, the oligomerization domain, the regulatory domain 

in the C-terminal region and finally the DNA-binding domain (DBD) in the central core (Harms et al., 2006). 

The p53 protein is involved in several cellular processes of fundamental importance such as genomic stability, 

cell cycling, proliferation, differentiation, apoptosis, senescence, autophagy, metabolism, and stem cell 

homeostasis (Fig.9). TP53 is the most frequently mutated gene across human cancers and 90% of TP53 

mutations are characterized by structural losses of both alleles which leads to complete or partial loss of 

function of p53 protein (Donehower et al., 2019). The loss of function of p53 implies its inability to trigger 

p21 and subsequent cell cycle arrest, apoptosis and DNA damage repair, and the up-regulation of proteins 

involved in cell-cycle progression (for example cyclin B1, cyclin E1, FOXM1, CDK1). 

Figure 8 

Correlation plot between major genetic lesions. Correlation coefficients are indicated by a color gradient and 

q-values by circle diameters. Genes are divided for pathways, indicated in different colors. Figure from 

Haferlach et al., 2014. 
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TP53 abnormalities are found in 5% to 10% of patients with de novo MDS (Bernard et al., 2020; Lindsley et 

al., 2017), but their frequency further increases to 70% to 80% in patients with complex karyotype and/or 

with 5q and 7q deletions (Haase et al., 2017; Kulasekararaj et al., 2013; Pitel et al., 2021; Weinberg et al., 

2022). The majority of TP53 mutations are missense variants localized within the DBD. Consistent with its 

role as a tumor suppressor gene, bi-allelic targeting is very frequent: in fact, more than 91% of TP53-mutant 

cancers exhibit second allele loss due to mutation, chromosomal deletion, or copy-neutral LOH (Donehower 

et al., 2019). Multi-hit TP53 mutations or biallelic defects, occurring in 2/3 of patients, show few co-occurring 

mutations, evolve to become dominant clones and confer therapy resistance, thus resulting in very poor 

clinical outcomes (Bernard et al., 2020; Lindsley et al., 2017). Monoallelic TP53 mutations occurs in 1/3 of 

patients and show patterns of co-mutation with TET2 (29%), SF3B1 (27%), ASXL1 (16%), and DNMT3A (16%) 

and are likely to be subclonal events with less impact on outcomes (Bernard et al., 2020).  

Beyond single- or multi- hit TP53 mutations, also mutational burden has emerged as a significant prognostic 

factor in MDS. A VAF over 6% was indeed associated with inferior overall survival (OS) and progression-free 

survival in lower-risk MDS (Belickova et al., 2016). In higher-risk MDS patients, increasing VAF strongly 

correlates with risk of complex cytogenetics, and a VAF >40% was shown to be an independent predictor for 

poor OS (Montalban-Bravo et al., 2020; Sallman et al., 2016).  

For these reasons, the MDS diagnosis workflow should be implemented to better characterize the TP53 allelic 

state, coupling karyotype analysis with NGS in order to evaluate the copy-number status of the TP53 gene, 

its mutational profile, and the variant allele frequency (VAF) of the mutations identified. However, NGS still 

remains a time-consuming and expensive procedure for diagnostic routine. On the other hand, 

immunohistochemistry (IHC) is a fast, cheap and reproducible technique that is already implemented in 

Figure 9 

P53 protein and its pathways. Figure from Daver et al., 2022. 
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diagnostic procedures and that can be used to estimate p53 protein expression in bone marrow biopsies 

(McGraw et al., 2016). In fact, IHC cannot normally detect the WT p53 protein, since its half-life is short. 

Mutated p53 instead possess a longer half-life and accumulates in the nucleus, and hence ca be usually easily 

detected in formalin-fixed and paraffine-embedded tissues (Kerns et al., 1992). P53 detection by IHC is 

therefore indicative of underlying mutations in the TP53 gene and a correlation between p53 nuclear 

overexpression in MDS and survival was observed in several studies (Molteni et al., 2019; Nishiwaki et al., 

2016; Pich et al., 2017). 

 

1.2.4 SF3B1 mutated MDS 

The spliceosome is a large, dynamic ribonucleoprotein complex composed of small nuclear RNAs associated 

with proteins, whose function is the removal of introns from precursor mRNA (premRNA) to generate 

mature, spliced mRNAs. SF3B1 is the largest subunit of the spliceosome factor 3b (SF3B) complex, which is a 

core component of spliceosomes. 

In MDS, SF3B1 is one of the most frequently mutated genes and the most common among the ones involved 

in splicing process (Papaemmanuil et al., 2013; Yoshida et al., 2011; Haferlach et al., 2014). As anticipated 

before, SF3B1 mutations are associated with peculiar ring sideroblasts phenotype (Malcovati et al., 2011; 

Papaemmanuil et al., 2011), ineffective erythropoiesis and indolent disease course with rare progression to 

sAML, which results in good prognosis (Huber et al., 2022; Malcovati et al., 2015; Malcovati et al., 2020; 

Pellagatti et al., 2016). Due to its peculiar characteristics, SF3B1-mutated patients are recognized, as TP53-

mutated ones, a distinct MDS subtype.  

Interestingly, mutations in other genes involved in splicing machinery such as SRSF2 or U2AF1 are instead 

associated with shorter patient survival and AML transformation (Graubert et al., 2011; Makishima et al., 

2012; Pellagatti et al., 2016; Thol et al., 2012). Splicing factor mutations are generally mutually exclusive 

(Papaemmanuil et al., 2013; Yoshida et al., 2011) and are found to occur early in the disease, thus 

representing founder mutations (Makishima et al., 2017; Mian et al., 2013; Papaemmanuil et al., 2013). A 

recent study deeply investigated the genomic landscape of SF3B1 mutated MDS and found that the most 

frequent additional mutations in SF3B1mut patients are TET2 (29%), DNMT3A (16%) and ASXL1 (9%), whereas 

mutations in ASXL1, RUNX1, TP53, ZRSR2, SRSF2 and STAG2 were significantly less frequent in SF3B1mut 

patients compared to SF3B1WT (Huber et al., 2022). Moreover, the study also analyzed the prognostic 

contribution of additional mutations and cytogenetic alterations in SF3B1mut patients, finding that only 

RUNX1 mutations and del(5q) were independent prognostic factors associated to shorter OS and thus 

highlighting the necessity to further characterize SF3B1mut category to better stratify patients.  
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Hematopoietic cells are heterozygous for the SF3B1 mutation, meaning that, in each cell, about half of the 

splicing events are operated by spliceosomes with a mutant SF3B1 factor (Cazzola, 2020). These mutations 

are generally missense substitutions that in more than half of cases involves an A to G transition that results 

in a lysine to glutamic acid substitution at amino acid position 700 (K700E) (Papaemmanuil et al., 2011; 

Yoshida et al., 2011). The mutation induces the SF3B1 protein to preferentially use cryptic and aberrant 3’ 

splice sites that cluster within 10 to 30 bp upstream of canonical ones (Obeng et al., 2016), resulting in 

insertion of nucleotides at the exon-exon junctions (Pellagatti et al., 2018; Shiozawa et al., 2018). Most of 

these aberrant transcripts are degraded by nonsense-mediated decay due to the insertion of premature stop 

codon, leading to the reduced transcript production of several genes; in other cases, a mutant protein is 

translated and could result in aberrant activity (Fig.10). An example comes from ERFE gene, encoding 

Erythroferrone, whose variant produced by SF3B1 mutated erythroblasts contributes to parenchymal iron 

loading through the suppression of hepcidin hormone (Bondu et al., 2019). 

 

Another consequence of aberrant splicing is the generation of neoantigens that could be presented through 

HLA molecules and thus can be used as novel and specific targets to eliminate the tumoral clone (Xie et al., 

2023). One study on MDS identified a candidate SF3B1mut epitope that is naturally processed and presented 

on HLA-B molecules and that showed an immunogenic activity (Biernacki et al., 2020), opening a new field of 

research for targeted treatment of splicing factors-mutated patients. 

 

1.2.5 Clonal evolution of MDS 

Somatic mutations normally occur with low frequency in HSCs genomes during DNA duplication: although 

most of the mistakes are immediately corrected by cellular DNA repair mechanisms, some of them can persist 

and be propagated along HSCs division and self-renewal. It has been calculated that HSCs accumulate coding 

mutations at a rate of about 0.13 per year (Welch et al., 2012), meaning that at the median age of MDS 

diagnosis each HSC has accumulated 9 mutations: most of them are harmless and non-tumorigenic, so they 

Figure 10 

The role of production of abnormal gene transcripts in the pathophysiology of SF3B1-mutated MDS. Figure from 

Cazzola, 2020. 
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are called “passenger mutations”. However, the more mutations accumulate, the greater is the likelihood of 

one of them being tumorigenic: it has been estimated that 5-6% of people older than 70 years carry 

mutations that could represent premalignant events leading to clonal expansion (Xie et al., 2014). 

The first mutation which gives a clonal dominance to the cell is termed “driver”, whereas the next ones who 

provide an increased aggressiveness and adaptation to the environment are called “secondary mutations”. 

Tumor subclones compete with each other and with healthy cells for nutrients and resources within the bone 

marrow niche: during this Darwinian selection, mutations that confers a strong selective advantage allow a 

clone to expand and dominate the hematopoietic compartment, however, unexpected changes imposed on 

this ecosystem (for example, the beginning of a treatment) will alter the relative competitiveness of cancer 

cell clones, conferring selective advantage to new clones and causing the disappearance of the previous 

dominant ones. Generally, driver mutations are maintained throughout disease evolution (Corces-

Zimmerman et al., 2014; Walter et al., 2012) whereas secondary oncogenic mutations change along time and 

drive sequential waves of clonal expansion. These complex dynamics of continuous and variable pattern of 

genetic diversity and clonal architecture are called clonal evolution. There are two main types of clonal 

evolution: 

- the linear evolution, in which the founding mutations are carried forward from daughter subclones 

with increasing number of mutations and outcompeting the preexisting clone (Fig. 11-A) 

- the branched evolution, in which distinct clones carrying different mutations arise from the same 

ancestral clone and diverge into separate lineages (Fig. 11-B).  

Therapy may influence clonal evolution patterns creating an “evolutionary bottleneck” that can either push 

the founding clone to acquire new mutations (Fig.11-C) or favor the emergence of preexisting subclones (Fig. 

11-D). 

 

Variant allele frequency can be employed to estimate the rate of tumor cells carrying a mutation of interest 

and to identify, through different models, which mutations are associated with initial clonal proliferation and 

Figure 11 

Patterns of clonal evolution during the progression of MDS to secondary AML. Figure from Menssen and 

Walter, 2020. 
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which are involved in subclonal evolution. In this way, the VAF allows to estimate the temporal order of 

mutations acquisition, the hierarchical organization of malignant clones and the mutational trajectories 

assumed by the tumor during disease progression and evolution upon specific therapies (Da Silva-Coelho et 

al., 2017; Mossner et al., 2016). Moreover, VAF can also be used to predict MDS phenotype, refine 

prognostication and to monitor residual disease (Makishima et al., 2017; Sallman and Padron, 2016). The 

limit of using VAF mainly emerge when mutations are present at a low burden: in these cases, in fact, 

imputing an accurate clonal architecture is challenging since is not possible to understand whether mutations 

co-occur in the same cell or exist in parallel subclones. To understand clonal architecture in case of mutations 

with low VAF, single-cell sequencing is the finest and most reliable option, even if the “allele dropout” (ADO) 

and amplification artifacts phenomena could occur in targeted sequencing and deeply affect the results 

(Luquette et al., 2019; Shestak et al., 2021).  

Both bone marrow (BM) and peripheral blood (PB) can be employed for monitoring tumor mutational burden 

in hematological cancers: in fact, several studies confirmed a high concordance between the two tissues, 

with a high sensitivity of PB in identifying all BM variants, even if with a lower VAF (Jumniensuk et al., 2022; 

Lucas et al., 2020; Takahashi et al., 2013; Tong et al., 2015). The same was confirmed in studies on MDS 

patients (Da Silva-Coelho et al., 2017; Duncavage et al., 2017; Mohamedali et al., 2014). This makes clonal 

evolution phenomenon easier to study in hematological malignancies than solid cancers, especially for the 

feasibility to collect blood samples during the disease and the treatment history of the patient. 

In MDS, mutations in genes involved in DNA methylation and RNA splicing were found to occur as early events 

and thus represent driver mutations (Makishima et al., 2017; Mian et al., 2013; Papaemmanuil et al., 2013), 

whereas mutations in genes involved in signaling and chromatin modification were often found to occur later 

and to drive subclonal evolution (Kim et al., 2017; Menssen et al., 2022; Mossner et al., 2016; Takahashiet 

al., 2013).  Several studies implying whole-exome/targeted deep sequencing (Da Silva-Coelho et al., 2017; 

Makishima et al., 2017; Mossner et al., 2016; Uy et al., 2017; Walter et al., 2012) or single cell genotyping 

(Guess et al., 2022; Menssen et al., 2022) have tried to elucidate the complex clonal dynamics in MDS and 

sAML. In these studies, both patterns of linear and branching clonal evolution were documented in MDS 

patients during MDS progression and transformation to sAML and when the disease relapses after the 

treatment. 

Illustrative examples of MDS clonal evolution came from Da Silva-Coelho et al. study, in which they performed 

clonal evolution analysis in six MDS patients receiving only supportive care and five patients treated with 

lenalidomide and other drugs. The figure shows the clonal turnover in the patients without pharmacological 

treatments and highlights that both the linear (Fig. 12 B-C) and the more complex branched (Fig. 12 D-E-F) 

evolution patterns occur. Only one patient showed no clonal evolution during 8 years of follow-up (Fig. 12 

A). 
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Patients that undergo pharmacological treatment showed instead highly dynamic shifts in their clonal 

composition. In fact, despite an initial clinical response due to the reduction of the founding clone, patient’s 

bone marrow remained clonal allowing the subsequent outgrowth of the founder clone, a preexisting or fully 

independent/unrelated clones to drive drug resistance and disease relapse.  

In the first case (Fig. 13-A, patient UPN01), the therapy suppressed the original clone and selected the 

acquisition of TP53 mutation, that was undetectable before treatment. In the other three patients (Fig. 13 B-

C-D, patients UPN08-09-10), small preexisting clones carrying mutations not shared with the founding clone 

expanded: in these cases, the evolutionary bottleneck caused by the pharmacological therapy created space 

in the niche and may have favored the bone marrow repopulation by HSCS harboring other driver mutations. 

Figure 12 

Clonal evolution patterns in the bone marrow of MDS patients who received only supportive care. Figure re-

adapted from Da Silva-Coelho et al., 2017. 
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Interestingly, the frequencies variation and emergence/disappearance of specific clones were correlated 

with changes of clinical parameters such as hemoglobin level, the dependence from erythrocyte transfusion 

and leukocyte and platelet count, highlighting functional properties linked to the different driver mutations 

(Da Silva-Coelho et al., 2017; Mossner et al., 2016). 

Studies on AML evolution from MDS demonstrated that despite MDS and sAML are considered distinct 

clinical entities, they show a large degree of mutational overlap and thus represent a disease continuum that 

undergoes clonal evolution. In Walter et al. study of sAML clonal architecture, each of the 7 patients studied 

were characterized by the persistence of an antecedent myelodysplastic founding clone and the emergence 

of at least one new subclone (Walter et al., 2012). Another study from Guess et. al instead identified two 

classes of patients: who have a relatively stable patterns of clonality (“Static group”) and who show 

overwhelming changes (“Dynamic group”). The static group is characterized by minimal changes in 

architecture along sAML evolution and show founder mutation in DNA methylation genes 

(DNMT3A/TET2/IDH1/2), suggesting that alterations in epigenome more than genomic evolution can block 

cell maturation and drive tumor proliferation. In contrast, the dynamic group displayed clonal architecture 

changes either in terms of chromosomal alterations or clonal changes (Guess et al., 2022). In chromosomal 

alteration group, the karyotypes displayed increasing complexity during disease progression and an 

enrichment in TP53 mutations. In cases of clonal changes, the new mutations were generally found in 

signaling genes: this data is in line with another published paper in which it was observed the enrichment in 

signaling genes mutations in sAML samples compared to MDS (Menssen et al., 2022). 

1.3 Therapeutic approaches 

At clinical presentation, patients mainly complain symptoms derived from anemia, which causes dyspnea 

and fatigue, whereas bleeding complications and infections become more pronounced during the course of 

the disease. Those clinical manifestations heavily impact on the quality of life (QoL) of MDS patients, causing 

distress and interfering with patients’ ability to deal with symptoms and treatments (Heptinstall et al., 2008; 

Troy et al., 2018).  

Figure 13 

Clonal evolution patterns in the bone marrow of MDS patients who were treated with lenalidomide. Figure re-adapted 

from Da Silva-Coelho et al., 2017. 
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The IPSS-R score is the standard evaluation method for determining the more appropriate treatment and 

designing new therapeutic strategies and clinical trials. In addition to IPSS-R, also age and performance status 

(for example, presence of comorbidities) are essential for risk estimation and evaluation of available 

therapies. Each patient is thus individually evaluated, and the patient-centered care model represents the 

best approach for the treatment of MDS. The first assessment is to decide whether a therapy is necessary 

and what type of treatment is the best on the basis of the therapeutic goal. The benefit-to-risk ratio is always 

carefully evaluated before starting any therapy.  

 

1.3.1 Treatments for low-risk MDS patients 

In patients with low-risk MDS, the main goal is to ameliorate cytopenia and improve quality of life. Patients 

with slight cytopenia do not necessarily require a therapy due to mild symptoms and are just regularly 

followed with blood count to monitor disease progression. People suffering from anemia are generally 

treated with erythropoiesis-stimulating agents such as erythropoietin (EPO) to increase red cell production 

(Fenaux et al., 2018), those suffering of thrombocytopenia receive thrombopoietin (TPO) analogues and the 

ones with granulocytopienia may receive granulocyte-colony stimulating factors (G-CSF) or granulocyte- 

macrophage colony-stimulating factor (GM-CSF). Patients with del(5q) typically receive Lenalidomide, an 

immunomodulatory drug that enhance host immunity functions, and which leads to cytogenetic remissions 

in most of the cases (Fenaux et al., 2011). However, after 2-3 years, the disease often reoccurs thanks to the 

selection of resistant hematopoietic cells which carry mutations in TP53 or RUNX1 (Jädersten  et al., 2011; 

Martinez-Høyer et al., 2020; Tehranchi et al., 2010). Ring sideroblasts MDS are instead treated with 

Luspatercept (Schulz et al., 2021), a protein which binds to ligands for TGFβ superfamily receptors, avoiding 

activation of SMAD2/3 signalling pathways that are linked to impaired erythroid maturation by induction of 

apoptosis and cell cycle arrest (Kubasch et al., 2021). The treatment with Luspatercept is generally well 

Figure 14 

Treatment recommendations for lower and higher-risk MDS. Figure from Li et al., 2022. 
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tolerated and have been shown to result in transfusion independence in around 40% of cases (Fenaux et al., 

2020; Komrokji et al., 2022). During the clinical course, in fact, the vast majority of MDS patients become 

dependent on regular red blood cells (RBC) transfusions and this could lead to parenchymal iron overload, 

that must be treated with iron chelation (Angelucci et al., 2020; Cazzola et al., 2008). Patients with 

hypoplastic bone marrow whose diagnosis is uncertain between aplastic anemia or low-risk MDS can receive 

a trial of immunosuppressive therapy with anti-thymocyte globulin (ATG) plus oral cyclosporine, which have 

showed, in a phase 3 clinical trial, a good overall response (around 50%) but no significant improvements in 

overall survival and leukemia-free survival (Nakao et al., 2016; Passweg et al., 2011). Hematopoietic stem cell 

transplantation (HSCT) is rarely considered in lower-risk MDS, and only in cases when other therapies have 

failed.  

1.3.2 Treatments for high-risk MDS patients: hematopoietic stem cell transplantation 

In patients with high-risk MDS, the aim of the treatment is to eradicate the disease to prevent AML evolution 

and prolong survival. The first assessment in all cases of high-risk MDS diagnosis is to check the patient’s 

eligibility for HSCT, that represents the only potentially curative treatment. This therapeutic strategy is 

composed of two different phases: 

- Remission induction therapy: represent the first part and is composed by chemotherapy or 

radiotherapy. The goal of this phase is to eliminate the large majority of blasts in the blood and in 

the bone marrow, putting the disease into morphological remission (= no evidence of malignant 

blasts at bone marrow evaluation). 

- Consolidation therapy: the second part of the treatment is essential and starts when complete 

remission is achieved. Hematopoietic stem cell transplantation strategies could be autologous, in 

which the hematopoietic stem cells source is the patient himself, or allogeneic, in which the HSCs 

comes from a different individual that can be related or unrelated to the patient. After HSCT, the 

patients enter into another very delicate phase characterized by bone marrow aplasia and thus 

absence of immune cells, that make them very vulnerable to any infections and viral re-activation. 

Both autologous and allogeneic HSCT present pros and cons. The autologous HSC is associated with a higher 

risk of disease recurrence: this is due to the concrete risk to harvest not only healthy HSCs from the patient, 

but also leukemic blasts, which could possibly contribute to the development of post-transplantation 

relapses. For this reason, patients affected by AML and MDS usually do not undergo auto-HSCT, whereas it 

is indicated for the treatment of other hematological malignancies, including lymphomas and multiple 

myeloma. Moreover, the HLA-identical setting of the autologous HSCT do not allow to the new developed 

immune system to recognize the possible residual disease present in the patient. Nevertheless, no risk of 

transplant rejection or organ toxicity exist in this case. On the other hand, the allogeneic HSCT represents 

the strongest antineoplastic therapy due to the synergism between pre-transplantation conditioning and the 

immunologic antileukemic Graft versus Leukemia (GvL) effect. In fact, the HLA mismatches between donor 

and recipient and the different minor Histocompatibility Antigens (mHAg) allow the donor immune system 

to recognize and eliminate the residual leukemic cells which survived the chemotherapy. However, the 

alloreactive lymphocytes (in particular T lymphocytes and NK cells) recognize not only the residual tumor 

cells, but also the healthy tissues of the patients, giving rise to a dangerous clinical manifestation called Graft 

versus Host Disease (GvHD). This collateral effect can be acute (aGvHD) or chronic (cGvHD) on the basis of 

the timing of the event and tissue/organs involved. Acute GvHD occurs within the first month after the 

transplant whereas Chronic GvHD can occur also one year after the HSCT. The tissue and organs involved in 

aGvHD are principally intestine, skin and liver. The cGvHD hit the same sites of aGvHD with the addition of 

lungs, oral tract, eyes and joints. For this reason, post-transplantation treatment with cyclophosphamide (an 

immune system suppressor drug) is generally performed to avoid massive immune cells activation and 

inflammation.  
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Even if HSCT represent the only resolutive treatment, is performed in less than 10% of MDS patients (Li et 

al., 2022) for several reasons: first of all, the conditioning regiment is a toxic treatment and all the process 

per se is associated with high morbidity and mortality, and thus is not affordable for everyone. Second, 

sometimes is difficult to estimate prognosis with or without HSCT and third, is not always possible to find a 

donor. Patients with good performance status, no or few comorbidities, poor risk cytogenetic/molecular 

features and under the age limit for transplantation (around 70 years) are the best candidates (de Witte et 

al., 2017; Saber et al., 2016). In the last decade, the transplantation has become more accessible also to older 

patients thanks to the introduction of conditioning regimens of lower intensity (Belkacémi et al., 2007; de 

Witte et al., 2017; Kröger et al., 2017). Transplant outcomes can vary widely, but generally about 40-50% of 

patients survive from 2 to 5 years after transplantation. Factors that correlate with transplant outcome and 

survival include: the pre-transplantation hematological parameters (for example, the % of blasts), the HCT 

comorbidity index (HCT-CI), the age, the type of donor and the presence of some mutations. A study reported 

a worse prognosis associated with TP53, RAS pathway and JAK2 mutations (Lindsley et al., 2017; Yoshizato 

et al., 2017), whereas other studies found a correlation with TP53, ASXL1 and RUNX1 (Della Porta et al., 2016) 

and with TP53, TET2 and DNMT3A (Bejar et al., 2014). Throughout the studies, strong negative effects of 

TP53 mutations on outcome and survival were reproducible findings, whereas no unanimous results were 

obtained for other mutations. The worse overall survival and highest frequency of relapse and AML 

transformation was mainly observed when TP53 was mutated in a biallelic status (multi-hit) and in 

association with complex karyotype (Bernard et al., 2020; Della Porta et al., 2016; Lindsley et al., 2017; 

Yoshizato et al., 2017).  

 
Figure 15 

Effects of TP53 mutation and complex karyotype (CK) on overall survival (A) and incidence of relapse after HSCT 

(B). Figure from Yoshizato et al., 2017. 
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1.3.3 Treatments for high-risk MDS patients: hypomethylating agents 

If the patient is ineligible to transplantation, the pharmacological treatment of higher-risk MDS is actually 

dominated by monotherapy with hypomethylating agents azacytidine (AZA) or decitabine (DAC). A phase III 

study reported that azacytidine increased survival by 9 months compared to conventional care (best 

supportive care, low-dose cytarabine, or intensive chemotherapy) and about half of the patients showed an 

hematological response (Fenaux et al., 2009). Another study reported a seven months increased survival in 

2/3 of patients receiving at least 4 cycles of therapy (Mozessohn et al., 2018). The sum of the available data 

suggests that azacytidine must be administered for long-term periods (at least 6 cycles) to reach therapeutic 

benefits (Dinmohamed et al., 2015; Mozessohn et al., 2018; Silverman et al., 2011), even if the survival 

benefits are in the order of few months and, unfortunately, in most of the cases does not eliminate the 

founder clone which continue to drive clonal hematopoiesis, and is therefore non curative (Nannya et al., 

2023; Schnegg-Kaufmann et al., 2023; Unnikrishnan et al., 2017). The rate of relapse after AZA treatment has 

been reported to be around 40% (Prébet et al., 2011). 

For what concern decitabine, a phase III clinical trial comparing low-dose decitabine with best supportive 

care did not show any improvement in overall survival but a significant increased progression-free survival 

and quality of life parameters, and lower risk of AML transformation (Lübbert et al., 2011). Similar results 

were previously reported from another phase III study (Kantarjian et al., 2006).  

It thus seems that azacytidine possesses a best performance compared to decitabine: this is still a 

controversial aspect, since comparative studies reported different results. One study claimed that azacytidine 

and decitabine showed comparable efficacy since there were no significant differences in overall survival, 

event-free survival and rate of leukemia transformation, even if in patients ≥ 65 years of age survival was 

significantly improved in the azacytidine group (Lee et al., 2013). Other comparative studies found an 

improved OS and AML-free survival of azacytidine compared to decitabine and thus recommended the use 

of the first one as first-line hypomethylating agent, especially in older patients (Liu et al., 2021; Xie et al., 

2015). Those observed differences in clinical efficacy may rely on different trial design and administration 

doses rather than a real different efficacy, even if is important to remember that their mechanisms of action 

are different. Both of them are DNA methyltransferase (DNMT) inhibitors, acting in two ways: as direct 

inhibitors of DNMT enzymes through irreversible binding and degradation (Jüttermann et al., 1994; Patel et 

Figure 16 

Kaplan–Meier probability estimating the overall survival (E) and cumulative AML transformation (F) per TP53 

allelic state. Figure from Bernard et al., 2020. 
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al., 2010) and as cytidine analogs that, after cellular uptake, thanks to their molecular structure can’t act as 

acceptor of the methyl group (-CH3), and thus prevent methylation operated by DNMT enzymes. Both 

azacytidine and decitabine possess an identical ring structure, however, the ring is attached to a ribose sugar 

in AZA and to a deoxyribose in DAC (Fig.17): in this way, after uptake into the cell, they are converted to their 

metabolically active forms through phosphorylation respectively by deoxycytidine kinase (DCK) and uridine-

cytidine kinase (UCK), but since DAC contains deoxyribose, 100% of it is incorporated directly into DNA, 

whereas only about 10–20% of AZA is converted into a deoxyribonucleotide and binds DNA. The remaining 

80–90% of AZA is incorporated into RNA (Cruijsen et al., 2014; Jasielec et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final result of DNMT enzymes inhibition is the hypomethylation and up-regulation/reactivation of 

silenced genes involved in multiple pathways including cell cycle arrest, apoptosis, immune response and 

recognition, renewal and stemness, angiogenesis, cell differentiation and tumor suppressor genes (Itzykson 

and Fenaux, 2014; Wolff et al., 2017). HMAs have also been shown to re-induce the expression of tumor-

associated antigens (TAAs) (Almstedt et al., 2010; Atanackovic et al., 2011; Weber et al., 1994), leading to the 

activation of tumor-specific cytotoxic T lymphocytes and the subsequent reduction of tumor cells (Goodyear 

et al., 2010; Guo et al., 2006; Klar et al., 2015). The rationale at the basis of hypomethylating agents use in 

MDS therapy rely on many evidences that epigenetics changes play an important role in oncogenesis and 

thus also in hematological cancers and clonal hematopoiesis (Blecua et al., 2002; Jones and Baylin., 2002; 

Jones and Baylin., 2007). As previously discussed, mutations in genes involved in DNA methylation (DNMT3A, 

TET2, IDH1, IDH2) are in fact frequently mutated in AML and MDS patients and these mutations are found to 

occur as early events, indicating a pivotal role in the development of such diseases. Moreover, several studies 

found aberrant DNA methylation in MDS and sAML patients (Figueroa et al., 2009), with increased 

methylation level in sAML as compared with matched MDS stage (Gonçalves et al., 2021; Zhou et al., 2020), 

providing additional theoretical basis for the usage of demethylation drugs in MDS patients against disease 

progression. 

HMA failure in MDS is generally categorized into primary or secondary based on the patient’s initial response 

to treatment: primary failure is defined as the lack of blast reduction or improvement in blood counts after 

Figure 17 

Different structure and mechanism of action of hypomethylating agents Azacytidine and Decitabine. 

Figure from Cruijsen et al., 2014. 
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at least four to six cycles of initial therapy, or MDS progression to higher-risk categories or transformation to 

AML. Secondary failure occurs in patients who experience a worsening blood counts or progression of MDS 

to higher-risk categories or AML despite their initial response to HMA. The precise molecular mechanisms 

involved in HMA therapy resistance and failure are unknown, but different factors – both intrinsic and 

extrinsic to hematopoietic stem and progenitor cells – have been proposed. Among intrinsic factors, the 

pathways involved in HMA metabolism were investigated. One study on response to decitabine reported a 

higher CDA/DCK ratio (where CDA is the enzyme responsible for the inactivation of cytidine analogs) in non-

responders than responders, but no significant differences at relapse, suggesting that this could be a 

mechanism of primary resistance (Qin et al., 2011). Also for AZA, lower expression of UCK enzyme was 

observed in patients who do not respond to treatment, but the difference in the enzyme expression was not 

influenced by methylation of its promoter (Valencia et al., 2014). However, a later study using mass 

spectrometry quantified the active metabolites of AZA in MDS and CMML concluded that primary resistance 

was not due to impaired of AZA metabolism (Unnikrishnan et al., 2018). Another study, always focused on 

metabolism, found that DNMT1 was not depleted at relapse and thus suggested that relapse might be result 

of changes of pyrimidine metabolism that prevents DNMT1 degradation (Gu et al., 2021). An additional 

intrinsic factor found involved in HMA resistance and relapse is the cell cycle activity of hematopoietic cells, 

which were observed to be more quiescent in patients with primary resistance. Cell quiescence was mediated 

by integrin α5 (ITGA5) signaling, making it an interesting molecule to target with integrin α5 inhibitor for 

overcoming HMA resistance (Unnikrishnan et al., 2017). One study identified 167 differentially methylated 

regions (DMRs) of DNA at baseline that distinguished responders from non-responders CMML patients 

treated with decitabine, and through transcriptional analysis found the overexpression of CXCL4 and CXCL7 

in the bone marrow of non-responders (Meldi et al., 2015). Interestingly, the treatment with these two 

chemokines, which regulates the cell cycle activity of hematopoietic stem cells, was able to abrogate the 

effect of decitabine on primary CMML cells, suggesting that their upregulation is involved in primary 

resistance. In another study, the anti-apoptotic Bcl-2 member BCL2L10 was found to correlate with AZA 

treatment resistance (Cluzeau et al., 2012) and resulted, in a retrospective study, correlated with response 

to AZA and overall survival, with a potential impact in clinical practice (Vidal ed al., 2017). 

The action of hypomethylating agents is genome-wide and not directed to specific genomic regions, 

preferentially affecting the most heavily methylated genes (Klco et al., 2013). Since the activity is not 

targeted, undesirable off-target actions could have adverse effects and compromise their efficacy. For 

example, one study reported a reactivation of the oncogene SALL4 upon treatment with azacytidine in 40% 

of the patients, which also displayed worse outcome (Liu et al., 2022). Other studies linked the use of 

hypomethylating agents and the induction of immune checkpoint inhibitors expression PD/PD-L1 axis and 

CTLA-4, which was correlated with resistance to HMA treatment, disease progression and shorter OS likely 

due to T cell exhaustion and tumor immune evasion (Ørskov et al., 2015; Yang et al., 2014).  
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In addition to cell-intrinsic factors, HMAs exert their effects also on immune cells and the bone marrow niche 

components, whose behavior can contribute to both HMA response and failure. Among bone marrow niche 

cells, the effect of HMAs on mesenchymal stem cells was particularly investigated. It was observed that in-

vitro treatment of MSCs with AZA significantly restored their normal properties (osteogenic differentiation, 

proliferation, gene expression) and their ability to support the in-vivo engraftment of hematopoietic cells 

(Poon et al.,2018). Similar findings were reported in another study, where AZA was observed to exert a direct 

effect on healthy as well as MDS-derived MSCs to favor support of healthy over malignant clonal HSPC 

expansion in coculture experiments (Wenk et al., 2018). An additional in-vitro study reported a decrease in 

IL-6 production in MSCs from MDS patients to levels found in normal controls after AZA treatment (Boada et 

al., 2021). However, AZA treatment was also linked to augmented immune-modulation functions of MSCs, 

that showed increased immunosuppressive effects through the secretion of PGE2 due to the demethylation 

of the COX2 and PTGES promoters (Lee S et al., 2015). Several studies demonstrated the effects of HMAs on 

immune cells, as I will discuss in a separate chapter. 

Beyond the research for understanding the resistance mechanisms to HMA, many groups tried to discover 

biomarkers and/or genetic features that could be predictive for treatment outcome and survival. Somatic 

gene mutations were investigated in numerous studies; however, the obtained results were discordant 

regarding the prognostic and predictive value of mutations (Stomper et al., 2021; Zhao et al., 2021). For 

example, some studies shown that TET2 and DNMT3A mutations correlates with improved response to HMAs 

(Bejar et al., 2014; Itzykson et al., 2011; Metzeler et al., 2011; Traina et al., 2014), and two studies reported 

correlation between complete response to decitabine and TP53 mutations (Chang et al., 2017; Welch et al., 

2016). By contrast, another study on 127 Korean MDS patients found instead the opposite, correlating 

DNMT3A and TP53 mutations with poor prognosis (Jung et al., 2016). Some studies indicated that 

abnormalities of chromosome 7, alone or with complex karyotype, was predictive of response to HMA 

Figure 18 

Cell-intrinsic factors associated with HMA resistance in myeloid malignancies. Figure from Stomper et al., 2021.  
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(Lübbert et al., 2001; Raj et al., 2007). Other two studies respectively on 128 and 700 MDS patients did not 

find any prognostic genetic mutation and cytogenetic aberrations (Kuendgen et al., 2018; Sébert et al., 2017). 

Very recently, another paper claimed that the evaluation of post-treatment clone size, together with the 

pretreatment mutational profile (in particular multi-hit TP53, EZH2 and DDX41 mutations) improves 

prognostication of azacitidine-treated patients (Nannya et al., 2023). Beyond mutations and cytogenetic 

alterations, one study focused on methylation signatures and defined a panel of 200 regions with differential 

methylation patterns at diagnosis that correlate with survival and HMA response (Cabezón et al., 2021). 

Within these regions, three genes (CPT1C, PRRT1 and LYPD3) had their promoters more methylated in 

patients with shorter survival and four genes (CRADD, RDH13, BRDT and PACRG) were differentially 

methylated between responding and nonresponding patients to AZA treatment. However, this type of 

analyses is difficult to implement in diagnostic processes and routine clinic. A second study longitudinally 

assessed constitutive and ligand-induced phospho-Stat3/5 signaling activation (STAT3 and STAT5 proteins 

are oncogenic downstream mediators of the JAK-STAT pathway, whose deregulation promotes cancer cell 

proliferation and survival) by multiparametric flow cytometry in 74 patients with MDS and low blast count 

AML undergoing azacitidine therapy, finding that the pre-treatment Stat3/5 signaling profiles in CD34+ cells 

correlated with response and independently predicted event-free survival (Miltiades et al., 2016). Lastly, the 

dynamics of PD-1 expression (measured by quantitative PCR) have been associated with treatment efficacy 

and prognosis in patients with high-risk MDS: in particular, PD-1 expression values higher or equal to 75.9 

after 2 cycles of HMA treatment was observed to be an independent negative prognostic factor in predicting 

AML transformation and survival and could help to identify patients who will potentially benefit from the 

combined therapy of HMA and PD-1 inhibitors (Geng et al., 2022). 

In the last few years, a combination therapy of HMAs and the drug Venetoclax showed encouraging results. 

Venetoclax is an oral selective inhibitor of the anti-apoptotic protein BCL-2 that play an important role in 

leukemias and more generally in hematological malignancies, providing the initial rationale for its use also in 

MDS (Garcia et al., 2020). Preclinical studies previously demonstrated that BCL-2 is overexpressed in high-

risk MDS, and that BCL-2 inhibition induces apoptosis in MDS progenitor cells (Jilg et al., 2016; Parker et al, 

2000). A recent clinical study reported an overall response of 59% (14% of complete response), with a median 

OS of 19.5 months for the entire cohort and 11.4 months among patients with HMA failure. Moreover, 

allogeneic stem cell transplantation was performed in most of the patients who achieved a response and 

they had significantly longer median OS (Ball et al., 2020). However, very poor-risk cytogenetics and the 

presence of TP53 mutation were factors associated with decreased survival. Other clinical trials showed 

similar results, highlighting the improved efficacy, less rate of AML transformation and increased survival 

probability after HSCT of the combined therapy on both naïve and pre-treated MDS patients (Azizi et al, 2020; 

Bazinet et al., 2022; Komrokji et al., 2022; Wei et al., 2019; Zeidan et al., 2023). Thus, Venetoclax seems to 

be a promising agent in treatment of MDS patients, even with some limits in TP53 mutated/ high-risk 

cytogenetic patients. Further prospective clinical trials are still ongoing to investigate its safety and impact 

on overall survival, in particular in those patients who proceed to transplantation. 

To sum up, only half of MDS patients show an hematological response to HMA treatment, but the gain in 

terms of overall survival is in the order of 7-9 months since the therapy does not eradicate the neoplastic 

clones. The HMA effect is transient and lasts from 6 to 24 months (Santini, 2019; Zeidan et al., 2014), whereas 

long-lasting remissions are rare. The prognosis of refractory/relapsed patients is very poor (less than 6 

months), also due to the limited availability of alternative treatments (Jabbour et al., 2015; Prébet et al., 

2011). Thus, there is still an important unmet clinical need in finding prognostic and predictive biomarkers 

for treatment response, as well as in developing innovative therapies for primary and secondary failures. 
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1.3.4 Emerging therapeutic strategies for refractory/relapsed patients 

Recent progresses have led to the emergence of innovative therapeutic strategies that could improve the 

outcome in refractory/relapsed patients, especially the ones that carry mutations in TP53 (Cumbo et al., 

2020; Daver et al., 2022). Those immunotherapies and mutant p53–directed approaches can be either cell-

extrinsic or cell-intrinsic; and the most promising are: 

- Magrolimab: this monoclonal antibody is directed to CD47 molecule, whose over-expression in 

cancer cells prevent them from phagocytosis. CD47 in fact acts as “don’t eat me signal”:  through its 

binding to the signal receptor protein-α (SIRPα) on macrophages and dendritic cells, it enables 

immune evasion by inhibiting prophagocytic receptors like complement receptor 3, Fc receptors, and 

SLAMF7 (Huang et al., 2022; Veillette et al., 2019). Moreover, CD47 is particularly expressed by 

leukemic stem cells (LSC), meaning that the therapy should target only cancer cells while sparing 

normal HSCs (Eladl et al., 2020; Galli et al., 2015; Huang et al., 2020). This receptor was also found 

upregulated on granulocyte-macrophage progenitors (GMPs) in high-risk MDS (Pang et al., 2013). In 

a phase-II study, the combination of magrolimab and Azacytidine showed a good tolerance and 

promising efficacy in TP53-mutant patients, in which 40% achieved CR with a median OS of 16.3 

months (Sallman et al., 2023). A second clinical trial always on the combination of magrolimab and 

azacytidine showed a CR rate of 33%. The median duration of response (DOR) was 8.7 months, and 

the median OS was 10.8 months (Daver et al., 2022). 

- Flotetuzumab: this bispecific antibody targets both CD3 and the IL-3 receptor CD123, whose 

downstream signaling promotes hematopoietic progenitor cell proliferation through activation of 

the PI3K/MAPK pathway and upregulation of antiapoptotic proteins (Al-Hussaini et al., 2016). In this 

way, it mediates T-cell activation and proliferation, resulting in the eradication of CD123-expressing 

primary AML blasts in vitro and in vivo (Chichili et al, 2015; Al-Hussaini et al., 2016). A recent study 

on AML identified a patient subgroup, characterized by TP53 abnormalities, that benefit from 

immunotherapy with flotetuzumab and showed a response of 47% with a median OS of 10.3 months 

(Vadakekolathu et al., 2020). Previous preliminary studies in relapsed/refractory (R/R) AML and MDS 

patients showed evidence of anti-leukemic activity, increase in T cell infiltration and activation, and 

a good safety profile. However, the T cell activation was accompanied by upregulation of PD-L1 on 

leukemic blasts. In fact, AML cells in patients that progressed on flotetuzumab or with residual 

disease were found to be PD-L1 positive, suggesting that combination with anti-PD1/PD-L1 therapy 

may enhance the effect of flotetuzumab (Retting et al., 2017; Uy et al., 2017). 

- Sabatolimab: this monoclonal antibody is specific for TIM3, an immune checkpoint inhibitor that 

induces T cell exhaustion (Das et al., 2017; Wolf et al.,2020) and is also involved in an autocrine 

signaling loop via galectin-9, which promotes leukemic stem cells renewal and leukemic progression 

(Kikushige et al., 2015). A phase Ib trial evaluated sabatolimab with HMA in newly diagnosed patients 

with HR-MDS or AML unfit for intensive therapy. The treatment showed good safety and tolerability 

profile and demonstrated a CR rate of 20% and a median duration of response (DOR) of 17 months. 

Specifically, also HR-MDS with TP53 mutations and AML patients with at least 1 adverse-risk 

mutation (TP53/RUNX1/ASXL1), showed durable clinical response (Brunner et al., 2021). 

- Eprenetapopt (APR-246): this small molecule have been shown to restore p53 protein function 

through its covalent binding to cysteine residues in the core DNA domain of mutant p53, which 

induce the correct protein folding to the wild-type conformation (Lambert et al., 2009; Wiman, 

2010). Other proposed mechanisms of action of this class of molecules include induction of cell death 

via reactive oxygen species (Tessoulin et al., 2014), ferroptosis (Birsen et al., 2022; Fujihara et al., 

2022), depletion of antioxidant enzymes (Fujihara et al., 2022; Peng et al., 2017) and perturbation of 

endoplasmic reticulum stress (Teoh et al., 2016).  Two recent studies evaluated eprenetapopt with 

azacitidine in TP53-mutated MDS and AML patients. Both trials highlighted high response rate (71% 
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and 62%, respectively) and CR rate (44% and 47%, respectively). Moreover, patients with isolated 

TP53 mutations showed the highest rate of CR and significant reduction in TP53 VAF and p53 

expression by immunohistochemistry. Median overall survival was between 10 and 13 months 

(Cluzeau et al., 2021; Sallman et al., 2021). Furthermore, patients who proceeded to allo-SCT after 

remission and/or clearing of TP53 mutation had favorable outcomes with a median overall survival 

of 14.7 months (Sallman et al., 2021). Consistent with the mechanism by which eprenetapopt 

restores wild-type function to the misfolded mutant p53 protein, the level of bone marrow p53 

protein assessed by immunohistochemistry (ICH) acted as predictive biomarker: in fact, patients with 

low p53 levels on baseline BM biopsies (< 10% p53 IHC+ on BM mononuclear cells) had significantly 

lower rates of CR than those who were p53-positive (13% v 66%, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4 Immune landscape of MDS 

Bone marrow is a sophisticated organ which, besides the main function of hematopoiesis, also serve as an 

active organ of the immune system, supporting it through lymphopoiesis and myelopoiesis and acting as a 

sanctuary for plasma cells and lymphoid cells (Mercier et al., 2011). For a long time, the BM had been 

considered an immune-privileged organ protected from immune damages and inflammation in order to 

Figure 19 

Novel therapies for TP53-mutated and R/R MDS and AML. Cell-extrinsic immunotherapeutic approaches include 

targeting cell-surface markers including LSC markers, macrophage and T-cell checkpoints, bispecific engagers, 

and adoptive cellular therapies including unmodified and chimeric antigen receptor–modified cells. Cell-intrinsic 

approaches include mutant p53 reactivators, mutant p53 degraders, metabolism-targeting agents, GSPT1 

degraders, and others. Figure from Daver et al., 2022.  
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ensure blood cell production and immune homeostasis. Accumulating evidences have instead demonstrated 

that niche changes due to autoimmunity, inflammation or infections can occur and can influence the function 

of HSCs and other BM environmental cells (Sezaki et al., 2020), and those alterations are associated with 

hematological malignancies (Méndez-Ferrer et al., 2020).  

Also in MDS, the bone marrow immune landscape significantly changes and drives normal HSCs suppression 

and disease progression. However, these niche changes are different depending on the stage of the disease 

and result in immune peculiarities in low-risk compared to high-risk MDS.  

1.4.1 Immune dysregulation in low-risk MDS 

Low-risk MDS have been associated to aberrant immune system activation and pro-inflammatory 

environment that leads to both ineffective hematopoiesis, excessive cellular death and autoimmune 

manifestations (Gonzalez-Lugo et al., 2022). From a clinical point of view, systemic inflammatory and 

autoimmune diseases (SIADs) are frequently observed in MDS patients, with an incidence ranging from 10 to 

28% in the overall MDS population (Komrokji et al., 2016; Mekinian et al., 2016). Inflammation have been 

widely described to be associated with MDS pathogenesis (Barreyro et al., 2018; Sallman et al., 2019), and 

several predisposing factors, extrinsic or intrinsic of the malignant clone, contribute and drive such immune 

hyperactivation. 

Among those factors there are aging and chronic inflammation, which are strictly linked and the term 

“inflammaging” was introduced to describe this close relationship between the two phenomena (Franceschi 

et al., 2000). In fact, from a biological point of view, aging is a physiological process of tissue degeneration 

due to chronic inflammation (López-Otín et al., 2013). The term inflammaging thus describes the chronic, 

sterile and systemic inflammation with self-reactivity in the absence of acute infection which occur in the old 

people. The result is reduced adaptive immunity (de Mol et al., 2021; Mittelbrunn et al., 2021), exacerbated 

pro-inflammatory reactions and autoimmunity (Boren et al., 2004; Stubbins et al., 2022). Moreover, 

inflammaging has also been linked to HSCs dysfunction, causing loss of quiescence (Agarwal et al., 2019; Ho 

et al.,2022), reduced self-renewal capacity (Bogeska et al., 2022; Bousounis et al., 2021) and inducing a 

myeloid differentiation bias - called myeloid skewing -  (Beerman et al., 2010; Oduro et al., 2012; Stubbins et 

al., 2021), thus providing a predisposition to clonal hematopoiesis/expansion and malignancies (Avagyan et 

al., 2021; Avagyan and Zon; 2023; Crusz et al., 2015; Serrano-López et al., 2021). 

Innate immune signaling is central in the pathogenesis of MDS, and genes related to immune signaling are 

found overexpressed in more than 50% of MDS patients (Hofmann et al., 2002; Pellagatti et al., 2010). The 

innate immune system recognizes pathogen associated molecular patterns (PAMPs) and host damage 

associated molecular patterns (DAMPs) by pattern recognition receptors (PRRs), whose first subtype that 

was discovered is represented by the Toll-like receptors (TLR) family. Upon ligand binding, TLRs recruit 

cytosolic adaptor proteins that are then responsible for the subsequent activation of other downstream 

proteins (mainly kinases) which further propagate and amplify the signal. The final result is the upregulation 

of genes linked to cytokine production with a general activation of the adaptive immunity branch. It was 

demonstrated in a murine model that chronically activated TLR signaling and consequent prolonged 

inflammation can alter the bone marrow microenvironment and damage HSCs (Esplin et al., 2011). Moreover, 

it was described that hematopoietic progenitor cells are mutated for TLRs or overexpress them in MDS 

patients compared to healthy donors (Maratheftis et al., 2007; Wei Y et al., 2013). The TLRs upregulation was 

observed in low/intermediate MDS but not in high-risk patients, highlighting the main role of inflammation 

in the early pathogenesis phases of the disease (Paracatu et al., 2022). The downstream effectors of TLRs 

signaling MyD88, IRAK1/4 and TRAF6 were also found overexpressed and hyperactivated in MDS (Dimicoli et 

al., 2013; Fang et al., 2017; Rhyasen et al., 2013), whereas negative regulators such as miR-145, miR-146a, 

and TIFAB were observed downregulated or deleted in del(5q) MDS (Kumar et al., 2011; Starczynowski et al., 

2010; Varney et al., 2015). TLRs massive activation and the consequent formation of the Myddosome 
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complex (Fig.20) is associated to the elevated transcription and production levels of pro-inflammatory 

cytokines such as TNFα, IL-6, IL-1β and IL-18 that have been observed in low-risk MDS (Gañán-Gómez et al., 

2015; Shi et al., 2019). 

 

Beyond the induction of pro-inflammatory cytokines transcription, the TLRs signaling is also responsible for 

the recruitment of the Inflammosome complex. The inflammosome consists of a family of Nod-like receptors 

(NLRs), whose activation and aggregation leads to the activation of pro-IL1β into its active form, and trigger 

also a specific program of pro-inflammatory cell death called pyroptosis, characterized by lytic cell death with 

loss of plasma membrane integrity (Bergsbaken et al., 2009). Among the NLRs family, NLRP3 is the 

inflammasome sensor that is most strongly associated with the development of uncontrolled inflammation 

and autoimmunity (Bertheloot et al., 2021). NLRP3 is activated by DAMPs signals, among which alarmins 

S100A8 and S100A9 are of particular importance in MDS, since they were found in excess in MDS HSPCs and 

bone marrow plasma (Basiorka et al., 2016). Pharmacologic inhibition of NLRP3 and neutralization of S100A9 

were shown to restore normal hematopoiesis (Basiorka et al., 2016). Also Lenalidomide treatment was seen 

to reduce the steady-state generation of S100A9, thereby increasing the levels of Epo and promoting 

erythropoiesis (Cluzeau et al., 2017). Interestingly, in addition to DAMPs, the aberrant activation of 

inflammosome pathway has been associated with common MDS mutations in spliceosome or epigenetic 

genes as SRSF2, TET2, IDH2, SF3B1, ASXL1 and U2AF1, and with del(5q) cytogenetic aberration (Basiorka et 

al., 2016; Pollyea et al., 2019; Smith et al., 2019; Zhao LP, Boy M et al., 2021; Zhao LP, Schell B et al., 2021). 

A recent study on a large and genetically characterized cohort of treatment-naïve MDS patients confirmed 

the major activation of inflammatory pathways mediated by caspase-1, interleukin IL-1β and IL-18 in low-risk 

BM compared to high-risk and CHIP patients and found different inflammatory signatures between distinct 

LR-MDS subgroups: in particular, one cluster associated to lower IL-1β was enriched in SF3B1-mutated 

patients, whereas the second cluster, associated with higher IL-1β levels, was completely composed of 

del(5q) cases (Schneider et al., 2023). 

Figure 20 

Dysregulation of innate immune signaling in MDS HSCs. 

TLRs and interleukin-1 receptor (IL 1R)/IL1RAP recruit 

MyD88 and IRAK4/2 (Myddosome complex) upon ligand 

binding. The adaptor protein TIRAP increases the efficiency 

of Myddosome assembly by binding MyD88. The kinase 

IRAK4 activates IRAK2 and/or IRAK1 through IRAK4-

dependent phosphorylation. IRAK1 activates the ubiquitin 

(Ub) ligase, TRAF6, which mediates signaling to NF-kB, 

MAPK, and RNA binding proteins leading to expression of 

proinflammatory cytokines and NLRP3. microRNA-146a 

(miR-146a) suppresses IRAK1 and TRAF6 protein expression, 

whereas miR-145 suppresses TIRAP protein expression. 

TIFAB suppresses TRAF6 protein stability. Inflammosome 

activation results in caspase1–dependent IL-1b processing 

and pyroptosis. Proteins and genes in green are 

downregulated and/or deleted in MDS. Proteins and genes 

in red are overexpressed and/or activated in MDS. Steps of 

the signaling pathway that have been pharmacologically 

inhibited are indicated. Figure from Barreyro et al., 2018. 
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Cellular immune response dysregulation is another important immunological mechanism driving MDS 

pathogenesis, which closely interacts with the coexisting inflammatory microenvironment. For example, it 

has been observed that S100A8 and S100A9, by binding of CD33, stimulates the expansion of Myeloid-

derived suppressor cells (MDSCs), which in turn secrete suppressive cytokines IL-10 and TGF-β that inhibit 

effector T cells function and proliferation, therefore favoring the malignant clone expansion (Chen X et al., 

2013). Moreover, it has been recently published that S100A9 increases the expression of PD-1 on HSPCs and 

PD-L1 on MDSCs in MDS versus healthy donors, which lead to HSPCs dead and thus contribute to ineffective 

hematopoiesis (Cheng et al., 2019). 

Remaining in the myeloid compartment, the cells of the macrophage/monocyte lineage have been reported 

to contribute to the inflammatory process in MDS through impaired phagocytosis of the apoptotic 

hemopoietic cells and abnormal production of cytokines (Allampallam et al., 2002). Monocytes represent 2-

12% of leukocytes in the blood and are generally characterized by the strong expression of CD14 and the lack 

of CD16 expression. Monocytes with this phenotype are called “classical” and represent the majority (80-

95%) of circulating monocytes. The remaining part is composed by two minor subsets which can express 

CD16: the intermediate monocytes (CD14+CD16+) and nonclassical (CD14dim/negCD16+) ones, that represent 

the 2-11% and 2-8% of the total monocytes, respectively. Classical monocytes are critical for the initial 

inflammatory response, intermediate monocytes are mainly pro-inflammatory too, whereas nonclassical 

monocytes have been mostly described as anti-inflammatory (Kapellos et al., 2019; Narasimhan et al., 2019). 

One study form Velegraky et. al reported a decreased number of classical monocytes and an increased 

frequency of intermediate monocytes with abnormal functional characteristics in low-risk MDS compared to 

age- and se- matched healthy individuals. Intermediate monocytes in fact displayed increased release of 

TNFα after stimulation with LPS and transcriptional profiling found 43 differentially expressed genes involved 

in immune signaling, cell adhesion and hematopoiesis (Velegraki et al., 2021). A previous study always from 

Velegraki et al. showed that monocytes from MDS patients over-express TLR4 and its downstream signaling 

which leads to the production of inflammatory cytokines. Moreover, monocytes had an impaired capacity to 

engulf the apoptotic BM cells which maintains and enhances an inflammatory environment through an 

excessive release of high mobility group box-1 protein (HMGB1) by dying cells (Velefraki et al., 2013).  

Also monocyte-derived dendritic cells in low-risk MDS were found to be defective, showing reduced 

membrane upregulation of costimulatory ligands in response to pro-inflammatory stimuli and an altered 

cytokine profile (Ma L et al., 2007). Fluorescence in situ hybridization (FISH) analysis on purified dendritic 

cells in MDS patients revealed that DCs carry the same cytogenetic abnormality of the malignant clone (Ma 

L et al., 2004; Rigolin et al., 1999). Both CD34+ progenitors and monocytes from MDS patients showed 

impaired capacity of DCs generation (Micheva et al., sept 2004; Micheva et al., dec 2004), and monocyte-

derived dendritic cells (MoDCs) showed reduced expression of CD80 and CD1a, lower ability to stimulate T 

cells, reduced endocytic capacity and ineffective maturation following TNF-stimulation (Micheva et al., dec 

2004; Rigolin et al., 1999). 

Among T cells compartment, Th17 cells are a subset of CD4+ effector cells, named by their signature cytokine 

IL-17, which were found to play an important role in in the pathogenesis of inflammatory and autoimmune 

diseases as well as in tumor immunity (Ye et al., 2013). IL-17, in fact, mediates activation of the adaptive T-

cell response inducing an inflammatory cytokine environment. Both Th17 T cells and their secreted cytokine 

IL-17 have been observed increased in Low-risk MDS compared to High-risk (Kordasti et al., 2009; Li J et al., 

2016; Zhang et al., 2013). In literature, Th17 have been both linked to increased function of CD8+ T cells and 

antitumor effects on one side (Li J et al., 2016), and pro-inflammatory and autoimmunity-associated features 

on the other one (McGinley et al., 2020). Both CD4+ and CD8+ T cells expansion were described in LR-MDS, 

and this expansion was mostly polyclonal in the CD4+ subset and oligoclonal in the CD8+ subset: such 

difference could reflect the selective involvement of effector T cells either in the anti-tumor response or in 

an autoreactive effect (Fozza et al., 2009). Another important subset of CD4+ T cells is the one of regulatory 
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T cells (Tregs), who is physiologically involved in the negative control of immune response: those cells are in 

fact the responsible of “turning off” inflammatory responses, avoiding chronic inflammation and 

autoimmune T cells expansion (Sakaguchi, 2004). On the other side, excessive expansion of such cells and 

their recruitment at tumoral sites can suppress anticancer immunity and promote tumor development and 

progression (Togashi et al., 2019). In low-risk MDS, Tregs are reduced in number compared to healthy 

controls and high-risk MDS, possibly representing a further mechanism of cytotoxic T cell expansion 

(Giovazzino et al., 2019), and have also been shown to be dysfunctional both in their suppressive function 

and in their bone marrow homing capacity (Kotsianidis et al., 2009). 

1.4.2 Immune dysregulation in high-risk MDS and AML 

In contrast to what observed in low-risk MDS, high-risk and AML patients exhibit decreased apoptosis and an 

anti-inflammatory and immunosuppressive microenvironment that favor the expansion of malignant cells 

due to immune evasion mechanisms. 

NK cells aberration in high-risk MDS and AML represents an important aspect of defective immune 

surveillance.  In fact, several studies reported reduced NK cell number, impaired NK maturation (higher 

proportion of immature CD56brigt CD16dim NK cells, with immunomodulatory function, compared to CD56dim 

CD16high mature cells, with cytotoxic activity) and reduced cytotoxic activity due to down-regulation of the 

activating receptors NKp30 and NKG2D, up-regulation of inhibitory receptors or reduced levels of perforin 

and granzyme B (Aggarwal et al., 2016; Cianga et al., 2021; Epling-Burnette et al., 2007; Hejazi et al., 2015; 

Zhang W et al., 2018). Defects in the NK cell compartment was associated with excess blasts, adverse clinical 

outcome and blast transcriptional signatures of immune evasion (Chretien et al., 2017; Khaznadar et al., 

2015). The evidence of shared genetic lesions between MDS clone and NK cells might explain the intrinsic 

defects of NK functionality (Arends et al., 2018; Boy et al., 2023; Carlsten et al., 2019). 

One of the reasons of the conversion to an immune suppressive and evasive microenvironment is the 

overexpression of immune checkpoint inhibitors on T cells, in particular the programmed cell death 1 (PD-1) 

and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) which lead to T cell exhaustion, loss of function 

(intended as impaired proliferation and cytokine release, and downregulation of the T-cell receptor TcR) and 

apoptosis (Coats et al., 2016; Haroun et al., 2017; Radwan et al., 2020; Tcvetkov et al., 2020; Yang X et al., 

2022). Those receptors are physiologically expressed on activated T cells, preventing immune over-

activations. However, this protective function can be used and improved by tumors to maintain an 

immunosuppressive niche that favors malignant cell expansion (Yi et al., 2021). In parallel with PD-1 

overexpression, also its ligand PD-L1 has been found overexpressed on blast cells (Coats et al., 2016; Tcvetkov 

et al., 2020; Williams et al., 2019).  Other immunomodulatory receptors such as T-cell immunoglobulin and 

mucin-domain containing-3 (TIM3), T cell immunoglobulin and ITIM domain (TIGIT) and Lymphocyte 

activation gene 3 (LAG-3) have also been observed upregulated in high-risk MDS and/or AML patients 

(Abdelhakim et al., 2018; Fu et al., 2019; Meng et al., 2020; Williams et al., 2019; Wolf et al., 2019). The 

overexpression of such immune checkpoint molecules not only decreases the cytotoxic function and survival 

capacity of T cells (Sand et al., 2016; Tao et al., 2016) but is also involved in NK cell dysfunction (Beldi-Ferchiou 

et al., 2017; D'Silva et al., 2023; Gallois et al., 2015; Meng et al., 2020; Ndhlovu et al., 2012; Zhang Q et al., 

2018). 

An additional reason of the increased immunosuppressive BM environment in advanced stages of the disease 

is the expansion of Tregs in both BM and PB. In high-risk MDS and AML, Tregs have been shown to maintain 

their function and homing capacity, and to be a feature of disease progression and aggressiveness (Kordasti 

et al., 2009; Kotsianidis et al., 2009; Wan et al., 2020). Moreover, Kotsianidis et al showed that Tregs follow 

the disease course and are significantly reduced in patients who responded to chemotherapy. A recent study 

reported that Tregs also promote the stemness of leukemic stem cells through the activation of PI3K/AKT 

following their release of IL-10 (Xu Y et al., 2022). There are several mechanisms by which Tregs can mediate 
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immunosuppression (Fig. 21) (Togashi et al., 2019). For example, through their high expression level of CD25 

receptor, they bind with high affinity and deplete from their surroundings IL-2, a cytokine essential for 

complete T cell activation, thus reducing its availability for effector T cells (Teff). They also constitutively 

express CTLA-4, whose binding to CD80 and CD86 on antigen-presenting cells (APCs) lead to the suppression 

of APC function and reduction of their capacity to activate Teff cells. Moreover, CTLA-4 possess a higher 

affinity to CD80/86 than the co-stimulatory receptor CD28, further disrupting Teff priming and activation. 

Tregs also release immunosuppressive cytokines such as IL-10, TGFβ and IL-35, and extracellular ATP, which 

is converted by CD39 and CD73 enzymes to AMP that provides an immunosuppressive signal to Teff and APCs 

via A2A receptor. In the end, Tregs can also directly kill Teff cells through release of granzyme and perforin. In 

high-risk MDS, an increase in IL-10, compared to low-risk, was observed. Moreover, the same study found a 

positive correlation between IL-10 and TGFβ cytokines level in the serum and FOXP3 expression (the 

transcription factor expressed by Tregs), and a negative correlation between IL-10 expression and numbers 

of CD8+ T cells (Lopes et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another immunosuppressive immune population that has been observed expanded in high-risk MDS and 

AML is represented by Myeloid-derived suppressor cells. MDSCs overproduce suppressive cytokines, express 

immune checkpoint inhibitors and secrete reactive oxygen and nitrogen species, thus reducing the function 

of several immune cells such as T cells, NK cells, Dendritic cells (DCs) and B cells (Lechner et al., 2010; Li K et 

al., 2021). As I mentioned before, the initial MDSCs expansion in Low-risk MDS is driven by the interaction of 

pro-inflammatory molecules S100A8/9 with CD33, that results in the release of suppressive cytokines IL-10 

and TGF-β. In this way, further proliferation of MDSCs in high-risk MDS (Chee et al., 2022; Velegraki et al., 

2022) leads to the prevarication of their immunosuppressive activity over the release of pro-inflammatory 

molecules. Importantly, the expansion of MDSCs in high-risk MDS have been correlated with the concomitant 

increased number of Tregs and associated to disease progression (Kittang et al., 2015). MDSCs have been 

described in MDS to inhibit CD8+ T cells function through TIM3/Gal-9 pathway (Tao et al., 2020) and STAT3-

ARG1 pathway (Qi et al., 2021), and to hamper NK cell activity via the TIGIT/CD155 pathway (Yue et al., 2023). 

Also in AML, MDSCs numbers are increased compared to healthy controls (Lv et al., 2021; Pyzer et al., 2017), 

Figure 21 

Mechanisms of Tregs-mediated immunosuppression. Figure from Togashi et al., 2019 
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and can be induced by leukemic blasts via the production of MUC1 oncoprotein, which is released through 

extracellular vescicles (EV) and, when uptaked by MDSCs, increases cMYC expression and cell proliferation 

(Pyzer et al., 2017). Another study showed the role of extracellular vescicle release from AML blast to induce 

MDSCs expansion, demonstrating that the palmitoylated proteins on the AML-EV surface can activate Toll-

like receptor 2 and the subsequent activation of Akt/mTOR pathway (Tohumeken et al., 2020). 

Further myeloid cell subtype are macrophages, a class of plastic cells with different roles in immunity, 

development and tissue homeostasis and repair. Macrophages differentiate from monocytes that leave the 

circulation to reside in different tissue, where they acquire specific morphological and transcriptomic profiles 

to adapt to the tissue of residency (Wynn et al., 2013). In response to IFNs, Toll-like receptor engagement, or 

IL-4/IL-13 signaling, macrophages can undergo M1 (classical) or M2 (alternative) activation, with M1 having 

a pro-inflammatory and antitumor effects and M2 an anti-inflammatory and pro-tumoral effect (Sica and 

Mantovani, 2012). Macrophages that are found within the tumor mass or inside the tumoral niche are called 

tumor-associated macrophages (TAMs) and play an important role in the pathophysiology of human 

malignancies, supporting cancer cells by enhancing angiogenesis, promoting tumor cell survival and 

hampering immune reactions (Cassetta and Pollard 2023). In MDS, monocytes displayed impaired ability to 

differentiate into macrophages, and mature macrophages were characterized by reduced phagocytic 

capacity, lower expression of CD206 and signal regulatory protein alpha (SIRPα), and higher secretion levels 

of inducible nitric oxide synthase (iNOS) (Han et al., 2016). Two studies showed that CD163+CD2016+ M2-

TAMs were enriched in HR-MDS patients compared to LR-MDS, that were instead characterized by pro-

inflammatory M1 macrophages expressing iNOS (Yang Y and Wu, 2018; Zhang G et al., 2021). It was shown 

that AML leukemic blasts can reprogram macrophages towards pro-leukemia M2 phenotype with different 

mechanisms (Miari et al., 2021), for example by the release of arginase (Mussai et al., 2013) or through the 

expression of the transcriptional repressor Growth factor independence 1 (Al-Matary et al., 2016). 

Very little is published about classical and nonclassical monocytes in high-risk MDS and AML, and results are 

discordant. One paper observed increased non-classical monocytes (ncMono) frequencies in higher-risk MDS 

compared to low-risk (Chee et al., 2022), whereas a second one did not observe any difference in the 

frequency of classical, intermediate, and nonclassical monocytes in MDS patients compared to healthy 

controls (Pollyea et al., 2018). A third paper found a reduction of ncMono in MDS bone marrow compared to 

normal bone marrow samples, without looking to the differences within MDS subtypes (Van Leeuwen-

Kerkhoff et al., 2022). Two papers reported an increased frequency of non-classical monocytes in chronic 

lymphocytic leukemia (CLL) (Maffei et al., 2013; Pollyea et al., 2018). Classical monocytes in MDS patients 

exhibited normal innate immune functions compared to monocytes from healthy control subjects (Pollyea 

et al., 2018); however, accumulation of classical monocytes in MDS was associated with poor prognosis (Wu 

et al., 2021) and higher frequency of leukemic evolution (Selimoglu-Buet et al., 2017). Monocytes that 

express low levels of HLA-DR, called CD14+HLA-DRlo/neg monocytes, have recently emerged as important 

mediators of tumor-induced immunosuppression (Mengos et al., 2019). Two studies described an increased 

frequency of CD14+HLA-DRlo/neg monocytes in CLL and one of them associated these cells with suppressed 

in vitro T-cell activation and induction of Tregs (Jitschin et al., 2014; Pollyea et al., 2018). 

Dendritic cells were found reduced in numbers in high-risk MDS compared to low-risk MDS and healthy 

controls (Saft et al., 2013; Van Leeuwen-Kerkhoff et al., 2022). Moreover, DCs derived from high-risk MDS 

and CMML patient’s monocytes were found to be defective, with difficulty in developing dendritic projections 

and reduced expression of HLA-DR and CD86, suggesting an impairment in antigen processing and 

presentation to T cells (Bento et al., 2020). Microarray transcriptional analysis on dendritic cells from MDS 

patients and healthy donors revealed several under-represented transcripts involved in innate in immunity 

and danger response in MDS, suggesting that this gene expression disruption could lead to diminished 

immune responsiveness of DCs and favor immune escape of the myeloid clone (Van Leeuwen-Kerkhoff et al., 

2022). 
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Importantly, TP53-mutated MDS and AML have shown to possess a particularly enhanced 

immunosuppressive environment, characterized by increased expression of PD-L1 on HSCs, TIM3 on MDSC 

and LAG3 and TIGIT on bone marrow blasts, expansion of ICOS High/PD-1neg Treg and PD-1low myeloid-

derived suppressor cells, as well as reduced number of bone marrow-infiltrating OX40+ cytotoxic T cells and 

helper T cells and decreased ICOS+ and 4-1BB+ natural killer cells (Bewersdorf et al., 2022; Sallman et al., 

2020; Williams et al., 2019).  

To conclude, immune system plays a critical role in MDS pathogenesis, and both innate and adaptive immune 

pathways are dysregulated. However, immune microenvironment and immune dysfunctions dynamically 

change across disease evolution from low-risk to high-risk MDS (Fig.22). Thus, monitoring the immune system 

represents a new field of research for a deeper and more complete characterization of this disease group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.3 Effects of hypomethylating agents on immune cells and possible combinations with 

immunotherapies 

As previously mentioned, in addition to their direct effects on the malignant clone, HMAs also demonstrated 

effects on cells of the bone marrow niche, including the ones belonging to immune system (Lindblad et al., 

2017), and both the clinical benefits/anti-tumor response and treatment failures/resistance may be the result 

of the combination of such direct and indirect actions. 

A study compared the frequency of the major immune components (CD4 T cells, CD8 T cells, Tregs, NK cells, 

NKT cells, B cells, dendritic cells, monocytes and MDSCs) in 14 AML patients before and after treatment with 

decitabine, finding that DEC did not significantly affect the frequency of such immune cell populations. 

However, both CD4 and CD8 T cells showed an increase in CD38 expression, which was negatively correlated 

with IFNγ production and positively correlated with the up-regulation of co-inhibitory molecules (PD-1, TIGIT, 

Figure 22 

The different immune landscape in LR-MDS vs HR-MDS. Figure from Barakos and Hatzimichael, 2022. 
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LAG3) by CD8+ T cells, indicating a decreased T cell function (Zhao C et al., 2020). Moreover, the high 

expression of CD38 on both CD8 and CD4 T cells was strongly associated with failure of response to decitabine 

treatment and poor clinical outcome. A previous study in a chronically infected WT and DNMT3A KO murine 

model reported a reversion of exhausted T cell phenotype and CD8+ T cell rejuvenation after exposure to 

decitabine combined with anti-PD1 (Ghoneim et al., 2017). The expression of PD-1 and its ligands is 

epigenetically regulated (Bally et al., 2016), and patients with MDS or AML treated with HMAs showed 

hypomethylation in the PD-1 locus and increased expression of PD-1, CTL-A4 and PD-L1/2 on T cells and 

CD34+ stem cells, respectively (Ørskov et al., 2015; Yang H et al., 2014).  

Signal transducer and activator of transcription (STAT) signaling plays a critical role in immune system and 

controls the epigenetic tuning of CD4 T-cell differentiation and polarization (Seif et al., 2017). One recent 

study characterized the CD4+ T cells compartment from 73 HR-MDS patients undergoing AZA therapy by 

using functional proteomic and transcriptomic, finding that responding patients downregulated the pro-

inflammatory IL-6/STAT3 axis and the downregulation of IL-6 mediated STAT3 phosphorylation was 

associated with better disease outcome (Lamprianidou et al., 2021). The aberrant IL-6/STAT signaling in T 

cells is known to exert effects on antitumor immunity by different mechanisms such as expansion of Tregs 

and suppression of Th1 responses (Johnson et al., 2018; Tsukamoto et al., 2018). The paper further observed 

a significant increase of both PD1+CD4+ and PD1+CD8+ T cells in patients upregulating IL-6/STAT3 after 6 

cycles of AZA. 

Several independent studies described an increase of Tregs frequency upon AZA treatment in murine models 

of transplantation (Choi et al., 2010; Cooper et al., 2017; Sánchez-Abarca et al., 2010) and in 27 AML patients 

after allogeneic stem cell transplantation (Goodyear et al., 2012). The induction of Tregs was explained as a 

consequence of FOXP3 promoter demethylation (Choi et al., 2010; Sánchez-Abarca et al., 2010). All papers 

underlined the effect of azacytidine on effector T lymphocytes activity and Tregs expansion, illustrating its 

role in the allogeneic transplantation setting as an immunomodulatory drug and describing a new way to 

prevent graft-versus-host disease while maintaining the graft-versus-leukemia effect. In non-transplantation 

setting, Tregs numbers was shown to correlate with HMA response in high-risk MDS patients, where those 

who responded to hypomethylating treatment with azacitidine were found to have fewer regulatory T-cells 

in circulation at long-term follow-up than before treatment and appeared more similar to healthy donors in 

regulatory T-cell frequency (Costantini et al., 2013). Moreover, the absolute numbers of T-helper 1 and T-

helper 2, but not T-helper 17, cells were observed to be significantly reduced following 12 months of 

treatment. Conversely, in a separate cohort of MDS and AML patients the effect of AZA appeared to 

transiently increase FOXP3+ regulatory T-cells and decrease the Th17 population in both in vivo treatment 

and in vitro experiments (Bontkes et al., 2012). Another study observed an impaired T-cell mediated 

antileukemic activity in vitro against leukemic target cells after AZA administration, confirming the results in 

patients treated with AZA after allo-HSCT, reporting an increased Tregs frequency and a reduction of both 

effector CD8+ T cells and pro-inflammatory Th1 cells (Stübig et al., 2014). 

Treatment with hypomethylating agents showed also good effects on T cells: for example, a study on MDS 

demonstrated that AZA increased the T cell repertoire (measured as T-cell receptor (TCR) variability) in MDS 

and AML patients, counteracting immune derangement and TCR skewing (Fozza et al., 2015). A similar result 

was observed in a clinical trial protocol on four patients with solid tumors treated with decitabine who 

showed increased TCR diversity in comparison to pre-treatment levels (Nie et al., 2016). Another study 

observed an enhanced T-cell mediated tumor cell recognition thanks to the upregulation of cancer-testis 

antigens after AZA treatment on a cohort of MDS, AML and CMML patients (Gang et al., 2014).  

In breast cancer cell lines, administration of guadecitabine (a novel experimental hypomethylating drug) 

upregulated MHC-I in tumor cells promoting recruitment of CD8+ T cells. Moreover, MHC-I genes were found 

upregulated also in breast cancer patients treated with hypomethylating agents (Luo et al., 2018). This 
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mechanism of action should be investigated also in hematological malignancies. One in vitro study tested the 

expression of HLA class I molecules upon treatment with azacytidine or decitabine on several tumor cell lines, 

among which the leukemic cell line NALM-6, and found a stronger up-regulation of such molecules with 

decitabine compared to azacytidine (Fazio et al., 2018). 

DNA methylation not only affects development, differentiation and activity of T cells: also NK cell maturation 

and functionality is deeply affected by the DNA methylation status of genes coding for cytokine secretion, 

surface markers and several receptors with activator or inhibitory function (Cichocki et al., 2013). Various 

groups have investigated the effects of HMA on the number and function of natural killer (NK) cells in both 

in vivo and in vitro. Two in vitro studies showed impaired function of NK cells against leukemic cell lines after 

AZA treatment as a consequence of overexpression of inhibitory receptors, impaired granzyme and perforin 

release, reduced cytokine mRNA synthesis and enhanced NK-cell apoptosis (Gao et al., 2009; Schmiedel et 

al., 2011). However, an in vivo study on 17 patients with high-risk MDS or AML treated with AZA did not 

observe any significant changes in both NK cells frequency and functionality, but only a decreasing tendency 

in a subpopulation of NK cells expressing the inhibitory receptor CD158b. Interestingly, in the same study, 

when NK cells were subjected to 5-Azacytidine treatment in vitro, it was observed a remarkable decrease in 

killing capacity of NK cells in a dose-dependent manner (Gang et al., 2014). Since this inhibitory effect was 

clearly evident only in vitro despite the concentration was mimicking the peak plasma concentration in vivo, 

the authors suggested that NK cells may be less vulnerable in vivo, or the plasma concentration is not 

sufficiently high during extended periods of time to confer this effect in vivo. An additional study investigated 

the influence of AZA in vitro and in patients with high-risk MDS and observed a significant increase in 

expression of multiple KIRs (inhibitory receptors), but only in cells that had undergone several rounds of cell 

division (Ki67+); however, in contrast to other studies, these proliferating 5-aza exposed NK cells exhibited 

increased IFN-γ production and degranulation towards tumor target cells (Sohlberg et al., 2015).  

Not only azacytidine effects were evaluated, but also decitabine was investigated. One study exposed NK 

cells to increasing doses of decitabine and observed an upregulation of KIRs and the activating receptor 

NKp44, accompanied with decrease of viability, proliferation, and lower expression of the activating receptor 

NKG2D. Since decitabine affected the expression of activating and inhibitory receptors in NK cells at low 

concentrations while high doses decreased NK cell proliferation and viability, this study highlighted a biphasic 

effect of decitabine treatment on overall NK cell lytic function, which was correlated with a biphasic pattern 

of global hypomethylation (the percentage of methylation decreased linearly until 0.3uM concentrations, 

then began to rise with increasing doses of decitabine), suggesting that optimal immunomodulation with 

decitabine occurs at low dose ranges and that high doses abrogate this effect through inhibition of 

proliferation and direct toxicity to NK cells (Kopp et al., 2013). Finally, one paper compared the effects of 

azacytidine and decitabine finding opposite effects of the two drugs on NK cells: NK cytotoxicity and IFN-γ 

production were observed to be significantly impaired by azacytidine but enhanced by decitabine (Schmiedel 

et al., 2011). One in vitro study further reported a synergized effect between decitabine and anti-CD33 

antibody against AML blasts through the increased NKG2D ligand (NKG2DL) expression, augmented NK 

degranulation and NK-mediated antibody-dependent cellular cytotoxicity (ADCC) (Vasu et al., 2016). 

It is therefore clear that there is no consensus on the effects of hypomethylating agents on NK cell 

functionality: this is likely due to different in vitro and ex vivo conditions, variable concentrations of 

administered HMAs, lack of consistency in functional assays across groups, as well as the different sources of 

NK cells used in each study. 

Compared to lymphoid cells, the impact of hypomethylating agents on the myeloid cells compartment is still 

poorly investigated. A genome-wide base-resolution mapping study of 5-methylcytosine in purified 

monocytes and in monocyte-derived immature and mature DCs showed that dendritic cell development and 

maturation were associated with a great loss of DNA methylation across many regions, most of them were 
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enhancers and binding sites for known transcription factors affiliated with DC lineage specification and 

response to immune stimuli; and this loss could be attributed to the noted down-regulation of the three DNA 

methyltransferases DNMT1, DNMT3A, and DNMT3B (Zhang X et al., 2014). An in vitro study on PBMC-derived 

DCs found that the treatment with AZA upregulated CD40 and CD86 expression on mature DCs, whereas 

cytokine secretion of IL-6, IL-12p70, IL-23 and TNFα was comparable to control untreated DCs except for IL-

10 and IL-27, that were less released by treated DCs (Frikeche et al., 2011). CD40 expression on DCs is 

acquired during their maturation process, and its binding with CD40L on antigen-specific CD4+ Th1 cells 

license dendritic cells to promote antitumor T cell activation. CD86 is a co-stimulatory ligand on DCs that 

mediates polarization of T-cells upon interaction with MHC II-peptide complexes on DCs: this interaction is 

necessary for a complete activation of T cells, without which T-cells would become anergic rather than 

activated. The same study further investigated the peripheral blood of 8 AML and 6 high-risk MDS patients 

before and after AZA treatment, reporting a significant decrease of IL-4 secreting CD4+ T cells and increase 

of 17 and IL-21 ones, indicative of a Th17 response and suggesting that azacytidine affects T cell polarization 

through DCs. A recent study in a murine graft-versus-leukemia model demonstrated that decitabine can 

prime allogeneic immune reactions of donor lymphocytes by activating DCs and increased IFNγ and CD28 

levels, and that the GvL effects can be promoted without causing severe GvHD through an optimal timing of 

lymphocyte administration on the basis of IFN-γ expression levels (Kwon et al., 2020). In contrast, MDSCs 

have been shown to be reduced upon decitabine treatment in leukemia-bearing mice, allowing the activation 

of the adaptive T cell immune response (Zhou J et al., 2017). Same results about decitabine negative effect 

on MDSCs were reported in mouse models of myeloma, melanoma, colon and breast cancer (Kim et al., 2014; 

Triozzi et al., 2012; Zhou J et al., 2019). 

To summarize, hypomethylating agents have been shown to exert a profound effect on both innate and 

adaptive branches of immune system:  

- NK cells respond to HMA treatment by modulating the expression of inhibitory and activating 

receptors on the cell surface, in particular increased expression of inhibitory KIR proteins and 

decreased expression of the activating receptor NKG2D, but the functional effects on cytotoxicity 

have not been firmly established. 

- Within T cell subsets, methylation is critical to regulate expression of the immune checkpoint 

inhibitors PD-1 and CTLA4, co-stimulatory molecules including CD28 and CD80, and the 

developmental pathway that favor Tregs differentiation through FOXP3 promoter demethylation at 

the expense of pro-inflammatory Th1, that are instead reduced. 

- Dendritic cells respond to hypomethylating agents by increasing the expression of CD40 and CD86 

co-stimulatory molecules on the cell surface, allowing T cell priming and activation.  

- MDSCs frequency decreases due to a direct pro-apoptotic effect. 

- Direct effects of hypomethylating agents also include increased expression of tumor-associated 

antigens and MHC-I molecules on tumor cells, leading to increased tumor antigen presentation and 

activation/expansion of tumor-specific T cells. 

Given the wide immunomodulatory properties of hypomethylating agents, there is eager interest in 

combining HMAs with immunotherapies to provide synergic immune-mediated anti-tumor effects (Wong et 

al., 2021). For example, the HMA-induced upregulation of tumor-associated antigens such as NY-ESO-1 can 

enhance anti-cancer vaccine immunogenicity in MDS patients through the induction of antigen-specific T 

lymphocytes (Griffiths et al., 2018). Infusion of autologous DC- based cellular vaccine for AML have been 

shown to have enhanced immunogenicity in combination with HMAs, augmenting both antigen processing 

and presentation (Nahas et al., 2019). Also adoptive NK cell transfer seems to be promising in hematologic 

malignancies: in a recent phase I study, haploidentical NK cell infusion and IL-2 administration after 

decitabine treatment in R/R AML patients demonstrated higher NK cell cytotoxicity; the cytotoxic activity of 

NK cells was further increased by administration of CD33 mAb (Mani et al., 2020). Priming of patients with 
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AZA before donor-lymphocyte infusion (DLI) showed improved remission rates in MDS and AML patients that 

relapsed after transplantation, including patients with previous azacytidine failure and with high leukemic 

burden (Lübbert et al., 2010; Schroeder et al., 2013; Sommer et al., 2018). The increased expression of PD-1, 

PD-L1/2, CTLA-4 and TIGIT after HMA therapy gives the rationale basis to combine HMA treatment with 

immune checkpoint blockade (ICB) therapy (anti-PD-1/L1 or -CTLA-4 antibodies). An early phase clinical trial 

(NCT03358719) investigating the combination of decitabine with the NY-ESO-1 vaccine and nivolumab (anti-

PD-1 mAb) in AML and MDS patients has concluded, but the results are still not available. 

Since CD123 expression is typically very low or absent in normal hematopoietic cells but broadly expressed 

in MDS and AML at various intensities (Aldoss et al., 2020; Yue LZ et al., 2010; Zhang W et al., 2015), it 

represents a good target in immunotherapy and different anti-CD123 monoclonal and bispecific antibodies 

have been developed and tested (Talacotuzumab, Flotetuzumab, Videcotamab) (Isidori et al., 2021). 

Tagraxofusp is an engineered fusion protein comprising of IL-3 (CD123 ligand) fused with the diphtheria toxin 

(DT): in this way, the fusion protein triggers cellular cytotoxicity by delivering DT to CD123+ tumor cells. A 

phase I/II trial assessed tagraxofusp monotherapy in AML patients in first remission but with high risk of 

relapse showing good safety profile and reduction of minimal residual disease (Lane et al., 2016). However, 

resistance or relapse after clinical response have been observed in trials on other types of cancer. Phase I 

study of tagraxofusp in combination with azacytidine R/R AML and high-risk MDS patients is currently 

ongoing to determine the MTD and response rates (NCT03113643); the estimated Primary Completion Date 

is on May 2024 whereas the estimated Study Completion Date is set for May 2026. Recently, a paper 

proposed CD123 as a target for chimeric antigen receptor (CAR) T-cell therapy in high-risk MDS patients and 

demonstrated that, with the use of lentiviral vectors, the CAR can be expressed on both healthy donor and 

MDS patient-derived T lymphocytes with high efficiency, leading to the successful elimination of MDS stem 

cells both in vitro and in patient-derived xenografts (Stevens et al., 2019). An experimental study 

demonstrated that decitabine significantly enhanced anti-AML effects of CD123 CAR-T cells in vitro (THP1 

cells) and in vivo (NSG mice bearing THP1 tumor xenografts) through epigenetic reprograming of the CAR-T 

cells. In particular, the inhibition of DNMT3A and DNMT1 expression and the increased DNA hypomethylation 

caused the upregulation of genes that favored naïve and memory T cells differentiation, resulting in 

enhanced CD123 CAR-T cells anti-leukemia responses (You et al., 2020). 

Figure 23 

Combination strategies of HMA treatment and immunotherapies for a synergic and improved anti-tumor effect. 

Figure from Wong et al., 2021. 
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To conclude, for patients with high-risk MDS or AML with relapsed/refractory disease, or who are unable to 

undergo hematopoietic stem cell transplantation, or are unsuitable for intensive chemotherapy, there is a 

pressing clinical need to develop novel, effective therapies. As described above, hypomethylating agents 

have shown both in vitro and in vivo effects not only on malignant cells, but also on NK cells, T cells, DCs and 

MDSCs, and such immunomodulatory properties has prompted interest in these therapies and in combining 

them with current immunotherapies. However, much work is still needed to fully uncover the impact of 

HMAs on immune cells and tumor microenvironment: only by elucidating the functional consequences of 

hypomethylating therapies it will be possible to identify patients who will likely benefit from it and to identify 

new combination treatments for an improved anti-tumor effect.  
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Myelodysplastic Syndromes (MDS) are a group of blood diseases primarily affecting elderly people that are 

characterized by bone marrow dysplasia, peripheral cytopenia associated to ineffective hematopoiesis, 

recurrent cytogenetic abnormalities and/or genomic mutations and malignant clonal expansion, which can 

transform to acute myeloid leukemia (AML).  

MDS clinical outcomes can vary greatly even between patients classified in the same disease subtype, 

highlighting that MDS possess marked heterogeneity regarding prognosis and the risk of disease progression. 

To overcome this heterogeneity, the Revised International Prognostic Scoring System (IPSS-R) and, more 

recently, the Molecular International Prognostic Scoring System (IPSS-M) were introduced to provide 

prognostic assessment for overall survival (OS) and risk of progression to AML (Bernard et al., 2022; 

Greenberg P et al., 2012). 

Since MDS are diseases of hematopoietic stem cells, allogeneic hematopoietic stem cell transplantation (allo-

HSCT) represents the unique resolutive treatment for patients with high risk of AML evolution; however, only 

a small part of them can afford it due to the old age and high treatment-related morbidity and mortality (Li 

et al., 2022). Thus, the medical treatment of higher-risk MDS patients ineligible for transplantation is actually 

dominated by monotherapy with hypomethylating agents azacytidine (AZA) or decitabine (DAC). 

Unfortunately, about half of the patients do not have a hematological response (Fenaux et al., 2009) and the 

survival benefits are in the order of few months since the treatment does not eliminate the founder clone 

which continue to drive clonal hematopoiesis and leads to disease relapse in around 40% of patients (Nannya 

et al., 2023; Prébet et al., 2011; Schnegg-Kaufmann et al., 2023; Unnikrishnan et al., 2017). 

Despite IPSS-M, compared to IPSS-R, showed increased capacity of patient stratification and superior 

prognostic power thanks to the integration of genomic mutations information for risk score calculation, it 

still fails to reliably predict treatment response, especially to HMAs (Blum et al., 2016; Sauta et al., 2022; 

Zeidan et al., 2016).  

It is well established that immune dysregulation plays a major role in MDS pathogenesis and progression 

(Barakos and Hatzimichael, 2022; Sallman et al., 2019). In particular, earlier phases of the disease are 

associated with excessive inflammation and activation of the innate immune system that leads to massive 

apoptosis of stem/progenitor cells within bone marrow and autoimmune manifestations (Barreyro et al., 

2018), while advanced stages are characterized by immune suppression and impaired response of both 

innate and adaptive branches of immunity, that favor tumor outgrowth (Barakos et al., 2022). Despite all the 

studies linking immune cell functions to MDS pathogenesis, severity and progression, information about the 

immune status (the so-called “immunome”) of the patients are currently omitted from MDS classification 

and risk stratification since there is still no widely accepted method for evaluating the patient’s immune 

composition, and heterogeneity in immune status evaluation often leads to controversial results. Moreover, 

even if it is known that hypomethylating agents exert an important immunomodulatory effect (Lindblad et 

al., 2017), there are not standard ways for monitoring the immune response in treated MDS patients, and 

more in general it does not exist any prognostic marker for predicting the response to HMA therapy. 

The aim of my PhD project was to perform a multi-omic analysis to characterize the immune features of a 

large cohort of MDS patients, taking advantage of high-dimensional flow cytometry integrated with RNA 

sequencing, DNA mutations and clinical information, in order to investigate the immune pathways that are 

dysregulated during MDS progression and upon treatment with HMAs. 

We believe that the addition of comprehensive immunologic data to prognostic models could, similar to 

mutational data for IPSS-M, further help to refine risk stratification across lower- and higher-risk MDS and 

improve patient’s classification. Moreover, immune signatures could help monitoring and predicting the 

response to HMA treatment, as well as identifying immune evasion mechanisms that could be targeted with 

more specific therapies.  
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Introduction 

Myelodysplastic syndromes (MDS) are a heterogeneous group of myeloid neoplasms with an increased risk 
of progression to acute myeloid leukemia (AML), characterized by ineffective hematopoiesis, peripheral 
cytopenia, genetic instability and chromosomal abnormalities [1-2]. Given the high heterogeneity of MDS, 
several classifications and prognostic score systems have been introduced to identify the biological subset of 
the disease or the prognosis of the patients. In particular, the World Health Organization (WHO)2016, 
WHO2022 and International Consensus Classification (ICC)2022 represent the main MDS classifications to 
distinguish different disease subtypes, while International Prognostic Scoring System (IPSS) Revised (-R) and 
the more recent IPSS Molecular (-M) are used to define the prognosis of the patients, in terms of disease 
progression and survival [3]. 

MDS pathogenesis is a complex multi-step process which can develop over many years and consists in the 
outgrowth and spread of a malignant hematopoietic stem cell (HSC) clone who becomes dominant in the 
bone marrow niche. It is actually known that this clonal expansion is the result of a complex interplay 
between genetic mutations, epigenetic alterations, a corrupted bone marrow microenvironment and 
immune system dysfunctions [4-7]. 

Of note, the immune profile of MDS patients dynamically changes along disease progression. Indeed, an 
aberrant and chronic innate immune signaling hyperactivation at a stem cell level initially set the background 
for MDS development, favoring myeloid skewing and genetic instability. Then, in the advanced stages of the 
disease, the immune contexture shifts towards an immunosuppressive environment that favor immune 
evasion and expansion of malignant blasts [8-12].   

With the advent of high dimensional flow cytometry, that to date allows to simultaneously detect up to 50 
different parameters at a single cell level, many studies have been done with the aim of characterizing  both 
innate and adaptive immune compartments in MDS patients; however, the use of different clinical 
classifications for the stratification of data, the involvement of distinct patients cohorts and technical 
discrepancies (such as the differences in included markers, panel design and gating strategies) often leads to 
controversial results.  

Nowadays, the use of hypomethylating agents (HMAs), azacytidine or decitabine, represents the only 
treatment in MDS patients with a higher risk of AML evolution who are ineligible for transplantation [13-14], 
and no alternative therapies are currently available in case of HMA failure [15-16]. Moreover, HMAs are not 
curative since they do not completely eliminate the founder clone [17-18], and only half of the patients have a 
hematologic response [19]. Despite the revised international prognostic scoring system (IPSS-R) and the more 
recent IPSS-Molecular (IPSS-M) are reliable tools to estimate the overall survival (OS) and the risk of leukemic 
transformation, they ineffectively predict response to therapies [20-22]. 

Here, we perform a comprehensive analysis of the immunologic landscape in 154 MDS and AML post MDS 

patients, investigating T lymphocytes, NK and myeloid cells firstly with a classical approach of manual gating, 

and then implementing an unsupervised pipeline for immune cells subsets analysis and the identification of 

groups of patients characterized by a different immune profile. We show that these groups possess prognostic 

power and present peculiar transcriptomic profiles of the MDS blasts and we propose a decision tree for the 

automatic classification of MDS patients according to their immune signature. Finally, through both manual 

gating and decision tree approach, we demonstrate that the response to HMA treatment correlates with the 

patient’s immune context, before and after the therapy.  
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Altogether, these data further support the need of adding, to the existing scoring systems, the immune status 

of the patient, not only to better assess his prognosis but also to predict those individuals that will response 

to the HMA therapy, while evaluating different therapeutic options for the other, paving the way for a 

personalized management of the MDS patient. 

 

Material and methods 

Patient recruitment and sample collection 

This study has been approved by the Institutional Review Boards of the Clinical and Research Institute 

Humanitas (Approval number 2175, AIRC IG 2018 Rif. 22053). All subjects enrolled in the study signed a 

written informed consent form in accordance with the Declaration of Helsinki. A total of 191 patients affected 

by hematological diseases, including MDS, sAML and ICUS were recruited at the Leukemia and Myelodysplasia 

Unit, IRCCS Humanitas Research Hospital, Rozzano, Milan, Italy. Table 1 summarizes patient’s characteristics. 

Bone marrow (BM) and peripheral blood (PB) samples were withdrawn, by using EDTA as anticoagulant, from 

patients at the time of diagnosis and during the follow-up (every 4 months for patients receiving HMA 

treatment and every year for the others). In collaboration with the Orthopedics Hip and Prosthesis Unit, IRCCS 

Humanitas Research Hospital, Rozzano, Milan, Italy, we also collected BM and PB samples from 21 healthy 

sex and age matched individuals undergoing total hip replacement interventions. BM mononuclear cells 

(BMNCs) and PB mononuclear cells (PBMCs) were isolated by density gradient separation with Lympholyte®-

H Cell Separation Media (Cedarlane corporation, Burlington, USA) according to manufacturer’s instructions, 

frozen in fetal bovine serum (FBS) (Lonza, Basel, Switzerland) containing 10% Dimethyl Sulfoxide (DMSO) 

(Sigma Aldrich, St. Louis, Missouri, USA) and cryopreserved in liquid nitrogen. A total of 483 different 

timepoints were analyzed, 283 BM samples and 200 PB samples.  

Flow cytometry 

To minimize technical variability, flow cytometry experiments were performed in batches on frozen cells. 
BMMNCs and PBMCs were thawed in Roswell Park Memorial Institute-1640 (RPMI, Lonza) supplemented 
with 10% FBS, 1% penicillin-streptomycin (Invitrogen, Paisley, UK) and 1% L-glutamine (Lonza) containing 
benzonase nuclease (Sigma-Aldrich) and UltraPure EDTA (Invitrogen). After Live/Dead staining for 15 minutes 
at room temperature (RT) in the dark with Zombie Aqua™ Fixable viability Kit (Biolegend, San Diego, 
California, USA), cells were split in three different tubes and stained 30 minutes at 4°C in the dark with 
different mixes of fluorescent-conjugated monoclonal antibodies (mAbs), respectively specific for NK cells, 
Myeloid cells or T cells surface markers. All mAbs are listed in the Supplementary table 1. Every antibody lot 
was previously titrated on human PBMCs and used at the concentration giving the highest signal-to-noise 
ratio over background [23]. After extracellular mAbs staining, cells were washed with 2 mL of FACS buffer (PBS 
+ 2%FBS) and, only for T cells panel, intracellular staining was performed using Foxp3/Transcription Factor 
set (eBioscience™, Thermo Fisher Scientific Inc, Massachusetts, USA), according to manufacturer’s 
instructions. Cells stained with NK and Myeloid panels were fixed in PFA 1% for 10 minutes at RT and washed 
with FACS buffer. Samples were acquired at BD FACSymphonyTM A5 flow cytometer (San Jose, California, 
USA) and Flow Cytometry Standard (FCS) 3.0 files were analyzed using FlowJo software (version 10.9, 
TreeStar). The gating strategy to identify T, NK and myeloid cells is shown in Supplementary Figures 1, 2 and 
3. 

High-dimensional flow cytometry data analysis with Phenograph  

Following the removal of debris, doublets, and dead cells, NK, CD4+ and CD8+ T cells were selected and 

exported from each BM sample using Flowjo, in comma separated value (CSV) files to be further analyzed in 

an unsupervised manner. Firstly, to have an equal contribution of cells from each sample, a downsample has 

been applied. In particular, the maximum number of cells per sample has been set at 5000 for CD4+ and CD8+ 
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T cells, and 1000 for CD56+ NK cells. Then, downsampled CSV files were corrected for the batch effect 

exploiting the cyCombine tool using the control samples acquired in each experimental session as reference 

for correction [24]. In the supplementary figures is possible to see the cell clusters before and after batch 

correction. After the correction, CSV files were analyzed in Python (version 3.7.3) using the pipeline of 

PhenoGraph with the seed fixed as unsupervised method for clustering [25]. Physical and time parameters, 

viability dye and lineage markers were excluded from clustering and the K-value, indicating the number of 

nearest neighbors identified in the first iteration of the algorithm, was set at 300. PhenoGraph clusters were 

visualized using Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) algorithm. 

Different types of files were exported when the analysis finished: these include a .txt file containing the 

frequency of each PhenoGraph cluster in every sample, 1 CSV file per cluster containing all cells belonging to 

it, and 1 CSV files per each sample with the UMAP coordinates of all its cells and the PhenoGraph cluster 

information. Clusters representing less than 5% were excluded from the analysis and, to avoid sample-specific 

clusters thus not representative of the cohort, the sample composition of all clusters was checked. The CSV 

corresponding to the selected clusters were re-imported in FlowJo and for each of them, the frequency and 

the median fluorescence intensity (MFI) of positive cells for each marker were extracted and visualized in a 

heatmap. Moreover, these two values were used to visualize the phenotypic characteristics of the clusters 

through the creation of bubble plots, where the bubble diameters represent the frequency of positive cells 

and the bubble color intensity represents the MFI.  

CD34+ Isolation from bone marrow, RNA extraction and library preparation 

CD34+ cells were selected using the MACS CD34 microbead kit on autoMACS (Miltenyi Biotech Inc, San Diego, 

CA). A purity of >96% CD34+ cells after isolation was confirmed by flow cytometry. RNA was isolated through 

RNeasy Micro kit (Qiagen) according to manifacturer's protocol. RNA quality control was performed with the 

Agilent 2200 Tape Station system, and only RNAs having a RIN >7 were used for library preparation. Libraries 

for mRNA sequencing were prepared starting from 50 ng of total RNA for each sample by using the SMART-

Seq v4 Ultra Low Input RNA Kit (Clontech-Takara). All samples were sequenced at an average of 20 million 75-

bp single-end reads with Novaseq 2000. 

Features selection and decision tree development 

To identify the most relevant immunological features for the assignment to HDBSCAN groups we performed 

a Recursive Feature Elimination (RFE), a feature selection method – based on random forest approach - that 

allows to identify the most relevant features in predicting the target variable in a specific dataset (in our case, 

the target is to be assigned to one group over another). The method recursively removes, one by one, the 

weakest features until only the essential ones for the group’s assignment are left, and in this way, it eliminates 

dependencies and redundancies that may exist in the model. After identifying the most important features 

for the assignment to each HDBSCAN groups, the model also creates a decision tree with the selected 

features. SHapley Additive exPlanations (SHAP) was then questioned to evaluate the importance of each 

selected feature for every cluster.  
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Table 1. List of patients included in the study classified according to (from top to bottom) WHO 2016, 

WHO 2022, ICC 2022, IPSS-R and IPSS-M criteria. 
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Results 

IPSS-R and IPSS-M risk categories do not correspond to a specific immune status of MDS patients 

To conduct a first explorative evaluation of the immune cell composition in different MDS stages, we 

performed a manual gating on the main T, NK and Myeloid cells subpopulations and we visualized their 

frequencies across MDS categories by stratifying patients according to WHO 2016, WHO 2022, ICC 2022, IPSS-

R and IPSS-M criteria.  

T cells were identified as CD3+ viable lymphocytes and, according to the expression of CD4 or CD8, helper and 

cytotoxic T cell populations were respectively identified (Supplementary figure 1A). According to the 

expression of CD45RO, CCR7, CD127, CD95 and CD25, Naïve, Central memory (Tcm), Effector memory (Tem) 

and Regulatory T cells (Tregs) were identified among CD4+ T cells, whereas within CD8+ T cells, Naïve, 

Terminal effectors (Temra) and Cytotoxic T cells were identified according to the expression of CD45RO, CCR7, 

CD127, CD95, CD28, GrzB and GrzK. Immune checkpoint expression was also evaluated on CD8+ Tcells 

(Supplementary figure 1B-C).  

Among NK cells, less differentiated and cytokine producer CD56bright and the more differentiated and cytotoxic 

CD56dim subsets were identified according to the expression of CD56 and CD16 (Supplementary figure 2). The 

expression of several NK cell receptors (NKp30, NKp46, NKG2A/CD94, NKG2C/CD94, CD158b1b2j), markers of 

differentiation (CD57), residency/activation (CD69) and inhibition (PD1) was also evaluated. 

Within myeloid compartment, we investigated different subsets of monocytes (CD14+ CD16- classical 

monocytes, CD14+ CD16+ intermediate monocytes, CD14- CD16+ nonclassical monocytes and the recently 

described CD14+HLA-DRlow), classical dendritic cells (DCs) and the two classes of myeloid-derived suppressor 

cells, the monocytic (M-MDSCs) and the granulocytic/polymorphonuclear (PMN-MDSCs) (Supplementary 

figure 3).  

To focus on the immunological changes along the natural course of MDS, we started by analyzing only BM 

samples collected at diagnosis or evolution, before any treatment with HMAs. Immune cell population 

frequencies and phenotype for T, NK and myeloid cells are respectively reported in the main figures 1, 2 and 

3 using the ICC 2022 classification, whereas the comparison between all the classification systems for each 

immune population is reported in supplementary figures 4, 5 and 6 as indicated. 

Total CD3+ T cell frequency was decreased in AML post MDS compared to HC and MDS patients in all 

classifications and also in SF3B1mut MDS (WHO 2022, ICC 2022) or MDS with Ring Sideroblast (MDS-RS) in 

WHO 2016 compared to other MDS categories (Figure 1A, Supplementary figure 4A). However, with IPSS-R 

and IPSS-M these differences among MDS patients were no more observable, probably because 

SF3B1mut/MDS-RS patients are split across very low/low/mid-low risk categories (Supplementary figure 4A). 

MDS-RS/SF3B1mut MDS patients were also marked by the decreased frequency of CD4 Naïve and CD8 terminal 

effectors and an increased frequency of CD4+ central memory, CD8+ effector memory, CD8+ cytotoxic and CD8+ 

expressing the checkpoint inhibitors PD1+ TIGIT+ (Figure 1 B-F, Supplementary figure 4 B, D, E-H). As before, 

IPSS-R and IPSS-M were not able to reproduce all these features. In WHO 2016, WHO 2022 and ICC 2022, 

Tregs showed a wave trend, increasing in ICUS/CCUS compared to HC, decreasing in SF3B1mut/MDS-RS and 

significantly increasing again in MDS EB/IB, MDS/AML, MDS TP53mut and AML post MDS (Figure 1G, 

Supplementary figure 4C). This increase was also observable in intermediate, high-risk and very-high risk IPSS-

R categories and in very-high risk IPSS-M category. CD8+ terminal effectors cells were increased in all disease 

categories, except in MDS-RS/SF3B1mut MDS, compared to HC, while CD8+ Naïve T cells were instead 

decreased (Figure 1D and Supplementary figure 4I). TIM3+ CD8+ T cells were significantly increased in 
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ICUS/CCUS, AML post MDS and TP53mut MDS compared to HC and in high-risk and very-high risk MDS 

compared to low and very-low MDS in IPSS-R and IPSS-M (Figure 1I and Supplementary figure 4L).  
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Focusing on NK cells, the total frequency of NK was decreased in MDS/AML and in AML post MDS categories 

in WHO 2016, WHO 2022 and ICC 2022 (Figure 2A). Within these classifications, less differentiated CD56bright 

NK cells were increased in SF3B1mut/MDS-RS, MDS EB/IB and MDS/AML at the expense of more differentiated 

CD56dim NK cells, that were instead decreased (Figure 2B-C). As for T cells, IPSS-M and IPSS-R poorly captured 

such features, only showing a decrease of NK in high IPSS-M risk category, and an increase of CD56bright 

counterbalanced by a decrease of CD56dim NK cells in very high IPSS-M group (Supplementary Figure 5A-C). 

Moreover, looking at the phenotype of NK cells, patients classified as EB, MDS/AML, TP53mut MDS and AML 

post MDS, showed a decreased expression of CD69, a marker involved in activation/homing, NCRs (NKp30 

and NKp46) involved in target recognition, NKG2A essential for NK cell licensing and a higher expression of 

the checkpoint inhibitor PD1 (Figure 1D-H). 

Figure 1. T cells subpopulations frequencies on bone marrow samples collected at diagnosis or at disease 

evolution, before HMA treatment. The bar graphs show the frequency of a specific T cell subpopulation 

(indicated on the Y axis) across the ICC2022 disease categories. Mann Whitney U test was used to compare groups 

and significance was set at a P value less than .05. 
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Figure 2. NK cells subpopulations frequencies on bone marrow samples collected at diagnosis or at disease 

evolution, before HMA treatment. The bar graphs show the frequency of a specific NK cell subpopulation 

(indicated on the Y axis) across the ICC2022 disease categories. Mann Whitney U test was used to compare groups 

and significance was set at a P value less than .05. 
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Moving to myeloid compartment, classical monocytes frequency decreased in MDS EB/IB, MDS/AML, MDS 

TP53mut and AML post MDS (Figure 3A, Supplementary Figure 6A). This decrease was also observable in very 

high IPSS-R and IPSS-M risk categories (Supplementary Figure 6A). By contrast, dendritic cells displayed an 

opposite trend, increasing in MDS EB/IB, MDS/AML, MDS TP53mut and AML post MDS (Figure 3E, 

Supplementary Figure 6E). DCs significantly increased only in high-risk IPSS-R category, while showed a not 

significant increasing trend in very-high IPSS-M categories (Supplementary Figure 6E). Intermediate 

monocytes (iMono) were risen in MDS/AML, MDS TP53mut and AML post MDS in WHO 2016, WHO2022 and 

ICC 2022 classification and in very-high risk IPSS-R category (Figure 3B, Supplementary Figure 6B). Nonclassical 

Monocytes (ncMono) were instead decreased in all disease groups compared to HC except for MDS EB/IB, 

MDS/AML, MDS TP53mut and AML post MDS, and showed higher frequency in IPSS-R very high and IPSS-M 

high and very high categories (Figure 3C, Supplementary Figure 6C). Monocytes with low expression of HLA-

II molecules (HLA-DRlow mono) were uniquely increased in SF3B1mut/MDS-RS, in MDS+AML mutated for TP53 

gene (Figure 3D, Supplementary Figure 6D). In the end, immunosuppressive PMN-MDSCs showed higher 

frequency in MDS EB, MDS TP53mut, AML post MDS and high-risk IPSS-R, while M-MDSCs were increased in 

SF3B1mut/MDS-RS, MDS+AML TP53mut classes and low-risk category in both IPSS-R and IPSS-M (Figure 3F-G, 

Supplementary Figure 6F-G). 
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Figure 3. Myeloid cells subpopulations frequencies on bone marrow samples collected at diagnosis 

or at disease evolution, before HMA treatment. The bar graphs show the frequency of a specific 

Myeloid subpopulation (indicated on the Y axis) across the ICC2022 disease categories. Mann Whitney 

U test was used to compare groups and significance was set at a P value less than .05. 
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Peripheral blood recapitulates most of the bone marrow immunological features 

We then evaluated whether PB can reflect the alterations of the immune microenvironment observed in the 

BM. To do so we performed the same analysis on PB samples collected at the time of diagnosis together with 

BM. 

PB samples were able to recapitulate great part of T cells features such as the decrease of CD3+ T cells in AML 

and naïve CD8 T cells in all disease stages compared to HC, the increase of TIM3+ T cells in ICUS/CCUS, AML 

post MDS and TP53mut MDS, and all the SF3B1mut/MDS-RS peculiarities previously mentioned (Supplementary 

figure 7A-L). Tregs were significantly increased only in AML and ICUS/CCUS samples but not in MDS EB/IB and 

high-risk categories (Supplementary figure 7C).  

In peripheral blood it was possible to observe the decrease of total NK cell frequency in MDS with EB/IB, 

MDS/AML and AML post MDS (Supplementary Figure 8A). PB samples were also able to recapitulate the 

altered balance between CD56bright and CD56dim in SF3B1mut/MDS-RS, EB/IB and in AML post MDS 

(Supplementary Figure 8B,C). The altered NK cell phenotype, in terms of NCR, NKG2A, CD69 and PD1 

expression remained detectable too in PB of MDS EB/IB, MDS/AML, TP53mut MDS and AML. 

Also in myeloid compartment, PB reflected most of the BM features such as the decrease of monocytes in 

MDS EB/IB, MDS/AML and AML post MDS accompanied with dendritic cells increase, and the increased 

frequency of HLA-DRlow monocytes in SF3B1mut/MDS-RS and MDS and AML TP53mut (Supplementary Figure 

9A, D-E). PB recapitulated also iMono and ncMono observed in bone marrow (Supplementary Figure 9B-C). 

However, both PMN-MDSCs and M-MDSCs were not detectable.  

Some immune cell subpopulations follow HMA treatment response and are correlated with patient’s 

survival 

Subsequently, we evaluated the variations of all immune subpopulations before and after the treatment with 

HMA, stratifying patients according to the clinical response in order to understand the effect of the therapy 

on immune cell subpopulations and to find putative predictive signatures. In particular, MDS patients were 

divided in complete remissions (CR), stable diseases (SD) and AML evolutions, whereas for AML patients we 

separated complete remissions from non-responses (NR) or AML relapses. 

Focusing on T cell compartment, the frequency of total CD3+, Tregs and Central memory followed the clinical 

response to HMA treatment in both BM and PB compartments. In particular, CD3+ T lymphocytes and CD4+ 

central memory T cells increased in MDS and AML with CR and decreased in AML evolutions, non-responses 

and relapses compared to pre-treatment samples (Figure 4A-B and Supplementary figure 10A-B). By contrast, 

Tregs decreased in MDS and AML CR and in MDS SD, while increased in AML evolution, NR and relapse cases 

(Figure 4C and Supplementary figure 10C). 

Also the longitudinal analysis, comparing BM pre-treatment and post-treatment samples of each patient, 

showed that Tregs faithfully followed treatment response, with an increasing trend in relapse, progression or 

non-response cases, a stable rate in stable disease timepoints and a decreased frequency in CR and long CR 

timepoints (Figure 4D). Similar results were observed following Tregs frequencies in longitudinal PB samples 

(Supplementary Figure 10F). CD3+ frequencies in sequential samples from single patients showed too a 

coherent trend with the treatment response in both BM and PB compartments (data not shown). 

We thus wondered if the rate of Tregs and CD3+ at diagnosis were related to prognosis of the patients. Thus, 

the median value of CD3 and Tregs frequencies were calculated on all MDS pre-HMA bone marrow samples 

and patients were divided in lower or higher frequencies than each cell median value. We found that the 

median value of Tregs (= 6.5% on CD4+ T cells), but not the one of CD3, significantly divided patients according 
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to overall survival (OS), where patients with a higher frequency displayed a worse prognosis (p<0.05, Figure 

4E). However, this result was not reproducible in PB compartment (Supplementary figure 10G). 

NK cells did not show any significant change upon treatment with hypomethylating agents in high-risk MDS 

bone marrow and peripheral blood samples, while AML post-HMA with CR showed an increased NK frequency 

compared to the pre-HMA timepoints in both BM and PB compartments (Figure 4F and Supplementary figure 

10F). NK cell frequency also significantly decreased in bone marrow samples of patients who experienced a 

post-HMA AML evolution and relapse. We thus calculated the NK frequency median value on both PB and 

BM MDS samples and, only in peripheral blood, the NK median frequency (=6.5% on lymphocytes) 

significantly stratified patients for their OS (*p>0.05, Supplementary Figure 10I). 

Inside Myeloid compartment, classical monocytes and dendritic cells exhibited peculiar behaviors in BM 

following HMA treatment; in particular, monocytes increased in AML patients with CR compared to the pre-

treatment samples and decreased in the other cases (Figure 4F), whereas DCs displayed instead the opposite 

trend (Figure 4G). These results were reproducible in PB (Supplementary Figure 10D-E) Also in this case, we 

determined the median frequency of both populations in the BM and we found that only the median 

frequency value of monocytes at diagnosis (=21.9% on CD33+ myeloid cells) was significantly correlated with 

prognosis and patients with higher frequency of monocytes showed a better survival compared to those with 

lower frequency (Figure 4H). As for Tregs, also the frequency of monocytes in PB did not significantly divided 

patients according to OS, even if a trend is visible (Supplementary Figure 10H). 
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Unsupervised clustering of MDS patients based on T and NK cells features identified different 

immunologically characterized groups with prognostic power 

To gain more insight in the high complexity of T and NK cell panels, we decided to proceed with a 

multidimensional analysis of all BM samples (both at diagnosis and post-HMAs) using the unsupervised 

Phenograph clustering algorithm. We tested different values of k-nearest neighbors (K) for their capacity to 

identify different numbers of non-redundant cell subpopulations possessing a phenotype in accordance with 

biological knowledge. We selected a K = 300 as the best value for identifying CD4, CD8 and NK cells 

subpopulations. With this K value, Phenograph identified 13 CD4+ T, 12 CD8+ T and 11 NK cell clusters 

(Supplemenrary Figures 11-13). CD4+ clusters number 11 and 12 and NK cluster 10 were excluded because 

with a frequency <5%, whereas for all the others we proceeded with cluster annotation according to marker 

expression, as described in the material and methods section. Phenograph algorithm was able to recognize 

the main T and NK subpopulations identified with manual gating, plus additional ones. 

Within NK cell compartment, Phenograph algorithm was able to recapitulate NK cell differentiation. In 

particular, it identified three clusters of less differentiated resident CD56bright, three clusters of maturing 

CD56dim expressing NKG2A, two clusters of mature NKG2A-CD57- CD56dim and two clusters of terminally 

differentiated CD57+ CD56dim NK cells, with or without the expression of NCRs, NKG2C and KIR receptors 

(Figure 5A). 

Among CD4+ T cells, Phenograph identified one cluster of T stem cell memory (Tscm), one cluster of Tissue 

Resident Memory (Trm), two clusters of Naïve T cells with different CD127 expression, one Tregs and one 

Terminal effector cluster, two clusters of Central memory and three clusters of effector memory with different 

expression of PD1 (Figure 5B). Inside CD8+ T cells were identified three different Terminal effector and Effector 

memory subpopulations, and one cluster each of Mucosal-associated invariant T cells (MAIT), Naïve, NKG2A+, 

Effector/Antigen-activated, Exhausted and Granzyme B-K double positive T cells (Figure 5C).  

Importantly, both the frequencies and trends of the main cell populations identified with manual gating were 

reproducible by the correspondent Phenograph clusters, thus validating the results and the assigned 

biological interpretation (Supplementary Figure 14). 

 

 

 

 

  

Figure 4. Pre- and Post-HMAs cell frequencies comparison in bone marrow. A-C) Bar graphs showing the frequency of 

CD3 on lymphocytes, CD4 central memory on total CD4 and Tregs on total CD4, respectively, in the bone marrow of 

High-risk and AML post MDS patients before and after the treatment with HMAs. The post-treatment samples are 

stratified according to clinical response.  D) Tregs frequencies measured along longitudinal samples (pre- and post-

HMA). Each line represents a patient and each dot a specific timepoint. E) Kaplan-Meier showing the OS of patients 

divided for higher or lower %Tregs than the median Treg frequency value calculated on MDS bone marrow samples at 

diagnosis (median = 6.5). *p<0.05. F-G) Bar graphs depicting the frequency of classical Monocytes and dendritic cells on 

total myeloid cells (CD33+), in the bone marrow of High-risk and AML post MDS patients before and after the treatment 

with HMAs. H) Kaplan-Meier showing the OS of patients divided for higher or lower %Monocytes than the median 

monocytes frequency value calculated on MDS bone marrow samples at diagnosis (median = 22). **p<0.01. For all bar 

graphs, Mann Whitney U test was used to compare groups and significance was set at a P value less than .05. For 

Kaplan-Meier curves, log-rank test was performed to assess statistical significance. 



104 
 

  

Figure 5. NK, CD4 and CD8 Phenograph clusters annotation. The Phenograph analysis on A) NK cells B) CD4+ T cells and 

C) CD8+ T cells is shown. For each cell compartment, all clusters are reported in UMAP data reduction (on the left), and 

their biological interpretation is shown in bubble plots (on the right) with hierarchical metaclustering to show clusters 

with similar immunophenotypes. 

A) NK Phenograph clusters 

B) CD4+ T cells Phenograph clusters 

C) CD8+ T cells Phenograph clusters 
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Given these premises, we wonder if starting with the immunologic signature of patients from our cohort, we 

were able to identify different groups characterized by similar immunological dysfunction and clinical 

features. To do so, after creating a matrix with all NK, CD4 and CD8 Phenograph cluster frequencies, we 

analyzed it performing an unsupervised clustering of all pre-HMAs BM samples (excluding ICUS/CCUS and HC) 

through Hierarchical Density-Based Spatial Clustering of Applications with Noise (HDBSCAN). The algorithm 

identified seven groups of patients marked by similar CD4, CD8 and NK cell Phenograph cluster frequencies 

(Supplementary Figure 15A): group -1 (composed by 10 patients), group 0 (n=25), group 1 (n=20), group 2 

(n=26), group 3(n=19), group 4 (n=10), group 5 (n=24). Group -1 included all the samples not assigned to any 

of the other groups and thus was excluded from the analysis. For any other group we proceeded with deeper 

investigation of the immunological features by extracting the average frequencies of each CD4, CD8 and NK 

cells cluster (Supplementary Figure 15B-G) and their expression of functional and inhibitory markers 

(Supplementary Figure 16A-C).  

To dissect the immune features of each HDBSCAN group, the frequencies of similar CD4, CD8 or NK 

Phenograph clusters in every patient were merged by arithmetic sum and the average frequency of immune 

subpopulations of all patients in the same group was calculated. In particular, for T cells, we merged CD4 

Naïve clusters 0 and 3, CD4 Central memory clusters 2 and 9, CD4 effector memory clusters 1, 4 and 6, CD8 

terminal effectors clusters 0, 3 and 8, CD8 effector memory clusters 2, 5 and 8. For NK cells, we merged 

NKG2A+ CD56dim clusters 1, 7 and 9, NKG2A- CD57- CD56dim clusters 0 and 3, and terminally differentiated 

CD57+ CD56dim clusters 4 and 5. 

The overall immune panorama of each patient group is summarized in Figure 6A, while the statistics of each 

immune cell subpopulation for every HDBSCAN group is reported in Supplementary Figure 17. HDBSCAN 

group 0 was characterized by high frequency of CD4 and CD8 terminal effectors at the expense of Naïve T 

cells, high Tregs but low T exhausted. Terminally differentiated NK cells with high expression of PD-1, NKG2C 

and CD8a were enriched, while mature CD56dim NK were decreased and showed low NCR expression. We thus 

decided to rename the group as “Activated T and NK cells, but immunosuppressed”. Group 1 showed even 

worse impaired immune environment, with high CD4 and CD8 terminal effector T cell, low Naïve, high Tregs 

and CD8 GRZB/K double positive T cells and very high T exhausted. Also NK cell compartment was severely 

compromised, characterized by elevated frequency of less differentiated CD56bright NK at the expense of 

mature CD56dim and terminally differentiated NK, which also expressed low NCRs and NKG2C. This group was 

then renamed “Exhausted and immunosuppressed”. Group number 2 was instead characterized by high 

frequency of CD4 and CD8 Naïve T cells at the expense of terminally differentiated ones, low Tregs, high MAIT, 

high less differentiated CD56bright NK at the expense of terminally differentiated NK, indicating an immune 

environment similar to healthy condition, and thus we named it “Naïve”. HDBSCAN group 3 was mostly 

enriched in CD4 and CD8 central and effector memory T cells, with low Naïve and terminal effector T cells but 

high antigen-activated, indicative of an activated and functional immune system with an expanded memory 

compartment. NK cells were characterized by high frequency of CD56bright NK and maturing CD56dim expressing 

NKG2A. This group was renamed as “Memory and activated”. In the end, groups 4 and 5 were observed to be 

very similar, both characterized by mid-high levels of CD4 and CD8 Naïve, high CD8 effector memory and 

terminal effector T cells, very low antigen-activated and MAIT. NK cells showed a terminally differentiated 

phenotype with high PD1, CD8a and NKG2C at the expense of mature CD56dim NK, which expressed low levels 

of NCRs. We thus decided to consider these two groups as unique one, characterized by less differentiated 

and inactivated T cells and dysfunctional terminally differentiated NK cells and we called it “Not activated”. 

Interestingly, OS reflected the immune status of the groups (Figure 6A, Kaplan-Meier curve on the right of 

each group): this was even more evident in all OS curves together (Figure 6B), where is possible to see that 

the “exhausted and immunosuppressed” group shows the worse outcome, followed by the “activated 

immunosuppressed” and the “not activated” ones, while the other two groups, characterized by a functional 
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or healthy-similar immune system, display a good prognosis. Moreover, the three dysfunctional groups also 

comprise most of the disease evolution events, in particular group 1 (Supplementary Figure 18A). 
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Using a univariate cox proportional hazards model, we found that the “Activated immunosuppressed”, 

“Exhausted Immunosuppressed” and “Not activated” groups possess a significantly higher risk of death than 

Naïve group (*p<0.05, **p<0.01, *p<0.05), confirming what observed with Kaplan-Meier curves 

Supplementary Figure 18B). We did the same type of analysis also considering the single CD4, CD8 and NK 

cell subpopulations and we observed that the cells clusters enriched in HDB groups 0, 1 and 4+5 were mostly 

assigned to a higher hazard ratio compared to cell clusters enriched in HDB groups 2 and 3 (Supplementary 

Figure 18 C-E).  

We subsequently checked how patients were re-stratified in those immune groups from their original 

WHO2022 class, ICC2022 class, IPSS-M or IPSS-R risk category (Figure 6 C-D, Supplementary Figure 18 F-G). 

Great part of the AML post MDS fell in the “not activated” group while the rest was mostly distributed in the 

“exhausted immunosuppressed” and in the “activated immunosuppressed”, and only a small part in the 

“Naïve” and “Memory and Activated” ones. Half of MDS biTP53 was relocated in the “exhausted and 

immunosuppressed” class and the other half in the “activated but immunosuppressed”, confirming the high 

grade of immune dysfunction and suppression associated to TP53 mutations described in literature [26-28]. 

MDS IB1/2 for WHO22 and MDS EB for ICC22 showed two major branches: one converging to the “not 

activated” group and one to the “activated but immunosuppressed”. MDS/AML in ICC22 were mostly 

relocated to “Not Activated” group, underlining their similarity with AML. MDS SF3B1mut mostly fell in the 

“Memory and activated” group, while MDS-LB for WHO22 and MDS NOS SLD/MLD for ICC22 were in great 

part connected to the “Naïve” group.  

For IPSS-M and IPSS-R, high/very high categories were relocated in the three dysfunctional immune groups 

“exhausted and immunosuppressed”, “not activated” and “activated but immunosuppressed”. The majority 

of the Intermediate IPSS-R and mid-low/mid-high IPSS-M categories were partitioned into the “activated 

immunosuppressed” and then equally disseminated between “not activated”, “memory activated” and 

“Naïve”, while only few of them in the “exhausted immunosuppressed”. In the end, half of very-low/low risk 

categories fell in the two immune categories with good prognosis (naïve and memory activated), while the 

other half is distributed between the other three categories with immunological dysfunction and worse 

survival. Taken together, these results demonstrate that immune features characterization represents an 

additional layer providing further prognostic information that can refine MDS classification.  

 

Transcriptome analysis of MDS tumor cells revealed distinct inflammatory signatures associated with 

immunologic groups 

Bulk RNAseq was performed on magnetically sorted CD34+ cells on 86 out of the 124 BM samples included in 

the immune profile analysis done for the identification of the HDBSCAN groups, to further investigate the 

immunological groups looking at their tumor transcriptional profile. 

We started by performing an Upstream Regulator Analysis (URA) with IPA (Figure 7A), a tool able to estimate 

the presence or absence, within the microenvironment, of several molecules and factors (the so-called 

“upstream regulators”) that could be responsible for the observed gene expression changes, based on what 

has been experimentally observed in literature [29]. This analysis revealed an increased inflammatory niche in 

Figure 6. Immune features of HDBSCAN groups and correlations with clinical parameters and current classifications. 

A) Bar graph depicting the average frequency of each CD4, CD8 and NK cell Phenograph cluster in patient’s group 

identified through HDBSCAN algorithm. Groups 4 and 5 were merged for their similarities in immune composition. In the 

box is reported the summary “immune tag” of the group. On the right is shown the Kaplan-Meier curve of patients 

belonging to the specific group.  B) Kaplan-Meier curve of all HDBSCAN groups C-D) Sankey diagrams showing the re-

distribution of patients from their original WHO2022 class or IPSS-M risk category to the immune group. 
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the three immunologically dysfunctional groups, compared to the naïve and memory activated ones, 

characterized by the presence of pro-inflammatory cytokines such as interferon (IFN)γ, tumor necrosis factor 

(TNF), interleukin (IL)-4, IL-5, IFNα and IFNβ. The two groups characterized by immunosuppression were 

specifically enriched also in IL27 (and its subunit EBI3), a cytokine with immunomodulatory properties [30-31], 

and IL15, an anti-apoptotic cytokine important for T and NK activation that have been also shown to promote 

Tregs function [32-33]. By contrast, naïve and memory activated groups were enriched in interleukin-1 receptor 

antagonist protein (IL-1RN), an inhibitor of the pro-inflammatory cytokine IL-1 activity, and Naïve group also 

showed higher presence of Osteopontin (SPP1) and Colony-stimulating factor 1 and 2 (CSF1/2), all factors 

important for bone marrow homeostasis that are secreted in normal conditions. 

Similar results were observed through differential gene expression analysis on inflammatory pathways (Figure 

7B), where the two groups characterized by immunosuppression were enriched in genes involved in 

inflammatory and IFNγ response, while the naïve and memory activated groups did not show any enrichment 

of inflammation-related signatures. The activated and immunosuppressed group showed the highest tumoral 

expression of TNFα/ Nuclear Factor kappa B (NFkB), IL-2/ Signal transducer and activator of transcription 

(STAT)5, IL-6/ Janus kinase (JAK)/STAT3 pathways and was the only enriched in TGFβ signaling. Not activated 

group showed an enrichment of TNFα/NFkB, IL-2/STAT5, IL-6/JAK/STAT3 and IFNα response pathways, but 

not in the inflammatory and IFNγ response ones. 

 
Figure 7. RNAseq data integration. A) IPA analysis showing the predicted molecules and factors enriched in the 

bone marrow microenvironment of the different HDBSCAN groups. B) Heatmap of the differential expressed 

genes (DEGs) involved in inflammatory pathways. 
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Development of a Decision Tree model for the automatic assignment of patients to immune groups and 

assessment of the prognostic value of immune characterization for HMA treatment outcome prediction 

In the end, we aimed to design a decision tree to classify patients across the identified immunological groups. 

We thus performed a Recursive Feature Elimination (RFE) on our T and NK dataset to identify the most 

relevant immunological features for the assignment to each HDBSCAN group. The method selected the 

frequencies of CD4+ naïve, CD8+ terminal effectors, CD4+ effector memory and CD57+ terminally differentiated 

NK cells as the 4 most important features that allow patient allocation, with an accuracy of 75%, to a specific 

group (Figure 8A). We then evaluated the importance of each selected feature for every cluster association 

with SHapley Additive exPlanations (SHAP) (Figure 8B). Both the tree and SHAP value show that the first 

feature to be considered for the assignment to all groups is the frequency of CD4+ Naïve, followed by the 

frequency of CD8+ terminal effectors. Then, the frequency of CD4+ effector memory is important for the 

assignment to HDBSCAN groups 0, 1, 2 and 3, while the frequency of terminally differentiated NK cells is 

relevant just for the assignment between groups 0 and 1.  

We applied the decision tree on all pre-HMAs samples from our cohort, and we confirmed that 72% of 

patients were correctly assigned to group 0, 85% to group 1, 88% to group 2, 90% to group 3 and 76% to 

group 4/5. Interestingly, 80% of healthy controls were assigned to the “Naïve” group, and the residual 20% to 

“Memory activated” one, further confirming the similarity of these groups to a healthy immune system 

(Figure 8C). We applied the decision tree thresholds also on post-HMAs samples, stratifying for response to 

therapy (LONG CR vs LOST CR vs SD vs NR). Complete remissions that were maintained for more than 6 

months from the start of the treatment and until last available follow-up (Long CR, n=11) were composed for 

2/3 of cases from samples classified within the “Naïve” or “Memory activated” group and 1/3 from “Not 

activated” one (Figure 8D). Conversely, complete remissions that were lost before or after 6 months from the 

beginning of HMAs administration (n= 9) presented a dysfunctional immune profile, composed from the three 

immune dysfunctional groups (Figure 8E). More than half of sable diseases samples (n=17) were instead “not 

activated”, followed by “Activated immunosuppressed”, “Naïve” and “Exhausted immunosuppressed” (Figure 

8F). In the end, non-responses samples (n=9) were mostly classified as “Activated immunosuppressed” (44%), 

followed by 33% of “Naïve” or “Memory activated” and 22% of “Exhausted Immunosuppressed” or “Not 

activated” (Figure 8G). In the end, we looked to how immune landscape changed in each patient with 

sequential timepoints (n = 15), comparing immune classification at diagnosis with the one at first evaluation 

post-HMA (after 2-6 cycles of HMAs), according to the decision tree tresholds (Figure 8H). For each patient 

we also checked the therapy outcome at last available follow-up. Interestingly, it was possible to observe that 

the immune group did not change in most of the cases from pre-HMA compared to post-HMA timepoints, 

indicating that HMAs do not profoundly affect the global immune panorama. Patients that displayed an 

“Exhausted immunosuppressed” phenotype in pre-HMA samples became “Activated immunosuppressed” 

after the therapy, showing anyway a failed response. Patients with “not activated” immune classification at 

diagnosis maintained in most of the cases the same immune group also after HMA, with just one of them 

converting to “Activated immunosuppressed” and evolving to AML. Compressively, the “not activated” group 

showed a bad treatment outcome at long follow-up. Naïve and “Memory Activated” displayed a certain grade 

of interchangeability and long response to HMA treatment, with one exception consisting in a SD. 

Taken together, these data indicate that the immune landscape post-HMA does not radically change from the 

pre-HMA status, and this affects the long-term treatment outcome. Thus, immune evaluation at MDS 

diagnosis is important to perform a prediction of therapy response. 
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Discussion 

Myelodysplastic Syndromes are a group of diseases that comprises a wide spectrum of hematological 

disorders with different clinical manifestations and associated mortality risk. Given this heterogeneity, the use 

of classifications and scoring systems is of fundamental importance in order to identify the disease subtype 

and evaluate the patient’s prognosis.  

It is now certain that the immune system plays a major role in the initiation and progression of MDS [34-35]. For 

this reason, including the evaluation of the immune context in the actual risk stratification scores could indeed 

ameliorate their prognostic and predictive ability. Nevertheless, a deep characterization of the immune 

profile and its alterations in MDS patients is still lacking since the disease is highly heterogeneous and there 

are not standard ways for evaluating patient’s immune status [36].  

HMAs represent the first line treatment for MDS patients, however only half of patients respond to HMA and 

responses tend to be transient. Moreover, the identification of patients who will respond to HMAs is 

challenging since mechanisms underlying resistance to HMA are not clear yet. Indeed, the two current risk 

stratification scores, IPSS-R and IPSS-M, reliable predict the chance of leukemic evolution and the overall 

survival on the basis of clinical and cytogenetic parameters and, only in IPSS-M, the presence of specific gene 

mutations, but none of them can predict treatment outcome and neither the WHO and ICC classification can 

identify patients that will respond to the therapy [22;37]. 

In the present study, we assessed the immune profile of a large cohort of MDS patients with focus on T 

lymphocytes, NK and myeloid cells, taking advantage of high-dimensional flow cytometry combined with 

unsupervised methods of analysis and clustering. Immune features were firstly investigated in both BM and 

PB compartments by manual gating, stratifying patients according to WHO 2016, WHO 2022, ICC 2022, IPSS-

R and IPSS-M criteria, to assess the ability of each classification or risk score method to capture differences in 

immune profiles and also the capacity of PB to reflect the BM immune niche.  

Manual gating analysis revealed that WHO and ICC classifications can capture many immune differences 

between disease subtypes, while IPSS-R and IPSS-M risk scores only showed the major ones. This is 

reasonable since the risk stratification scores scope is only to evaluate parameters important for disease 

progression, while WHO and ICC classify MDS also under cytomorphological and genetic aspects, and thus 

are more comprehensive of the biology of the disease.  

In summary, all the stages of the disease were characterized by an expansion of terminal effector T cells at 

the expense of the naïve compartment compared to age-matched healthy controls, indicating a general T cell 

activation and differentiation. MDS with ring sideroblast/SF3B1mut showed an activated and functional T cell 

compartment, with less CD8+ terminal effectors and CD4+ naïve, more CD4+ central memory, CD8+ effector 

memory and cytotoxic CD8+ T cells and the expansion of the cytokine producer CD56bright NK cells. Advanced 

stages of the disease and TP53mut MDS displayed instead a compromised immune environment that favors 

tumor immune evasion and expansion, characterized by the increased presence of immunosuppressive Tregs 

Figure 8. Decision tree model development and immune classification of post-HMA samples. A) Schematic 

representation of the decision tree model based on the four most important features selected by recursive feature 

elimination. B) SHAP analysis result showing the impact of the selected four features for the assignment to each 

HDBSCAN group. C) Pie chart displaying the immune classification of healthy controls samples based on the decision 

tree features. D-G) Pie charts depicting the classification of post-HMA samples divided for type of response (LONG 

CR, LOST CR, SD, NR) based on the decision tree features. H) Sankey plot showing, on the left, the immune group 

assignment of patients with coupled pre- and post-HMA samples at first evaluation (2-6 cycles of therapy). On the 

right is reported the treatment outcome (AML evolution, SD or NR, LOST CR, LONG CR) at last available follow-up. 
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and TIM3 expression on CD8+ T cells, and impaired NK cell tumor immune surveillance due to a defective NK 

cell maturation coupled with a decreased expression of markers related to activation and licensing and the 

increased expression of PD1, confirming what described in literature [38-43]. Classical monocytes and dendritic 

cells were respectively decreased and increased in MDS EB/IB, MDS/AML, TP53mut MDS and AML post MDS, 

indicating enhanced monocytic maturation towards DCs. Those DCs should be further investigated for their 

activity since it has been shown, in cancer settings, that tolerogenic DCs can exert immunomodulatory 

functions and induce the differentiation of Tregs [44-46]. MDSCs have been shown in MDS to contribute 

increasing BM niche immunosuppression thanks to their capacity to recruit Tregs [47] and induce CD8+ T cell 

exhaustion through the expression of TIM3 ligand Galectin-9 [48]. In our cohort we just observed an increasing 

trend of PMN-MDSCs in advanced stages of the disease that was significant only in AML post MDS. The other 

MDSCs class, M-MDSCs, were instead significantly higher in SF3B1mut and TP53mut, the two categories which 

also showed increased frequencies of HLA-DRlow monocytes. Monocytes with low HLA-DR expression are 

often considered as M-MDSCs since they share the same phenotypic markers and are known to possess 

immunoregulatory properties thanks to their low antigen presentation [49-51]. We think that in the case of 

SF3B1mut MDS, the decreased antigen presentation is counterbalanced by a functional T and NK state, while 

in TP53mut MDS it probably contributes to tumor immune evasion.  

To evaluate the effects of HMA therapy on immune profile of MDS patients, we included in the experiments 

also BM and PB samples collected during the follow-up. Here, we showed that CD3+ T lymphocytes, CD4+ 

central memory, Tregs, NK cells, dendritic cells and classical monocytes frequencies in the BM follow the 

treatment response and, in particular, in patients that respond to the therapy the frequencies of these 

populations are partially restored. Moreover, as for pre-HMA samples, PB reflected many of the observed 

trends: we can thus conclude that, in a context of patient’s immune characterization at diagnosis and immune 

monitoring along HMA treatment, bone marrow evaluation is preferable for a deeper and precise cellular 

characterization, but since BM aspiration is an invasive practice that cannot be frequently performed, PB 

represents a valid alternative. We also investigated the prognostic value of the immune populations here 

identified and interestingly, the BM frequency of Tregs and monocytes, and the PB frequency of NK cells at 

diagnosis are correlated with patient’s OS, supporting the idea of a complete evaluation of immunological 

profile of MDS patients at the time of disease diagnosis, in addition to clinical ones, to better assess their 

prognosis. 

However, the data obtained, even if showed the alteration of the immune compartment in MDS niche, 

especially in high grade patients, were still marked by high heterogeneity. Thus, to wriggle out from the limits 

of patients classifications and scoring systems and to identify prognostic and predictive markers in an 

unbiased manner, we deeply analyzed T and NK cells with Phenograph algorithm and patients were classified 

in an unsupervised manner according to their immune features. We found 5 immunological groups with 

different grades of immune dysfunction: two groups were characterized by immunosuppression with different 

marks of exhaustion, one by general T cell inactivation and NK cell impaired activity and two groups with a 

more functional immune system, of which one characterized by the expansion of naïve compartment and the 

other one by memory T cells and activated T and NK cells. Interestingly, each group was characterized by a 

different prognosis and in particular, the grade of T and NK dysfunction was correlated with better or worse 

overall survival, as assessed by Kaplan-Meier curves and cox models. Moreover, we demonstrated for the first 

time that patients initially classified within the same MDS class or IPSS-R/M risk category display, at diagnosis, 

immunological differences that will influence the clinical course of the disease, once again supporting the 

need of integrating information about the patient’s immune status for a better stratification and outcome 

prediction. 

Bulk RNA-seq analysis on CD34+ bone marrow cells were integrated to further investigate such immunological 

groups. Pathway and upstream regulator analysis showed that the bone marrow niche of the three HDB 

groups characterized by major immune dysfunctions and worse prognosis (groups 0, 1 and 4/5) were enriched 
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in pro-inflammatory cytokines, while the groups with healthy-similar features and better prognosis (groups 2 

and 3) only showed an enrichment in molecules released in homeostatic conditions. Differential gene 

expression analysis revealed a strong upregulation of inflammatory and IFNγ response pathways in the two 

groups characterized by immunosuppression (HDB 0 and 1), indicative of a highly inflamed niche. In addition, 

the group “Activated but immunosuppressed” (HDB 0) was enriched in TNFα/NFkB, IL-6/JAK/STAT3, IL-

2/STAT5 and TGFβ signaling. The TNFα/NFkB pathway is involved in both adaptive and innate immune 

response triggering, and its deregulated activation is associated to exacerbated inflammatory response and 

autoimmunity [52-53]. The IL-6/JAK/STAT3 has been associated with tumorigenesis, since its hyperactivation 

contributes to the creation of inflammatory microenvironment which promotes tumor cells survival and 

proliferation while strongly suppress the anti-tumor immune response [54-55]. IL-2 is a cytokine with 

fundamental roles for T cell activation and proliferation [56-57]. IL-2 signals are propagated via activation of 

STAT5, a transcription factor whose aberrant hyperexpression plays a critical role in suppression of antitumor 

immunity through the development of Tregs [58-59]. Finally, TGFβ signaling is well known to induce an 

immunosuppressive microenvironment, especially in tumor setting [60-61]. The “Not activated” group (HDB 

4/5) was less enriched in TNFα/NFkB, IL-6/JAK/STAT3, IL-2/STAT5 compared to “Activated but 

immunosuppressed” one (HDB 0), and in IFNα response compared to “Exhausted and Immunosuppressed” 

group (HDB 1), indicating a moderate inflammatory status. Collectively, RNAseq data indicate that the 

increased immune dysfunction is accompanied by a rise in the inflammatory status at the niche level, which 

favor tumor aggressiveness and immunosuppression. These data also suggest that patients with high grade 

of immune dysfunction could benefit from inhibitors of IL-6/JAK/STAT3 and/or IL-2/STAT5 axes. Agents that 

target IL-6, IL-6R and JAKs are already approved by the FDA for the management of inflammatory conditions 
[62-63] and myeloproliferative neoplasm. In particular, the JAK1/2 inhibitor ruxolitinib is widely used for the 

treatment of myelofibrosis and polycythemia vera [64-65]. Moreover, since IL-6/JAK/STAT3 signaling induces the 

expression of PD1/PDL1 [66-68], the co-targeting of these pathways could improve the inhibition of the clonal 

hematopoiesis, as recently described in mouse models [69-70]. Finally, the inhibition of STAT5 is another active 

field of research, especially in leukemia [71-73], that could be exploited also for MDS management. 

In the end, with a Recursive Feature Elimination model we identified the most relevant cell populations for 

the assignment to the immunological groups previously identified, and with these features we developed a 

decision tree for patient’s classification. Essentially, the four features at the basis of all groups rely on the 

frequencies of CD4+ naïve, CD8+ terminal effectors, CD4+ effector memory and CD57+ terminally differentiated 

NK cells, highlighting the importance of the proportion between an early stage of T cell differentiation (Naïve 

and memory T cells) and late stages of T cells activation and NK cell maturation (terminal effectors T cells and 

CD57+ NK cells). To understand the role of the identified immunological groups in therapy response, we 

applied the decision tree on post-HMA samples and we observed that, subdividing them according to the 

response to the treatment, their distribution among immunological groups was different. In particular, post-

HMA samples of patients with prolonged complete remissions were mostly composed by the two groups with 

low immune dysfunction and better prognosis, while patients who lost the initial CR were from the beginning 

characterized by a prevalence of dysfunctional and immunosuppressed immunological groups. Similarly, 

stable diseases and non-responses samples were composed by a prevalence of the three dysfunctional 

groups, underlying that the immune context is different depending on the type of response. Moreover, 

comparison between pre-HMA and post-HMA samples at first evaluation (2-4 HMA cycles) from the same 

patients revealed that the treatment does not change the assigned immune group and the final treatment 

response, and thus it does not have a profound impact on the global immune panorama. These results 

strongly support the importance of evaluating the immune status at MDS diagnosis and along HMA 

administration to improve the prediction of HMA treatment. 

To sum up, we identified, for the first time and in a totally unsupervised way, different immunological groups 

of MDS and AML post MDS patients whose immune features are correlated with prognosis and response to 
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HMA therapy. We then validated a pipeline able to classify patients within these immunological groups with 

high precision considering few immune populations that are easy to detect with a restricted number of 

markers, demonstrating the feasibility of developing a model for immune characterization and integration of 

immunological features to clinical data. Taken together, our data provide evidence that the addition of 

immune signatures can refine MDS risk stratification and classification, determine prognostic and predictive 

markers for disease course and HMA response as well as identify innovative and specific therapeutic targets 

to overcome tumor growth and immunosuppression. 
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Supplementary Figures 

Supplementary Figure 1 

 

 

 

 

 

  

 

 

S1. Manual gating strategy for the identification of T cells subpopulations. 
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Supplementary Figure 2 

 

 

Supplementary Figure 3  

 

S2. Manual gating strategy for the identification of NK cells subpopulations. 

S3. Manual gating strategy for the identification of Myeloid cells subpopulations. 
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Supplementary Figure 4 
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S4. T cell subpopulations frequencies on bone marrow samples collected at diagnosis or at disease 

evolution, before HMA treatment.  

The bar graphs show the frequency of a specific T cell subpopulation (indicated on the Y axis of the first 

graph in each row) in the different MDS and risk categories. Mann whitney U test was used to compare 

groups and significance was set at a P value less than .05. 
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Supplementary Figure 5 

 

 

 

 

 

 

 

S5. Main NK cell subpopulations frequencies on bone marrow samples collected at diagnosis or at 

disease evolution, before HMA treatment.  

The bar graphs show the frequency of a specific NK subpopulation (indicated on the Y axis of the first 

graph in each row) in the different MDS and risk categories. Mann whitney U test was used to compare 

groups and significance was set at a P value less than .05. 
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Supplementary Figure 6

 

 



127 
 

 

 

  

   

 

 

 

S6. Myeloid cells subpopulations frequencies on bone marrow samples collected at diagnosis or at disease 

evolution, before HMA treatment.  

The bar graphs show the frequency of a specific myeloid cell subpopulation (indicated on the Y axis of the first 

graph in each row) in the different MDS and risk categories. Mann whitney U test was used to compare groups 

and significance was set at a P value less than .05. 



128 
 

Supplementary Figure 7 
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S7. T cell subpopulations frequencies on peripheral blood samples collected at diagnosis or at disease 

evolution, before HMA treatment.  

The bar graphs show the frequency of a specific T cell subpopulation (indicated on the Y axis of the first 

graph in each row) in the different MDS and risk categories. Mann whitney U test was used to compare 

groups and significance was set at a P value less than .05. 
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Supplementary Figure 8  

 

 

 

 

 

S8. NK cell subpopulations frequencies on peripheral blood samples collected at diagnosis or at disease 

evolution, before HMA treatment.  

The bar graphs show the frequency of a specific NK subpopulation (indicated on the Y axis of the first 

graph in each row) in the different MDS and risk categories. Mann whitney U test was used to compare 

groups and significance was set at a P value less than .05. 
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Supplementary Figure 9 
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S9. Myeloid cell subpopulations frequencies on peripheral blood samples collected at diagnosis or at 

disease evolution, before HMA treatment.  

The bar graphs show the frequency of a specific myeloid subpopulation (indicated on the Y axis of the first 

graph in each row) in the different MDS and risk categories. Mann whitney U test was used to compare 

groups and significance was set at a P value less than .05. 
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Supplementary Figure 10 

 

 

 

 

 

 

 

 

S10. Pre- and Post-HMAs cell frequencies comparison in peripheral blood. A-F) The bar graphs show the 

frequency of a specific immune subpopulation (indicated on the Y axis) in High-risk MDS and AML-post 

MDS, before and after treatment with HMAs. Post-HMAs samples are divided for treatment response (CR 

– Complete remission; SD – Stable Disease; NR – Non response). Mann whitney U test was used to 

compare groups and significance was set at a P value less than .05. G) Tregs frequencies measured along 

longitudinal samples (pre- and post-HMA). Each line represents a patient and each dot a specific 

timepoint. H-J) Kaplan-Meier showing the OS of patients divided for higher or lower %Tregs, %cMonocytes 

or %NK cells than the respective median frequency value calculated on MDS peripheral blood samples at 

diagnosis. Log-rank test was performed to assess statistical significance. 
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Supplementary Figure 11 

 

 

 

 

 

S11. CD4 Phenograph clusters. A) UMAP representation of the 13 CD4 Phenograph clusters. B) Heatmap 

representing the markers expression in each cluster. C) Visualization of single marker expression across 

Phenograph clusters. 
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Supplementary Figure 12 

 

 

 

 

S12. CD8 Phenograph clusters. A) UMAP representation of the 12 CD8 Phenograph clusters. B) heatmap 

representing the markers expression in each cluster. C) Visualization of single marker expression across 

Phenograph clusters. 
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Supplementary Figure 13 

 

 

 

 

 

 

S13. NK Phenograph clusters. A) UMAP representation of the 11 NK Phenograph clusters. B) heatmap 

representing the markers expression in each cluster. C) Visualization of single marker expression across 

Phenograph clusters. 
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Supplementary Figure 14 

 

 

 

 

S14. Phenograph clusters frequencies of the major T and NK cell populations identified by manual gating. 

Both the frequency and the trend of each represented cell type reflects what observed with manual gating 

analysis. 
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Supplementary Figure 15  

 

 

 

S15. HDBSCAN clustering of MDS patients. A) UMAP visualization of the 7 groups of patients identified through 

HDBSCAN algorithm. B-G) Frequency of each CD4, CD8 and NK Phenograph cluster in a specific HDBSCAN 

group. 
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Supplementary Figure 16  

S16. Heatmaps showing the expression 

patterns of functional markers for each CD4 (A), 

CD8 (B) and NK (C) cells Phenograph clusters 

across the HDBSCAN groups. 
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Supplementary Figure 17 
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S17. Characterization of immune cell composition of HDBSCAN groups. The bar graphs show the frequency 

of a specific immune subpopulation (indicated on the Y axis) in the different HDBSCAN groups. Healthy 

controls (HC) frequencies are reported just as a reference, but are not included in the statistics. Mann 

whitney U test was used to compare groups and significance was set at a P value less than .05.  
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Supplementary Figure 18 
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Supplementary Tables 

Supplementary Table 1. List of Antibodies included in the three flow cytometry panels for the characterization 

of T lymphocytes, NK and Myeloid cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S18. Immune features of HDBSCAN groups and correlations with clinical parameters. A) Kaplan-Meier curves 

showing the events of MDS evolution in the different groups. B) Hazard ratio of HDBSCAN groups. Naïve group 

(HDBSCAN group n°2) was chosen as reference due to the best survival, as assessed by Kaplan-Meier curves. 

C-E) Hazard ratio of each T CD4, T CD8 and NK cell subtype and respective group(s) enrichment. F-G) Sankey 

Plots representing the re-distribution of patients from IPSS-R risk classes and ICC2022 categories to 

immunological groups. 
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Introduction 

 

TP53 gene encodes for the transcription factor p53, whose functions and activities as tumor suppressor are 

so broad and crucial such that it was nicknamed as “the guardian of the genome”. In fact, p53 main role is to 

avoid the propagation of cells that carry damaged DNA with potentially oncogenic mutations through the 

induction of cell cycle arrest, DNA repair mechanisms activation and, when the damage is too severe to be 

solved, apoptosis [1-3].  More recently, also roles in regulation of both innate and adaptive immune responses 

such as T and myeloid cells recruitment, immune checkpoint regulation, cytokine production and MHC 

expression have emerged, implying a potential additional p53 role as “guardian of immune integrity” [4-6]. 

Mutations in TP53 occur in more than 50% of human primary tumors, thus making it the most common 

mutated gene in cancer [3,7-8]. Myelodysplastic syndromes (MDS) comprise a heterogeneous group of 

hematopoietic stem cell disorders characterized by bone marrow failure, peripheral blood cytopenia, 

increased risk of Acute Myeloid Leukemia (AML) transformation and recurrent genetic and cytogenetic 

abnormalities [9]. Our understanding of MDS genetic landscape has massively increased in the last decade 

thanks to the advent of next generation sequencing (NGS), that allowed to understand the central role of 

genetic alterations in MDS pathogenesis and evolution [10-11]. It is now well known that mutations in some 

genes, in particular SF3B1 and TP53, possess independent prognostic power and were thus recently 

introduced in the new MDS classification systems as distinct disease categories [12-13]. 

Among patients with MDS, 8-10% harbor mutations in TP53 gene [14-15], which can hit just one TP53 allele 

(monoallelic mutations) or both alleles (biallelic mutations) and are generally correlated with high-risk 

disease. In particular, patients carrying biallelic mutations represent a peculiar clinical entity associated with 

reduced survival due to the increased risk of leukemic evolution, high rate of relapse after transplantation 

and short duration of response to hypomethylating agents (HMAs) [16].  

Surprisingly, in a general genetic screening on a large cohort of MDS patients, we observed that a small 

fraction of MDS patients possess the same dismal outcome of biallelic TP53 mutated ones despite carrying a 

wild type (WT) TP53 gene. In this paper, we show that those patients are characterized by a nuclear 

hyperexpression of p53 protein in bone marrow progenitors, assessed by immunohistochemistry (IHC). 

Moreover, we performed RNAseq analysis of isolated CD34+ progenitors and high-dimensional flow 

cytometry of immune cell populations on a large cohort of MDS patients respectively TP53WT, TP53mut and 

TP53WT with p53 protein hyperexpression.  

Our data suggest that this non-mutational p53 dysfunction may occur through different inactivating 

mechanisms which result in peculiar transcriptomic profile and immunosuppressive phenotype, as recently 

described in TP53 mutation cases [17]. Furthermore, our results highlight a group of TP53wt MDS patients that 

could potentially benefit from MDM2 inhibitory therapy. 
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Results 

 

MDS patients with TP53wt gene and p53 hyperexpression show poor outcome  

 

In a previous explorative screening, we assessed on bone marrow progenitor cells from 1.244 MDS patients 

the presence of gene mutations and/or chromosomal aberrations mainly involved in MDS pathogenesis, in 

particular we included mutations in SF3B1, TET2, DNMT3A, ZRSR2, SRSF2, ASXL1, RUNX1, TP53, IDH1/2, 

U2AF1, STAG1, N/KRAS, JAK2 genes and main chromosomal aberrations such as del(5q), –7/del(7q), del(17p), 

+8 and -Y. Patients were clustered and classified according to their genetic and cytogenetic features using 

Hierarchical Density-Based Spatial Clustering of Applications with Noise (HDBSCAN) algorithm and visualized 

with dimension reduction by Uniform Manifold Approximation and Projection (UMAP). In this way, we were 

able to identify twenty different genomic clusters (Fig 1A). Among them, two were TP53-related and 

respectively characterized by monoallelic TP53 lesions and biallelic and/or complex karyotype. Interestingly, 

within the latter group we noticed the presence of MDS patients, approximately representing the 5% of the 

group, who carried a wild type TP53 gene. We selected those patients for a deeper molecular 

characterization and, through immunohistochemistry staining on bone marrow sections, we could observe 

that they were characterized by a nuclear hyperexpression of p53 protein within the bone marrow 

progenitors (Fig 1B). Despite the presence of a WT TP53 gene, those patients showed the same dismal 

outcome of the patients carrying biallelic TP53 mutations in terms of overall survival probability (Fig 1C). We 

hence decided to further characterize the molecular and biological similarities and/or differences of these 

patients with TP53WT without p53 hyperexpression and TP53mut ones. 
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Figure 1. Identification of MDS group with p53 nuclear hyperexpression and TP53wt with same dismal outcome as 

TP53mut patients. A) Genomic-based classification of MDS by HDBSCAN and UMAP data reduction. Each dot represents 

a patient and patient location is defined on the basis of its cytogenetic and genomic features; B) Bone marrow trephine 

biopsy showing dysplasia assessed by hematoxylin/eosin staining (upper) and p53 protein hyperexpression within >2% 

of progenitors nuclei assessed by IHC (lower); C) Kaplan-Meier curves showing OS in MDS patients without p53 

dysfunctions, with TP53 mutations and with p53 hyperexpression. Patients with p53 hyperexpression show the same 

trend as TP53mut ones, with significative worse survival compared to patients with no p53 dysfunction (** p<.01). 

 

 

Transcriptional profiles of MDS with p53 dysfunction share an impairment of p53-related 

pathways 

 

We initially investigated the transcriptional differences between MDS with p53 dysfunction (i.e. TP53mut or 

TP53WT with p53 hyperexpression) and those without p53 dysfunctions (i.e. TP53WT with no p53 protein 

hyperexpression) by performing bulk RNA-Seq experiment on selected CD34+ bone marrow (BM) cells in two 

different myeloid neoplasms cohorts: in the principal cohort we analyzed CD34+ BM cells of 75 samples (44 

WT vs 31 p53 dysfunction) while in the validation cohort we analyzed CD34+ BM cells of 34 samples (16 WT 

vs 18 p53 dysfunction). 

 

MDS and AML that arises from MDS are heterogeneous and the array of mutations in these diseases has 

generally differential effects on gene expression, nevertheless, unsupervised correlation plot of normalized 

gene expression in both RNA-Seq datasets shows good dichotomization between p53 dysfunction and wild-

type samples (WT) independently of TP53 mutation or p53 hyperexpression (Fig 2A; Supplementary Fig1A). 

Multidimensional Scaling (MDS) plot also demonstrates high within-group reproducibility and substantial 

between-group differences in both cohorts (Fig 2B; Supplemental Fig1B). To understand if the groups were 

different, we performed pairwise comparison by permutational multivariate analysis of variance 

(PERMANOVA) revealing that the differences between the two groups (p53 dysfunction vs WT) were 

statistically significant (p<.001). PERMANOVA analysis within p53 dysfunction samples did not show 

significant separation between p53 hyper-expressed and TP53 mutated samples in both cohorts (p= .342 and 

p=.227 respectively; Supplemental Fig2). 

 



149 

 

 

 

 Figure 2. P53 dysfunction MDS patients show a peculiar transcriptomic profile with an impairment of p53 pathway. 

A) Dendrogram of unsupervised correlation plot obtained by RNA-Seq data; B) Multidimensional Scaling plot of RNA-Seq 

data. Each dot represents a patient. Red dots highlight TP53 mutated patients, pink dots hyper mutated patients, and 

green dots wild type patients; C) Box plots of RNA-seq z-scores of p53 target signatures retrieved by MsigDB; D) Boxplot 

of gene expression of MDM2 gene. In all box plots, the median is indicated by the horizontal line and the first and third 

quartiles are represented by the box edges. The lower and upper whiskers extend from the hinges to the smallest and 

largest values, respectively, with individual values included. * p<.05; ** p<.01; *** p<.001; ns: not significant 

 

 

To determine whether there was a common impairment in the p53 pathway among samples with p53 

dysfunction, we analyzed the normalized expression (z-score) of p53 target signatures in our cohorts. We 

found that p53 targets were significantly decreased in both TP53 mutated and p53 hyper-expressed samples 

compared to WT samples (Mann-Whitney test, p < .05, Fig 2C; Supplemental Fig 1C, 3, and 4), indicating a 

non-genetic downregulation of p53 downstream targets in hyper expressed patients potentially due to the 

retention of the protein in the nucleus. 

 

Additionally, we observed a significant overexpression of the p53 negative regulator MDM2 in p53 hyper-

expressed samples compared to WT samples (t-test, p < .05, Fig 2D), but not in mutated vs. WT samples. We 

confirmed MDM2 upregulation in p53 hyperexpressed patients using MDM2 IHC staining (Supplemental Fig 

5A). In 5 out of 10 hyper-expressed patients we identified genomic MDM2 gene amplification by fluorescence 

in situ hybridization (FISH) (Supplemental Fig 5B). 

 

Moreover, we also investigated other possible mechanisms able to suppress wt p53 function through MDM2 

axis in absence of TP53 mutations. In particular, NPM1/FLT3-mutated AML are often accompanied by wt p53 
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dysfunction due to several inactivating processes [18]. In our cohorts we did not identify these mutations in 

TP53 mutated patients while we found 2 FLT3 and 1 NPM1 mutated samples in p53 hyper-expressed patients.  

In addition, several aberrant signaling pathways are well-known to suppress wt p53 function by various inter-
related mechanisms involving MDM2 upregulation. Specifically, we identified aberrant activation of the 
PI3K/AKT, RAS/RAF/MEK/ERK, and non-canonical NF-ĸB pathways in p53 hyper-expressed samples compared 
to WT samples, but not in TP53 mutated vs. WT samples (Mann-Whitney test, p < .05, Supplemental Fig 6). 

 

 

MDS patients with p53 dysfunction show an immunosuppressive transcriptional program 

  

To investigate the impact of p53 dysfunction on the biological mechanisms in myeloid neoplasm patients, we 

analyzed differential gene expression between p53 dysfunction and WT samples. In the principal cohort, we 

identified 701 genes that were differentially expressed (FDR < .01), with 323 genes upregulated in p53 

dysfunction and 378 genes downregulated (Figure 3A). These differentially expressed genes were able to 

accurately distinguish between p53 dysfunction samples and WT samples (Figure 3B). Among the most 

upregulated genes, we found some that have been previously associated with worse prognosis in myeloid 

malignancies, such as HBG1, or related to p53 dysfunction in cancer, such as CKB [19-20]. In the downregulated 

genes, there are those often downregulated in hematopoietic stem cells (HSCs), such as VCAN and FCN1, or 

genes associated with immune infiltration in cancer, such as CLEC10A [21-22]. We conducted over-

representation analysis (ORA) to determine which pathways were significantly enriched in our gene list. 

Figure 3C shows the Reactome database pathways that were overrepresented in downregulated or 

upregulated genes (q-value < .01). We found several immunological pathways, such as the Innate Immune 

System and Adaptive Immune System presentation, were downregulated, while oxidative stress-related 

pathways were upregulated. 

 

We obtained similar results in the validation cohort, where we observed the downregulation of 

immunological pathways (such as Adaptive immune system and MHC class II antigen presentation) and 

upregulation of transcription and MYC targets (Supplemental Fig 7). Therefore, our results suggest that p53 

dysfunction in MDS patients is associated with an immunosuppressive transcriptional program. 
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Figure 3. Analysis of gene expression in principal cohort. A) Volcano plot of differentially expressed genes between p53 

dysfunction and WT samples; red dots are significant upregulated genes in p53 dysfunction patients while blue dots are 

downregulated genes; B) Heatmap of differentially expressed gene; C) Functional enrichment analysis visualization: the 

dotplot depicts the activity of Reactome pathways starting from significant downregulated genes (on the left) or 

significant upregulated genes (on the right). Dot size indicates k/n ratio ("% of path genes"), where k is the number of 

genes participating in the pathway and n is the number of genes annotated as participants of any Reactome pathway. 

Dot color indicates if the pathway is related to the immune system or not. The x axis represents the log of the enrichment 

test FDR ((Hypergeometric test). 

 

 

In an MDS cohort harboring TP53 mutations, Sallman and colleagues identified the upregulation of MYC that 

could confer an immunosuppressive phenotype [17]. Although MYC gene is not significantly upregulated in 

p53 dysfunction in our cohort, we performed Gene Set Enrichment Analysis (GSEA) and we identified 

significant upregulation of MYC targets in both our cohorts (p<.01, FDR<.01; Fig4A). Furthermore, we found 

upregulation of MYC targets also in TP53 mutated or p53 hyperexpressed samples separately versus WT 

patients (Supplemental Figure 8). 
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Figure 4. A) GSEA results of MYC targets gene signature in principal cohort (upper plot) and validation cohort (lower 

plot). In both plots, we observe a positive gene set enrichment in MDS samples harboring p53 dysfunction. NES, 

Normalized Enrichment Score. B) Box plots of RNA-seq z-scores of Checkpoint inhibitors (Mann-Whitney Test); B) Boxplot 

of gene expression of CTLA4, PDL1, and PDL2 gene. Red dots highlight TP53 mutated patients, pink dots hyper mutated 

patients, and green dots wild type patients. In all box plots, the median is indicated by the horizontal line and the first 

and third quartiles are represented by the box edges. The lower and upper whiskers extend from the hinges to the 

smallest and largest values, respectively. * p<.05; ** p<.01; ns: not significant 

 

 

Given that RNA-seq suggests an immunosuppressive phenotype in our population, we investigated the 

possible immune evasion mechanisms driven by p53 dysfunction. 

 

We initially examined the mRNA expression of immune checkpoint in CD34+ MDS cells. Gene expression 

profiling revealed upregulation of immune checkpoints PDL1, PDL2, and CTLA4 in p53 dysfunction patients 

(Z-score, Mann-Whitney test, p<.05; Fig 4B), with a particularly strong upregulation of PDL1 transcript (T-

test, p<.05), while PDL2 and CTLA4 only showed a positive trend (Fig 4C). 
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As suggested by pathway analysis, we also examined the downregulation of HLA class II molecules in 

hematological malignancies as a mechanism of immune evasion that impairs blast cell recognition [23-24]. 

GSEA analysis in p53 dysfunction samples showed significant downregulation of HLA class II members and 

their master regulator CIITA in both the cohorts (Fig 5A, p<.01, FDR<.1). 

 

Other known mechanisms of immune evasion in myeloid malignancies context include the increase of anti-

inflammatory cytokines production and the decrease of pro-inflammatory ones [25-27]. To understand if p53 

dysfunction can directly or indirectly affect cytokine regulation in the microenvironment, we performed 

upstream regulator analysis (Ingenuity Pathway Analysis suite) to our RNA-Seq data. Figure 5B depict the top 

activated and inhibited cytokines in p53 dysfunction samples (p<.01, fold change >1.5) inferred by variations 

in their downstream target molecules. We identified a possible general increase of anti-inflammatory 

cytokines activation and the reduce of pro-inflammatory cytokines, in particular interferon-gamma (IFN-γ) 

and IL-33 which are common in both the cohorts. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Immune evasion mechanism in p53 dysfunction patients. A) GSEA results of HLA Class II genes signature in 

principal cohort (upper plot) and validation cohort (lower plot). In both plots, we observe a negative gene set enrichment 

in MDS samples harboring p53 dysfunction. NES, Normalized Enrichment Score. B) Upstream regulator analysis utilizing 

Ingenuity Pathway Analysis (IPA). The results are shown only for the top activated and inhibited cytokines in p53 
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dysfunction samples (p<.01, fold change >1.5) as a heatmap of the activated z-scores. Regulators are ranked according 

to the z-score that predicts activation (red)/suppression (blue). 

 

In p53 dysfunction samples we identified also the up-regulation of enzymes that mediate 

immunosuppression. In particular, we found a significant increase of NT5E gene (CD73) in validation cohort 

(t-test, p<.01) but not in principal cohort.  

P53 dysfunction MDS microenvironment is characterized by an immunosuppressive phenotype 

 

RNA-seq analysis revealed an immunosuppressive phenotype in MDS patients with p53 dysfunction, affecting 

both the adaptive and innate immune systems. Therefore, we conducted further investigations on the bone 

marrow microenvironment using high-dimensional flow cytometry with three panels targeting T 

lymphocytes, Natural Killer (NK), and myeloid cells (Supplemental Table 1-3) and integrating them with RNA-

seq data. Specifically, we analyzed T cells in 76 MDS patients (21 p53 dysfunction vs. 55 WT), NK cells in 66 

MDS patients (19 p53 dysfunction vs. 47 WT), and myeloid cells in 77 MDS patients (22 p53 dysfunction vs. 

55 WT). We also added to the analysis 20 age-matched healthy controls. 

 

Initially, we examined by manual gating the lymphocyte populations frequencies in MDS patients and found 

that the CD3+, CD4+ CD8+ T cells and NK cells counts did not significantly differ between p53 dysfunction and 

WT patients, suggesting possible changes in T and NK cell subtypes ratios rather than in absolute count 

(Supplemental Fig. 9; Mann-Whitney test). 

To analyze T and NK cell subsets we used PhenoGraph, a computational algorithm capable of clustering single 

cells based on their relative expression of antigens in the multidimensional space [28]. PhenoGraph identified 

eight clusters of CD4+ cells (Fig. 6A): Cluster 7 - Regulatory T cells (Treg), Cluster 5 - Terminal Effector T cells 

(Temra), Cluster 4/6 - Effector Memory T cells (Tem), Cluster 0/8 - Central Memory T cells (Tcm), and Cluster 

1/2/3 - Naïve T-cells (Tnaïve). 

 

Among CD4+ T cells, we observed that clusters 7, 0, and 1 were associated with WT samples, while clusters 

5, 6, 4, 8, and 2 were associated with p53 dysfunction samples (Fig. 6B; Fisher test p<.01). The clusters with 

the largest variation from the expected frequency (> 2%, Fig. 6B) were a Naïve T-cells cluster associated with 

WT samples and two clusters of Tregs and Central Memory T-cells associated with the p53 dysfunction 

category. Through manual gating, we confirmed the increase of Tregs and the decrease of Naïve T cells 

frequencies in p53dysf samples (Mann-Whitney test, p<.05, Fig. 6C-D), supporting the possible immune 

suppressive environment in the BM of these patients. 

 

Regarding CD8+ T cells, PhenoGraph identified eight clusters (see Supplemental Fig. 10): three clusters of 

Temra (Clusters 1/4/7), one of Tcm (Cluster 3), one of Tnaïve (Cluster 2), one of Tem (Cluster 0), one of 

Exhausted T cells (Tex, Cluster 6), one of GRZB+ GRZK+ T cells (Cluster 8), and one of antigen-activated T cells 

(Ag-act, Cluster 5). 

In CD8+ cells, clusters 5, 6, 3, and 0 were associated with WT samples, while clusters 8, 7, 4, and 2 were 

associated with p53 dysfunction samples (Supplemental Fig. 10B; Fisher test p < .01). The clusters with the 

largest variation from the expected frequency were antigen-activated and effector memory T cell clusters, 

which are associated with WT samples, and terminal effector and GRZB+ GRZK+ T cell clusters associated with 

p53 dysfunction. The increase of Temra and the decrease of antigen-activated T cells are hallmarks of 

adaptive immune system aging and progressive loss of function. Through manual gating, we were able to 
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confirm the increase of CD28+ CD69+ GRZK+ antigen-activated CD8+ T cells in WT samples (Mann-Whitney 

test, p < .05, Fig 6E). 

 

A study in a mouse model of AML showed the increase in of Treg cells and functionally exhausted CD8+ T cells 

coexpressing the PD-1 and TIM3 immune checkpoint inhibitors during disease progression [29]. Thus, through 

manual gating, we found an increase in exhausted PD1+ TIM3+ CD8+ cells in p53 dysfunction samples (Mann-

Whitney test, p<.05; Fig 6F). 

As gene expression profiling in CD34+ cells showed the upregulation of the PD1 ligand (PDL1), we also 

investigated whether this change was associated with the increased of T-cell exhaustion through the 

crosstalk PD1/PDL1. We identified a significative positive correlation between PDL1 mRNA expression on 

blasts cells and the percentage of PD1 surface expression on CD8+ T cells (R=.67; p=.0031; Fig 6G) in our 

cohort. 
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Figure 6. T cells profiling in p53 dysfunction patients microenvironment. A) UMAP plot depicting CD4+ T cell 

heterogeneity. PhenoGraph clustering was performed using concatenated CD3+ CD4+ CD8- T cells (3,000 cells/sample) 

from 76 BM profiling (21 p53 dysfunction vs 55 WT). Cells are colored according to the eight clusters identified by 

Phenograph in an unsupervised manner. Other UMAP plots show the expression of selected markers among CD4+ T cells. 

B) Balloon plot showing the percent expression and the median fluorescence intensity (MFI) of specific markers (columns) 

in each Phenograph clusters (rows).  The Barplot on the right shows the variation of p53 dysfunction cells frequency from 

expected frequency for each cluster. C-G) Dot plots showing the frequencies depicted with mean ± SEM of different CD4+ 

and CD8+ T cells populations (respectively indicated on Y axes) between p53 dysfunction and WT patients. The dashed 

line indicates the median value of the cell population in HC donors. Red dots highlight TP53 mutated patients, pink dots 

hyper mutated patients, and green dots wild type patients; T-Test. From the left: CD25+ CD127- Tregs, CD45RO- CD95- 

CCR7+ CD127+ CD28+ CD4+ Naïve, CD28+ CD69+ GRZK+ CD8+ antigen-activated and PD1+ TIM1+ exhausted CD8+ T 

cells. G) Correlation of PDL1 expression in CD34+ cells with the percent of CD8+ cells expressing PD1 in the BM 

microenvironment. T-Test. * p<.05; ** p<.01. 

 

 

Phenograph analysis identified 8 clusters of NK cells differentially distributed in WT and p53 dysfunctional 

patients. In particular, we observed an enrichment of NK cells belonging to cluster 3, mainly composed by 

less differentiated and cytokine producer CD56bright cells, in WT patients, while p53 dysfunctional were 

characterized by an enrichment of clusters of more differentiated CD56dim KIRpos NK cells, namely cluster 2 

and cluster 5, composed by CD94low NK cells and terminally differentiated NKG2posCD57pos NK cells, 

respectively. In addition, cluster 3 is characterized by the highest expression of natural cytotoxicity receptors 

(NCRs) NKp30 and NKp46 compared to all the other clusters (Fig 7A). This result was further confirmed by 

manual gating of flow cytometry data, which showed a reduced percentage of NK cells expressing NCRs 

(NKp30 and/or NKp46) in p53 dysfunctional patients (Fig 7B, Mann-Whitney test, p<.05). 

Moreover, since an upregulation of PDL1 was observed in CD34pos cells from p53 dysfunctional patients, we 

investigated the expression of PD1 on NK cells by manual gating on and we found out an upregulation of PD1 

on CD56bright NK cells from p53 dysfunctional patients (Fig 7C, Mann-Whitney test, p<.05). 
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Figure 7. NK cells profiling in p53 dysfunction patient’s microenvironment. A) Balloon plot showing the percent 

expression and the median fluorescence intensity (MFI) of specific markers (columns) in each PhenoGraph clusters 

(rows). The Barplot on the right shows the variation of p53 dysfunction NK cells frequency from expected frequency for 

each cluster. B-C) Dot plots showing the frequency depicted with mean ± SEM of NK cells expressing NKp30 receptor 

and/or NKp46 receptor (NCRs) (B), and CD56bright expressing PD1 (C). The dashed line indicates the median value of the 

cell population in HC donors. Red dots highlight TP53 mutated patients, pink dots hyper mutated patients, and green 

dots wild type patients; T-Test. * p<.05; ** p<.01. 

 

 

In the end, we analyzed myeloid cells through manual gating and we looked to the frequencies of classical, 

intermediate and nonclassical monocytes, dendritic cells and polymorphonuclear myeloid-derived 

suppressor cells (PMN-MDSCs). We found no significant changes between the two categories except for 

classical monocytes and dendritic cells that were respectively decreased and increased in p53 dysfunction 

category compared to p53 non-dysfunction one (p<.05 and p<.01; Supplementary Fig. 11). 

 

Taken together, flow cytometry data indicate an impaired function of adaptive immune system in p53 

dysfunction category compared to non-dysfunction, while innate immune system display a shift in monocytes 

maturation towards dendritic cells. 

 



158 

 

Discussion 

 

In this paper, we identified a subset of MDS patients with very poor outcome that are characterized by 

hyperexpression of p53 protein within the bone marrow progenitors cell nucleus, in the absence of TP53 

mutations. Through RNAseq analysis, we demonstrated that p53 hyper expressed patients are 

transcriptionally similar to TP53 mutated ones, both showing a downregulation of p53-related pathways.  In 

the case of hyper-expressed patients, p53 inactivity is not due to a mutated isoform of the protein, since the 

TP53 gene is wild type, thus suggesting a post-translational inhibition of the oncosuppressor. Given the broad 

and important functions of p53, its activity and abundance are tightly regulated by a complex protein 

network, and in particular MDM2 and its homolog MDMX (also known as MDM4) are the main negative 

regulators, as they bind to the transcriptional activation domains of p53, thereby impeding p53 

tetramerization and transactivation functions [30-33]. MDM2 can also promote p53 degradation through 

ubiquitination and proteasomal degradation by acting as an E3 ubiquitin ligase [34-37].  Furthermore, MDM2 is 

part of the p53 auto-regulatory feedback loop, since MDM2 is transcriptionally activated by p53 to inhibit its 

own activity [37-39]. 

We thus decided to investigate MDM2 expression, observing that p53 hyper-expressed patients are 

characterized by an upregulation of p53 inhibitor MDM2 at both transcriptional and nuclear protein level, 

that in half of the cases is due to MDM2 gene amplification, as assessed by FISH.  

MDM2 has been shown to be abnormally upregulated due to gene amplification, increased transcription, 

and enhanced translation in many malignancies such as lung, liver, colorectal, breast and esophagogastric 

cancers [40-41]. The MDM2 gene amplification could explain the high expression of MDM2 protein despite the 

absence of its transcriptional induction from a fully functional p53 form.  

Moreover, covalent post-translational modifications are very common on p53 and some are necessary for its 

correct function, in particular phosphorylation and acetylation generally result in its stabilization and 

activation [42]. However, it has been observed that both mutant and non-mutant p53 protein in cancer is 

generally more intensely phosphorylated and acetylated than p53 from non-transformed tissues and, since 

the p53 acetylation sites are the same as for ubiquitylation, a high level of acetylation could hamper the 

ubiquitination and degradation of p53, thus facilitating the accumulation of dysfunctional p53 protein in the 

nucleus [42-43].  

We hence hypothesize that, in these patients, p53 could undergo some post-translational modifications that 

strongly limit its functions and still allow the inhibitory interaction with MDM2 within the nucleus but impede 

ubiquitination and nuclear export for cytoplasmic proteasomal degradation. Deeper p53 biochemical 

investigation in p53 hyper-expressed MDS patients should be performed to confirm this hypothesis.  

Additionally, MDM2 upregulation can hamper p53 functions and improve cancer cell survival through other 

ways that include the activation of non-canonical NF-ĸB pathway [44-45], PI3K/AKT signaling [46-47] and MEK/ERK 

cascade [48-49]. We indeed found an aberrant activation of such pathways in p53 hyper-expressed samples 

compared to wt.  

We further demonstrated that the p53 loss of function in both TP53mut and p53 hyper-expressed MDS lead 

to the downstream activation of Myc pathway, indicating that p53 is no more able to activate target genes 

that induce cell cycle arrest through Myc repression [50-51]. 

The p53 impairment in p53 dysfunction category showed also other peculiarities related to 

immunosuppression, that have been widely described to occur in hematological malignancies and could 

further favor tumor outgrowth and poor prognosis by conferring to tumor cells the ability to escape immune 

system control. In particular we observed, on a transcriptional level, an increased expression of immune 

checkpoint molecules and ligands [52-54] and CD73 immunosuppressive enzyme [55-56] and a decreased 
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expression of HLA-II molecules [23-24, 52, 57-58] on tumor blasts, accompanied by a possible increase of anti-

inflammatory cytokines and the reduction of pro-inflammatory cytokines, in particular IFNγ, within bone 

marrow milieu [25; 58].  

These immunosuppressive features of the blast cells seem to exert a detrimental influence on immune cells 

since, by high dimensional flow cytometry analysis, we observed an increased frequency of Tregs and effector 

CD8+ T cells expressing high levels of immune checkpoint inhibitors TIM3 and PD1, with a reduction of the 

functional Naïve compartment, indicative of a general T cell exhaustion. Increased Tregs frequency have been 

previously associated to disease progression, increased aggressiveness, and poor prognosis in MDS and AML 

[59-61]. We observed similar exhausted features also on NK cells, that displayed an up-regulation of PD1 and a 

downregulation of natural cytotoxicity receptors (NCRs) NKp30 and NKp46 in MDS patients with p53 

dysfunction compared to non-dysfunction. Downregulation of NCRs have been associated to NK poor 

cytolytic functions, and both NKp30 and NKp46 expression levels have shown to be prognostic markers in 

AML [62-64]. Dendritic cells are responsible for the priming of T cell responses through phagocytosis of infected 

or transformed cells and antigen presentation [65]. It is also known that dendritic cells can promote immune 

tolerance through the release of cytokines that favor Naïve differentiation towards Tregs within the thymus, 

a process that is normally necessary to avoid the release of auto-reactive T cells that could lead to 

autoimmune diseases [66-68]. We could speculate that tumor-derived factors may arrest dendritic cells 

maturation to an immature stage in which they poorly express costimulatory molecules that are necessary 

to initiate an immune response, a phenomenon already observed to occur in cancer [69-71]. Moreover, such 

tolerogenic DCs can release cytokines within the bone marrow niche and express immunosuppressive 

enzymes (such as IDO) to induce Tregs differentiation in a tumor setting [72-73]. 

Taken together, our data indicate that patients with p53 disfunction, defined by either TP53 mutation or p53 

protein hyper-expression, share common transcriptional and microenvironmental features that could be the 

primary driver of their dismal prognosis. From a clinical perspective, we propose to consider p53 hyper 

expression as a marker of p53 dysfunction leading to adverse clinical outcome similar to that observed in 

TP53 mutated patients. Identification of such patients can be easily performed in routine diagnostic with 

immunohistochemistry. In the end, p53 hyper-expressed MDS patients may benefit from MDM2 inhibitory 

therapy that can be further combined with PI3K/AKT and MEK/ERK pathways co-inhibition, as is being 

currently tested in AML [35; 74-75]. Interestingly, the combined MEK/MDM2 inhibition have demonstrated great 

antitumor efficacy in both in vitro and in vivo models of TP53 wild-type thyroid and colorectal cancers with 

MAPK alterations [76], further supporting the possible positive impact of clinical translation of these therapies 

on MDS patients with p53 hyperexpression. 

 

 

 

Material and methods 
 
Patients material collection and gene sequencing 
Study procedures are in accordance with the Declaration of Helsinki. Ethics Committees of Humanitas 
Research Hospital, Milan, Italy approved the study. Written informed consent was obtained prior to Bone 
Marrow (BM) sampling. In total 135 patients with a diagnosis of MDS according to WHO 2022 and 
International International Consensus Classification of Myeloid Neoplasms and Acute Leukemia (ICC) criteria 
have been enrolled in this study between 2010 and 2022. Data on hospitalization and mortality were 
available for all subjects. TP53 mutational status has been performed through targeted deep sequencing 
using a 30-gene panel of genes recurrently mutated in myeloid neoplasms as utilized in routine diagnostic 
workup at our institution (SOPHiA Genetics, Saint Sulpice, Switzerland). Bioinformatics analysis was 
performed with Sophia DDM (Sophia Genetics).  
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Immunohistochemistry and FISH 
Immunohistochemical stain experiments were performed on formalin-fixed and paraffin-embedded 
biopsies. Trephine biopsies were formalin-fixed, decalcified and paraffin-embedded. Consecutive 3-μm-thick 
sections were cut from the BM tissue block, and then stained with hematoxylin and eosin, Giemsa stain and 
silver impregnation. Immunohistochemical stain was performed using an automated staining system 
(Discovery XT; Ventana Medical Systems, Oro Valley, AZ) according to the manufacturer’s instructions and 
using antibodies against p53 (clone DO-7, prediluited, Ventana, Tucson, AZ, USA) and MDM2 (clone IF2, 
dilition 1:40, calbiochem, Merck KGaA, Darmstadt, Germany). All stained slides were reviewed by two 
experenced hematopathologists (AB, RD). 
 
In situ hybridization protocol was performed to assess MDM2 genomic amplification using Poseidon FISH 
digestion kit (Leica biosystem – Kreatech biotecnology B.V. – Amsterdam – Netherlands) as manufacturer’s 
instructions starting from FFPE tissue sections. The evaluation of copy number gain of MDM2 gene has been 
assessed using Probes mixed is Zytolight® SPEC MDM2/CEN12 Dual Color Probe (locus 12q15), (ZytoVision 
GmbH – Bremerhaven – Germany). Using a Leica DM 5500 B Fluorescence microscope (Leica Microsystem 
SRL, Milan, Italy), histological samples for each single case were evaluated and interpreted as follow: normal 
interphase cells are indicated by two green (CEP12) and two orange (MDM2) signals per nucleus; nuclei with 
amplified MDM2 showed clusters of green signals versus normal CEP12 signals status. The average number 
of MDM2 and CEP12 ratio was calculated and a ratio>2.0 was considered amplified. 
 
 

CD34+ Isolation from bone marrow, RNA extraction and library preparation 
 
CD34+ cells were selected using the MACS CD34 microbead kit on autoMACS (Miltenyi Biotech Inc, San Diego, 
CA). A purity of >96% CD34+ cells after isolation was confirmed by flow cytometry. RNA was isolated through 
RNeasy Micro kit (Qiagen) according to manifacturer's protocol. RNA quality control was performed with the 
Agilent 2200 Tape Station system, and only RNAs having a RIN >7 were used for library preparation. Libraries 
for mRNA sequencing were prepared starting from 50 ng of total RNA for each sample by using the SMART-
Seq v4 Ultra Low Input RNA Kit (Clontech-Takara). All samples were sequenced at an average of 20 million 
75-bp single-end reads. The 2 cohorts of patients sequenced with different sequencers have been analyzed 
separately in order to minimize batch effects. Principal cohort has been sequenced with Novaseq 2000 and 
it contain 75 samples while validation cohort has been sequenced with Nextseq550 and it contain 34 samples.  
 

Flow Cytometry 

Mononucleated cells were isolated from bone marrow samples by Ficoll density gradient centrifugation 
(Cedarlane, Burlington, Canada) and frozen in liquid nitrogen according to standard procedures. All the 
experiments were performed in batch on frozen cells to minimize variability. Cells were thawed and stained 
as we previously described. The anti-human monoclonal antibodies (mAbs) used are listed in supplementary 
tables 1 and 2. 
Samples were acquired at BD FACSymphonyA5 flow cytometer (BD Bioscience, San Jose, California, USA). 
Flow Cytometry data were analysed using the FlowJo software (TreeStar Inc, Ashland, Oregon, USA), version 
10.7.1. 
 

Batch correction and Phenograph analysis on flow cytometry data 
 
Flow Cytometry Standard (FCS) 3.0 files were analysed by standard gating in FlowJo to remove dead cells and 
spurious events. Data were downsampled to 3,000 events per sample through FlowJo and they were 
biexponentially transformed and exported for further analysis with PhenoGraph python package. Samples 
were labelled with a unique computational barcode for further identification and converted in comma 
separated (CSV) files and concatenated in a single matrix by using the merge function of pandas package. 
Data were first batch-corrected via cyCombine [77] and subsequently clustered via Phenograph [78]. The former 
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tool was recently developed to correct for batch effect in single cell data and operates as follows: the 
expression from every marker is converted to rank, for every batch; subsequently, each batch is reorganized 
into M different sub-clusters, and for every sub-cluster the batch normalization is performed separately using 
ComBat [79]. The result is a dataset where every marker has a comparable distribution across different batches 
(Supplemental Fig 9). 
Batch-corrected data were then partitioned into subpopulations by means of Phenograph algorithm, which 
mainly operates through the following steps: for each cell, a set of k nearest neighbors is identified using 
Euclidean distance; a weighted graph is then build, where nodes represent single cells and the weight 
between two nodes represents their distance (Gaussian kernel); finally, nodes are grouped into clusters using 
Louvain method [80], which maximizes modularity, namely a measure representing the density of links inside 
communities compared to density of links between communities. Different K values (number of nearest 
neighbours identified in the first iteration of the algorithm) were tested in preliminary analysis, and were 
arbitrarily set at 300 for CD4+ and CD8+ T cells clustering and K=600 in NK cell clustering. The data were then 
reorganized and saved as new CSV files, one for each cluster, that were further analysed in FlowJo to 
determine the frequency of positive cells for each marker and the corresponding median fluorescent 
intensity (MFI). Subsequent metaclustering of these values was performed using the gplots R package. 
Uniform Manifold Approximation and Projection (UMAP) was obtained by UMAP Python package. 
 

Statistical Analysis 
All the statistical analyses were performed using R software (4.4.1 version) or Python 3 software. We 
performed prerank GSEA using the gseapy package in python for Reactome pathways enrichment analyses. 
To identify significant overlaps between gene signatures and differential expressed we performed 
hypergeometric test using MsigDB 7.0 investigation tool. Values are presented as mean ± SEM. In all box 
plots, the median is indicated by the horizontal line and the first and third quartiles are represented by the 
box edges. The lower and upper whiskers extend from the hinges to the smallest and largest values, 
respectively, with individual values included. Significance between expression or zscore values was 
determined by Student’s unpaired t-test and Wilcoxon rank sum test. P < .05 was considered significant. The 
association between clusters and conditions (p53 dysfunction or wild type) was assessed by a Fisher test 
followed by Benjamini-Hochberg correction for multiple tests with P < .01 considered as significant. 
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Supplementary figures 
 
 
Supplementary Figure 1 
 
 

 
 
 
 
S1. A) Unsupervised correlation plot obtained by RNA-Seq data. B) Multidimensional Scaling plot of RNA-Seq data. Each 
dot represents a patient. Brown dots highlight TP53 dysf patients, green dots wild type patients. C) Box plots of RNA-seq 
z-scores of p53 target signatures retrieved by MsigDB; In all box plots, the median is indicated by the horizontal line and 
the first and third quartiles are represented by the box edges. The lower and upper whiskers extend from the hinges to 
the smallest and largest values, respectively, with individual values included. * p<0.05; ** p<0.01; *** p<0.001; ns: not 
significant 
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Supplementary Figure 2 
 

 
 
 
S2. Multidimensional Scaling plot of RNA-Seq data of p53 dysfunction patients in principal cohort (on the right) and 
validation cohort (on the left). Each dot represents a patient. Yellow dots highlight TP53 mutated patients and green 
dots hyper mutated patients; PERMANOVA tests are not significant p=.227 and p= .342 respectively. 

 
 
Supplementary Figure 3 
 

 
 
 
S3. A) GSEA results of a P53 pathway related gene signature in principal cohort in the analysis TP53 mut vs WT and p53 
hyperexpressed vs WT. In both plots, we observe a significant negative gene set enrichment in MDS samples harboring 
p53 dysfunction. NES, Normalized Enrichment Score. 
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Supplementary Figure 4 
 

 
 
S4. A) GSEA results of a P53 pathway related gene signature in validation cohort in the analysis TP53 mut vs WT and p53 
hyperexpressed vs WT. In both plots, we observe a significant negative gene set enrichment in MDS samples harboring 
p53 dysfunction. NES, Normalized Enrichment Score. 
 
 
 
Supplementary Figure 5 
 

 
S5. Trephine biopsy examination showed a left-shifted hematopoiesis with dysplasia (A), strong expression of p53 
immunostain in more than 2% of bone marrow cells, and also nuclear positivity for mdm2, that could be linked to a gene 
amplification of MDM2, as assessed by FISH (B). 
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Supplementary Figure 6 
 

 
 
S6.  Box plots of RNA-seq z-scores of Reactome signatures retrieved by MsigDB;Samples are divided by the presence of 
p53 dysfunction (upper plots) or by the type of p53 dysfunction (lower plots);In all box plots, the median is indicated by 
the horizontal line and the first and third quartiles are represented by the box edges. The lower and upper whiskers 
extend from the hinges to the smallest and largest values, respectively, with individual values included. P-value of Mann-
Whitney test is indicated in the figure. 
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Supplementary Figure 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S7. A) Heatmap of differentially expressed genes. B) Functional enrichment analysis visualization: the dotplot depicts the 
activity of Reactome pathways starting from significant downregulated genes (on the left) or significant upregulated 
genes (on the right). Dot size indicates k/n ratio ("% of path genes"), where k is the number of genes participating in the 
pathway and n is the number of genes annotated as participants of any Reactome pathway. Dot color indicates if the 
pathway is related to the immune system or not. The x axis represents the log of the enrichment test FDR 
(Hypergeometric test). 

 
 
Supplementary Figure 8 
 

 
 
S8. A) GSEA results of a Myc targets signature in the analysis TP53 mut vs WT (A) and p53 hyperexpressed vs WT (B). In 
both plots, we observe a significant positive gene set enrichment in MDS samples harboring p53 dysfunction. NES, 
Normalized Enrichment Score. 
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Supplementary Figure 9  
 
 
 
 
 
 
 
 
 
 
 
S9. CD3+, CD4+, CD8+ and NK cells percentage on total lymphocyte in p53 dysfuntion vs WT samples. 

 
 
 
Supplementary Figure 10 
 

 

S10. A) UMAP plot depicting CD8+ T cell heterogeneity. PhenoGraph clustering was performed using concatenated CD3+ 
CD4- CD8+ T cells (3.000 cells/sample) from 76 BMMNCs (21 p53 dysfunction vs 55 WT). Cells are colored according to 
the 13 clusters identified by Phenograph in an unsupervised manner. Other UMAP plots show the expression of selected 
markers among CD8+ T cells. B) Balloon plot showing the percent expression and the median fluorescence intensity (MFI) 
of specific markers (columns) in each PhenoGraph clusters (rows). Barplot on the right shows the variation of p53 
dysfunction cells frequency from expected frequency for each cluster. 
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Supplementary Figure 11  
 
 

 
S11. Classical monocytes (left) and Dendritic cells (right) percentage on total CD33+ Myeloid cells in p53 hyper-
expressed, TP53mut and WT samples. 

 
 
Supplementary Figure 12 

 
S12. UMAP plot before and after cyCombine batch correction in CD4+ and CD8+ T cells 
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Supplementary tables 
 
Supplementary table 1 - List of antibodies used for the analysis of T cells. 
 

fluorochrome antibody Company Catalogue Lot. N 

BV510 hCD14 BioLegend 301842 B265263 

APC hCD71 BD 551375 8297711 

BUV737 hCD28 BD 564438 8236693 

PerCP-eF710 hTIGIT eBioscience 46-9500-42 1993643 

BV605 hCD161 Biolegend 339916 B265242 

BV421 
hPD1 
(CD279) 

BioLegend 329920 B263659 

BUV496 hCD3 BD 564809 9037570 

PECy5.5 
hCD244 
(2B4) 

Beckman 
Coulter 

B21171 200030 

PE-Cy5 hCD127 eBioscience 15-1278-42 2025251 

BV711 hCD95 Biolegend 305644 B270181 

BUV395 hCD69 BD 564364 8242749 

PE-CF594 
hCD197 
(CCR7) 

BD 562381 8270954 

APC-Cy7 hCD39 Biolegend 328226 B277400 

BV570 hCD45RO BioLegend 304226 B280396 

BUV805 hCD8 BD 564912 9030908 

VioBright 
FITC 

CD159a 
(NKG2A) 

Miltenyi 
130-113-
568 

8190603637 

BV786 hCD25 BD 741035 9150522 

BUV661 hHLA-DR BD 565073 9060584 

BV650 
hCD366 
(TIM3) 

BD 565564 9046621 

BUV615 hCD4 BD 624297 9101901 

          

BV480 hKi67  BD 566109 8274704 

PE 
hGranzyme 
K  

Santa Cruz sc-56125 E2214 

AF700 
hGranzyme 
B 

BD 560213 9002854 

PE-Cy7 hT-bet eBioscience 
BMS25-
5825-82 

1995491 
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Supplementary table 2 - List of antibodies used for the analysis of NK cells. 
 

fluorochrome antibody Company Catalogue Lot. N 

FITC CD20 Biolegend 302304 B218411 

BV650 Vdelta2 BD 743752 9129618 

PE-Vio770 NKG2A Miltenyi 
130-113-

567 
5190314532 

BV570 CD8a Biolegend 301038 B262531 

BV510 CD14 BioLegend 301842 B265263 

BV421 vd1 
Miltenyi 

130-100-
553 

5190603572 

BUV737 CD16 BD 564434 8260751 

BUV661 CD3 BD 565065 9070786 

BUV563 CD56 BD 565704 9022780 

FITC FcERI Biolegend 334608 B226717 

FITC CD19 BD 345776 9016952 

BV605 CD57 BD 393304 B277530 

BUV395 CD158b1b2j BD 743456 9129609 

PE-CF594 CD69 BD 562617 8208742 

FITC CD34 Biolegend 343604 B241061 

APC-e780 CD127 eBioscience 47-1278-42 1978210 

AF700 NKG2C R&D FAB138N ACUA0217121 

APC NKp46 BD 558051 8151558 

BV786 CD117 BioLegend 313238 B271292 

BV711 PD-1 BD 564017 8164557 

FITC CD33 Biolegend 303304 B217222 

FITC CD203c Biolegend 324614 B267681 

PE-Cy5 NKp30 BC A66904 23 

FITC CD15 BC B36298 13 

PerCP-Cy5,5 CRTh2 Biolegend 350116 B266750 

PE CD94 BD 555889 7174991 
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Neoplasms 

Susann Winter, Marie Schneider, Uta Oelschlaegel, Giulia Maggioni, Elena Riva, Marco Gabriele Raddi5, Sara 

Bencini, Benedetta Peruzzi, Desmond Choy, Rita Antunes Dos Reis, Jessica Timms, Nicolas Sompairac, Antje 

Tunger, Matteo Giovanni Della Porta, Valeria Santini, Marc Schmitz, Uwe Platzbecker, Shahram Kordasti 

 

Introduction 

Somatic mutations in the splicing factor SF3B1 occur in 25% of all MDS cases and arise early in MDS 

development. In fact, SF3B1-driven clonal hematopoiesis is almost invariably associated with anemia and 

usually progresses to overt MDS characterized by ring sideroblasts (RS), ineffective erythropoiesis, and an 

indolent disease course in lower-risk (LR) MDS [1–5]. The impact of SF3B1 mutations on erythroid progenitors 

has become apparent but much less is known about cellular immune phenotypes downstream of SF3B1 

mutations [6–8]. SF3B1 change-of-function mutations in MDS and other cancers promote alternative 3’ splice 

site selection, generating a complex repertoire of aberrant transcripts [9]. These mutations are typically 

heterozygous missense substitutions, which most frequently (> 50%) involve p.K700E [10] (SF3B1 

NM_012433.4: c.2098A>G (p.Lys700Glu), henceforth referred to as SF3B1K700E) and appear to affect splicing 

in MDS in a hematopoietic cell type-specific manner [11]. Differential splicing has been shown to contribute to 

disease phenotypes and may support the oncogenic phenotype of SF3B1-mutant MDS [6,11–16]. In particular, 

mutant SF3B1 induces missplicing of important genes throughout erythroid differentiation, including RS 

driver genes, resulting in erythroid dysplasia with RS and anemia [7,8,16]. SF3B1 mutations target multipotent 

lymphomyeloid hematopoietic stem cells and are clonally propagated to myeloid progenitors [17], yet their 

impact on myeloid phenotype and function remains largely unexplored [17,18]. In general, morphologic 

dysplasia of myeloid cells in SF3B1-mutant MDS with multilineage dysplasia is very mild without significant 

effects on peripheral cytopenia [5]. Mutations in SF3B1 may, however, alter the magnitude or nature of innate 

and adaptive antitumor immune responses via altered splicing of key regulatory genes [19,20]. The clinical 

consequences of SF3B1 mutations and mutation subtype are emerging [21–23]. Recent data suggest that 

different hotspots may produce divergent disease consequences. Specifically, only the SF3B1K700E mutation 

subtype independently predicted better overall survival in MDS [22]. In contrast, the p.K666N hotspot mutation 

associated with increased progression of MDS and these patients may need more aggressive management 

than patients with other SF3B1 mutations [23]. Regarding treatment, patients with SF3B1 mutations show high 

response rates to the erythroid maturation agent luspatercept [24,25]. Conversely, mutations in SF3B1 

negatively predicted response to immunosuppressive treatment with anti-thymocyte globulin-based 

combination regiments in MDS [26,27]. Thus, identification of patient characteristics downstream of the 

pathogenic mutations in SF3B1 may reveal immunological determinants of disease phenotype and response 

to therapeutic interventions. In the present study, we applied multiplex immunophenotyping technologies in 

combination with machine learning-based analytical approaches to identify genotype-immunophenotype 

correlations that may affect disease course and clinical outcomes in SF3B1-mutant MDS. We further 

investigated the prevailing immunophenotype of classical monocytes on the transcriptional level to evaluate 

functional impairment. 
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Material and Methods 

Patient cohort 

Overall, bone marrow (BM) and peripheral blood (PB) samples from 168 MDS patients were analyzed for this 

study. We first analyzed BM/PB samples from 37 mostly treatment-naïve MDS patients (experimental cohort: 

19 SF3B1mut, 18 SF3B1wt; Supplemental Figure 1 and Supplemental Table 1 summarize somatic mutational 

data, performed analyses, clinical characteristics) and hematologically healthy donors (HD). Additionally, we 

validated findings in two independent cohorts comprising 131 treatment-naïve MDS patients (validation 

cohort 1: 28 SF3B1mut, 39 SF3B1wt; validation cohort 2: 32 SF3B1mut, 32 SF3B1wt; Supplemental Figure 6), 

including HD as reference. Biosamples from the experimental cohort were collected with approval from local 

ethics committees at the University Hospitals Dresden and Leipzig under broad research informed consent 

with unspecified future use as part of the MDS registry (EK289112008) or BoHemE study (EK393092016, 

137/19-lk). The study of biosamples from the validation cohorts was approved by the Independent Ethics 

Committee of Humanitas Clinical Institute [validation cohort 1; n. 2175/AIRC-IG-2018-Rif. 22053] and the 

Comitato Etico Area Vasta Centro [validation cohort 2; Em. 2020-298 Rif. CEAVC Studio 6277_oss (già 

14.104)]).  

NanoString gene expression analysis 

Total RNA was isolated with the AllPrep DNA/RNA Kit (QIAGEN, Germantown, MD, USA) from fresh BM 

mononuclear cells (BM-MNCs) separated by density centrifugation in Ficoll-Paque PLUS (GE Healthcare, 

Chicago, IL, USA). The expression levels of 770 genes were analyzed using the nCounter®PanCancer Immune 

Profiling Panel (NanoString Technologies, Inc., Seattle, WA, USA). Quality-checked raw data were background-

subtracted and normalized using the NanoString nSolver 4.0 software and default settings. Differential 

expression of genes was inferred by fitting generalized linear models using the R package edgeR 

(http://bioconductor.org). Genes with false discovery rate (FDR) < 0.05 were considered significant. Pathway 

and process enrichment analysis of differentially expressed genes (DEG) was performed using the web-based 

Metascape resource (http://metascape.org) [28] as described in Supplemental Methods. The list of DEG was 

further analyzed by Ingenuity Pathway Analysis (IPA) core analysis (QIAGEN). 

CyTOF and clinical flow data analysis 

Viably frozen BM-MNCs were thawed and stained with a customized Maxpar Direct Immune Profiling Assay 

(Standard BioTools Inc., CA, USA), employing a CD45-based barcoding approach for multiplex Cytometry by 

Time-of-Flight (CyTOF). Debarcoded CyTOF data (live CD45+ cells or further gated subpopulations as indicated) 

were concatenated at the group level (LR-MDS [IPSS-R ≤ 3.5] vs. HD, SF3B1K700E vs. SF3B1wt) using a customized 

R-based script, then arcsinh-transformed using a cofactor of 5, and analyzed with the Tracking Responders 

Expanding (T-REX) algorithm [29]. T-REX provides a rapid, unsupervised machine learning approach that 

combines Uniform Manifold Approximation and Projection (UMAP), k-Nearest Neighbour Classification 

(KNN), and Marker Enrichment Modeling (MEM) to reveal regions of great difference between patients. For 

our setting, we adapted the publicly available script (https://github.com/cytolab/T-REX) to calculate the 

percentage of cells within the identified regions for individual patients. For validation, we retrieved flow 

cytometric data on fresh BM/PB samples acquired independently as part of the diagnostic work142 

(experimental cohort/validation cohort 2) or cryopreserved BM-MNCs (validation cohort 1), and analyzed 

monocyte subsets by expert manual gating. 

Transcriptional analysis of monocytes using RNA-seq 

Classical monocytes (CD14+ CD16-) were isolated from viably frozen PB mononuclear cells (PBMCs). Initially, 

we also tried to isolate this monocyte subset from viably frozen BM-MNCs but monocyte cell counts were 

variable and often too low for downstream experiments. We used a two-step isolation procedure. After 

http://metascape.org/
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depletion of CD16+ cells using CD16 MicroBeads, CD14+ monocytes were magnetically separated using CD14 

MicroBeads over two sequential LS columns (Miltenyi Biotec, Bergisch Gladbach, Germany), yielding routinely 

>95% CD14+ CD16- monocytes based on flow cytometric assessment. Monocytes (195000 – 500000 cells per 

96-well in 250 μl RPMI 1640/PenStrep [Life Technologies Corp., NY, USA]/5% heat-inactivated human serum 

[Sigma-Aldrich, MO, USA]) were then stimulated with 100 ng/mL LPS (#L3024, Sigma-Aldrich) for 4 hours or 

left untreated. Following RNA isolation with TRIzol and Direct-zol™ RNA Microprep (Zymo Research, Irvine, 

CA, USA), mRNA library preparations and sequencing reactions were conducted at GENEWIZ, LLC. A detailed 

description of the RNA-seq protocol and downstream data analysis (EBSeq [30], rMATS [31]) is provided in 

Supplemental Methods. 

 

Results 

Patients with SF3B1 mutations exhibit a distinct immune gene signature in the bone marrow 

The initial transcriptional profiling of more than 700 immune-related genes identified 110 DEG between 

SF3B1mut and SF3B1wt BM samples (66 down-/44 upregulated, Supplemental Table 4). Pathway and process 

enrichment analysis of DEG showed that the majority of the downregulated genes in SF3B1mut patients were 

related to lymphocyte (T, B, and NK cell) function, whereas upregulated genes were mainly related to myeloid 

cell function and innate host defense (Figure 1A). Gene expression of key cell markers for T (CD3D) and B cells 

(CD79A) correlated positively with the percentage of BM CD3+ T (Spearman, R = 0.6; p = 0.0073) and CD19+ B 

cells (Spearman, R = 0.78; p =7.5e-05) assessed by diagnostic flow cytometry of corresponding fresh BM 

samples, respectively, indicating that lower relative lymphocyte frequencies in SF3B1mut BM may account for 

differential expression of lymphocyte-related genes. SF3B1mut BM samples exhibited predicted reduced 

activity of several canonical pathways pertaining to T cell immune responses and adaptive immunity (Figure 

1B). On the other hand, upregulation of myeloid cell-related genes in SF3B1mut BM (e.g. CYBB, NCF4, 

CEACAM8, CSF1R, S100A8, S100A12, Supplemental Table 4) implied a myeloid bias, as also evidenced by 

significantly higher absolute monocyte counts in PB compared to SF3B1wt MDS (Supplemental Table 1). 

Upregulated genes in SF3B1mut MDS further included genes related to immune 

regulation/immunosuppression (ARG1/2, ADORA2A, AXL), cell cycle (CDK1, CCND3, BIRC5), stress induced 

responses (MICB, ATG7), and apoptosis regulation (BIRC5, CASP10, IGFR1) (Supplemental Table 4). Despite 

the prevailing myeloid gene signature, SF3B1mut BM exhibited significantly reduced expression of IL1β, a gene 

transcriptionally induced in myeloid cells upon activation. Overall, the mRNA expression levels of IL1β showed 

no correlation with the frequency of BM monocytes assessed by flow cytometry of corresponding fresh 

samples (Spearman, R = 0.062; p = 0.8) or the monocyte marker gene CD14 (R = 0.24; p = 0.33). However, 

lower levels of IL1β in SF3B1mut BM correlated with lower expression of inflammatory genes, including NLRP3 

(R = 0.74; p = 0.00043), CXCL5 (R = 0.59; p = 0.0073), and NFKB1/2 (R = 0.61, p = 0.0071; R = 0.68, p = 0.0017, 

respectively). IPA-based pathway analysis further suggested that pathways pertaining to inflammatory 

cytokine signaling (e.g. Pathogen Induced Cytokine Storm Signaling Pathway, NFkB Signaling) and myeloid 

activation (e.g. Dendritic Cell Maturation, Macrophage Classical Activation Signaling Pathway) were less 

activated in SF3B1mut BM (Figure 1B). Overall, these results point toward a myeloid-biased gene signature, yet 

less pronounced myeloid-driven inflammation in this patient subgroup. 
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High-dimensional immunophenotyping of SF3B1K700E LR-MDS reveals distinct cluster of monocytes in the 

bone marrow 

Next, we performed high-dimensional CyTOF coupled with unsupervised T-REX-based data analysis to identify 

the immunophenotypic differences in the BM associated with LR-MDS in general and with SF3B1K700E LR-MDS 

in particular. First, we explored immunophenotypic changes evident in 14 LR-MDS patients compared to HD 

(n = 4). As expected, LR-MDS displayed several immunophenotypic changes consistent with an activated 

immune response in the presence of MDS precursor clones (Figure 2A-B, Supplemental Figure 2). This 

included a heterogeneous cluster of CD4+ T cells (cluster 195) in LR-MDS (Figure 2B). We further gated CD4+ 

T cell subsets, which revealed a significantly reduced proportion of naïve CD4+ T cells (TNV) in LR-MDS 

compared to HD (Supplemental Figure 3). LR-MDS samples further comprised specific clusters resembling 

terminally differentiated effector memory CD8+ T cells (TTE/TEMRA, cluster 1295), mature CD57+ NK cells 

(cluster 2495), CD27+ IgD- memory B cells (cluster 795), and γδ T cells exhibiting an exhausted 

immunophenotype (coexpressing TIGIT and PD-1, cluster 1395), respectively. Consistent with this, we found 

a higher proportion of TTE/TEMRA CD8+ T cells and an increase in the frequency of overall NK as well as CD57+ 

NK cells in LR-MDS (Supplemental Figure 3). Within the monocytic lineage, we observed aberrant expression 

of CD56 (clusters 1495, 295) (Supplemental Figure 2), which has been well documented in MDS [32]. 

Subsequently, we explored the immunophenotypic changes specific to SF3B1K700E (n = 5) compared to SF3B1wt 

(n = 9) LR-MDS. T-REX analysis of CD45+ BM-MNCs identified a SF3B1K700E-specific cluster comprising CD33+ 

Figure 1. Transcriptional immune profiling using bulk bone marrow samples fromSF3B1mut compared to SF3B1wt 

MDS. (A) Pathway and process enrichment analysis (top 20 representative terms) of down and upregulated genes in 

SF3B1mut (n = 9 SF3B1K700E and n = 3 SF3B1nonK700E, mean age = 71 years) compared to SF3B1wt (n = 7, mean age = 62 

years) bulk BM samples profiled using the NanoStringnCounter® PanCancer Immune Profiling Panel. (B) IPA core 

pathway analysis showing the predicted activity (cutoff z-score of > |1.5|) of overrepresented annotations (p-value 

< 0.05 [right-tailed Fisher’s exact test]) based on the list of DEG in SF3B1mut compared to SF3B1wt BM samples. For 

selected pathways, DEG overlapping the pathway are listed. 
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CD14+ cells (cluster 495, p < 0.01) (Figure 2C-D, Supplemental Figure 4). Further analysis of pre-gated CD33+ 

CD14+ cells showed that a remarkable proportion of the monocytes in SF3B1K700E LR-MDS adopt a HLA-

DRlow/neg phenotype (median = 10.7%, IQR = 16.9 vs. median = 0.9%, IQR = 1.0 in SF3B1wt, p < 0.05) (Figure 

2E-F). Some SF3B1K700E samples contained a cluster of naïve CD4+ T cells (cluster 3895) featuring lower 

expression of the co-stimulatory molecule CD27 (MEM score CD27+1), which is involved in cellular activation 

(Supplemental Figure 4). Additional gating of naïve CD4+ T cells (TN) confirmed that CD27 expression tends to 

be higher in SF3B1wt LR-MDS, possibly a result of transient upregulation upon recent T cell activation [33], but 

was comparable between SF3B1K700E LR-MDS and HD (Supplemental Figure 3C and 4). T-REX also revealed 

specific immunophenotypes evident in some SF3B1wt LR-MDS that were not expanded in other SF3B1wt 

patients, including clusters resembling mature CD57+ NK cells (cluster 1305) and more differentiated memory 

CD8+ T cells (cluster 1005) (Figure 2C-D, Supplemental Figure 4). Overall, our results point out a distinct cluster 

of monocytes in the BM of SF3B1K700E LR-MDS, which is characterized by lower surface expression of the MHC 

class II molecule HLA-DR. LR-MDS-related shifts in CD4+ and CD8+ T cell differentiation are noticable, yet naïve 

CD4+ T cells in SF3B1K700E patients showed subtle immunophenotypic differences indicative of less recent 

activation. 
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Monocytes from SF3B1-mutant MDS frequently display diminished HLA-DR expression 

To confirm the presence of HLA-DRlow/neg monocytes in SF3B1mut MDS, we retrospectively analyzed diagnostic 

flow data collected on fresh BM samples from a larger cohort of LR and higher-risk (HR) patients (18 SF3B1mut, 

16 SF3B1wt), comprising mainly SF3B1K700E MDS (n = 14). In line with the CyTOF data, we found an increased 

frequency of HLA-DRlow/neg monocytes, accounting for more than one third of the CD33+ CD14+ monocytes in 

the majority of SF3B1mut BM samples (median = 35.6%, IQR = 34.85 vs. median = 6.25%, IQR = 11.15 in 

SF3B1wt, p < 0.001) (Figure 3A-B). Higher frequencies of HLA-DRlow/neg monocytes correlated positively with 

the mutational burden of SF3B1, while co-occuring mutations in TET2 or DNMT3A and the IPSS-R showed no 

correlation (Figure 3C). A significant increase in the proportion of HLA-DRlow/neg monocytes was also detectable 

in BM and PB of SF3B1mut MDS compared to HD (p < 0.05 and p < 0.001, respectively) (Figure 3A-B, 

Supplemental Figure 5A). Among studied patients, we found a strong correlation between BM and PB 

regarding HLA-DRlow/neg monocyte frequencies (Supplemental Figure 5B). The CD14+ HLA-DRlow/neg BM 

monocytes in SF3B1mut MDS were mainly classical monocytes based on the absent surface expression of CD16 

(≤ 0.4% CD16+) (Supplemental Figure 5C). Conversely, the proportion of CD16+ intermediate/non-classical 

monocytes was increased in the majority of SF3B1wt compared to SF3B1mut LR-MDS (median = 27.95%, IQR = 

15.025 vs. median = 9.9%, IQR = 6.6, p < 0.05) and HD (median = 5.3%, IQR = 9.5, p < 0.01) (Figure 3D), whereas 

no difference was observed for HR (IPSS-R > 3.5) patients (data not shown). Analysis of available longitudinal 

data for 4 SF3B1K700E patients showed a consistently high frequency of HLA-DRlow/neg monocytes (Figure 3E). 

Importantly, external validation in two independent patient cohorts, which combined included 131 MDS 

patients, confirmed an increased frequency of HLA-DRlow/neg monocytes in SF3B1mut (SF3B1K700E and 

SF3B1nonK700E) compared to SF3B1wt LR-MDS (Supplemental Figure 6). 

 

 

 

Figure 2. High dimensional single-cell profiling of the bone marrow immune landscape in SF3B1K700E 

LR-MDS. (A) T-REX plot of regions of significant change on Uniform Manifold Approximation (UMAP) axes 

for CD45+ BM-MNCs stained for CyTOF showing distinct LR-MDS-specific (dark red, ≥ 95% of cells are 

contributed by LR-MDS samples) and HD-specific (dark blue, ≥ 95% of cells are contributed by HD) cell 

clusters. 14 LR-MDS (mean age = 74 years, 4 women, 10 men) and 4 HD (mean age = 58 years, all men) 

were included in the analysis. (B) Top 10 Marker Enrichment Modeling (MEM) labels with enrichment 

scores are shown for statistically significant (i.e. commonly found) LR-MDS-specific clusters (cutoff > 2000 

cells) indicated on T-REX plot in (A). LR-MDS group comprises SF3B1K700E (n = 5, orange dots; mean age = 

75 years, 2 women, 3 men) and SF3B1wt (n = 9, blue dots; mean age = 74 years, 2 women, 7 men) patients. 

(C) T-REX analysis of CD45+ BM-MNCs stained for CyTOF showing distinct SF3B1K700E-specific (dark red) 

and SF3B1wt-specific (dark blue) cell clusters. (D) Top 10 MEM labels are shown for statistically significant 

and trend clusters (cutoff > 1000 cells) indicated on T-REX plot in (C). (E, F) T-REX analysis of CD33+ CD14+ 

pre-gated monocytes showing SF3B1K700E-specific (dark red) and SF3B1wt-specific (dark blue) clusters. 

Cluster 795 depicts a distinct monocyte subset in SF3B1K700E LR565 MDS (NOTE: this cluster is not related 

to cluster 795 shown in (B)). (A, C) Labels on T-REX plot indicate major immune cell subsets (Myeloid, 

myeloid cells; NK, NK cells; γδ, γδT cells; CD4+ and CD8+ T cells). (B, D, F) Mann-Whitney-U-test/Wilcoxon-

test was performed for indicated clusters (p < 0.05 was considered significant; p-values are shown in 

brackets). Box plots depict median, IQR (lower and upper hinges), and 1.5 * IQR (lower and upper 

whiskers). 
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Figure 3. Monocytes with HLA-DRlow/neg immunophenotype emerge frequently in the bone marrow of 

SF3B1mut MDS. (A) Percentage of CD33+ CD14+ BM monocytes with HLA-DRlow/neg immunophenotype in HD 

(n = 9, mean age = 69 years, 6 women, 3 men), SF3B1mut (n = 18; orange dots, K700E; light orange filled circles, 

nonK700E; mean age = 71 years, 7 women, 11 men), and SF3B1wt (n = 16, mean age = 66 years, 8 women, 8 

men) MDS assessed by diagnostic flow cytometry of freshly stained BM samples. (B) Representative HLA-DR 

staining on gated CD33+ CD14+ BM monocytes. The black line indicates set threshold distinguishing low or 

negative from high HLA-DR expression. (C) Correlation of the percentage of BM HLA-DRlow/neg monocytes with 

variant allele frequency (VAF) of SF3B1 mutation, IPSS579R, and VAF of confounding TET2 and DNMT3A co-

mutations. Scatter plots show Spearman’s rank correlation coefficient R and p-value with linear regression 

line and confidence interval. (D) Percentage of BM monocytes with surface CD16 expression (intermediate 

and non-classical monocytes) assessed by diagnostic flow cytometry of freshly stained BM samples obtained 

from HD (n = 9), SF3B1mut (n = 13, orange dots, K700E; light orange-filled circles, nonK700E; mean age = 73 

years, 3 women, 10 men), and SF3B1wt (n = 10, mean age = 66 years, 4 women, 6 men) LR-MDS (IPSS-R ≤ 3.5). 

(E) Percentage of CD33+ CD14+ BM monocytes with HLA-DRlow/neg immunophenotype in 4 SF3B1K700E MDS 

patients over time. (A and D) Kruskal-Wallis test with Dunn’s post-hoc test (Bonferroni adjusted p-values). 
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Classical monocytes with isolated SF3B1K700E mutation lack activated immune gene signature seen in other 

LR-MDS 

As CD14+ monocytes lose HLA-DR expression, they convert from an inflammatory to an anti-

inflammatory/immunosuppressive phenotype [34]. To confirm this is the case in SF3B1K700E MDS, we studied 

the inflammatory profile of the CD14+ classical monocyte subset using RNA-seq. Variant calling from RNA-seq 

data confirmed clonal involvement of mutant SF3B1 in sorted monocytes, with similar variant allele frequency 

(VAF) compared to mutational screening of whole BM-MNCs (Figure 4A-B). Principal component analysis 

applied to examine the global distribution of gene expression profiles showed clustering of HD (n = 3) and 

scattering of LR-MDS monocytes (n = 3 SF3B1K700E, n = 3 SF3B1wt), reflecting the transcriptional heterogeneity 

of the latter (Figure 4C). Differential gene expression analysis identified 545 up- and 812 downregulated genes 

in SF3B1K700E LR-MDS monocytes with isolated K700E hotspot mutation compared to HD (PostFC ≥ 1.5 or ≤ 

0.67, respectively), including 172 genes not mapped to Entrez ID. IPA-based pathway analysis of DEG (PostFC 

≥ 2 or ≤ 0.5) predicted reduced activity of enriched pathways (p < 0.05) pertaining to inflammatory cytokine 

signaling (i.e. TREM1 Signaling [z-score = -1.9], NF-kB Signaling [z-score = -2.8], LPS/IL1 Mediated Inhibition 

of RXR Function [z-score = -2.6], IL-6 Signaling [z-score = -3.2], Acute Phase Response Signaling [z-score =             

-2.5], PI3K/AKT Signaling [z-score = -2.3]) and inflammatory conditions (i.e. Hepatic Fibrosis Signaling Pathway 

[z-score = -3.5]) (Figure 4D). Accordingly, SF3B1K700E monocytes expressed lower levels of many genes involved 

in inflammatory responses, such as TREM1, IL6R, and MAP3K7 (Figure 4E, Supplemental Table 5). In contrast, 

monocytes from SF3B1wt LR-MDS patients, of whom 2 out of 3 carried somatic mutations in TET2, were 

predicted to have increased activity of enriched pathways (p< 0.05) pertaining to inflammatory processes and 

conditions (i.e. S100 Family Signaling Pathway [zscore = 2.3], Pathogen Induced Cytokine Storm Signaling 

Pathway [z-score = 0.6], Cardiac Hypertrophy Signaling (Enhanced) [z-score = 2.8]) (Figure 4F). Despite their 

transcriptionally immunosuppressed signature, SF3B1K700E monocytes readily secreted inflammatory 

cytokines such as TNFα, IL-1β, and IL-6 following in vitro stimulation with the Toll-like receptor 4 (TLR4) agonist 

LPS, unless the mutational burden was extremely high (VAF = 0.86), in which case LPS-induced cytokine 

production was diminished for these and other cytokines compared to HD (Supplemental Figure 7). Taken 

together, these data showed that circulating classical monocytes in SF3B1K700E LR-MDS patients display a less 

inflammatory/activated gene signature, which was clearly different from other LR-MDS, but these monocytes 

are still proficient to initiate inflammatory cytokine production for host defense. 
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Figure 4. Classical monocytes from SF3B1K700E LR-MDS exhibited reduced predicted activity of 

inflammatory pathways based on gene expression profile. (A) Representative flow cytometric evaluation of 

purity of MACS-sorted CD14+ CD16- classical monocytes (CM) and percentages of intermediate (IM) and non-

classical (NCM) monocytes. (B) VAF of SF3B1K700E mutation in sorted peripheral CD14+ CD16- CM (RNA-seq 

data) and paired BM-MNCs (Archer® VariantPlex® Myeloid panel). Asterisk (*) denotes one patient with time 

lag of 1 year between CM and BM-MNC sampling. Patient with VAF = 0.86 has proven somatic SF3B1K700E 

mutation. (C) Principal component analysis of TPM (transcripts per kilobase million) values from RNA-seq of 

LR-MDS (n = 3 SF3B1K700E [mean age = 70 years, all men], n = 3 SF3B1wt [mean age = 71 years, all men]) 

compared to HD (n = 3, mean age = 66 years, 1 woman, 2 men) classical monocytes. Scatterplot illustrates 

variation along the first (PC1) and second (PC2) principal component. (D, F) IPA core pathway analysis showing 

the predicted activity (cutoff z-score of > |0.5|) of overrepresented annotations (p-value < 0.05 [right-tailed 

Fisher’s exact test]) based on the list of DEG (PostFC ≥ 2 or ≤ 0.5, PPDE > 0.95) in (D) SF3B1K700E or (F) SF3B1wt 

compared to HD classical monocytes. (E) Violin plot of normalized read counts for selected genes based on 

RNA-seq data. Abbreviations: PI, propidium iodide. 
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Mis-spliced gene signature in monocytes with isolated SF3B1K700E mutation 

To further characterize the functional effects of SF3B1K700E mutation in classical monocytes, we investigated 

their alternative splicing (AS) signature in comparison to HD monocytes using rMATS [31]. Altogether, we 

observed 834 differentially spliced genes (DSG) (1226 events), with exon skipping (SE) constituting the most 

frequent AS event (651), followed by inclusion of mutually exclusive exons (318), alternative 3’ splice site 

(156), alternative 5’ splice site (59), and retained intron events (42) (Figure 5A). The identified SF3B1K700E 

splicing signature included genes previously reported as mis-spliced in SF3B1mut cells, such as BRD9 [35], COASY 
[36], and TMEM214 [15] (Figure 5B). For example, mis-splicing of COASY affected the same junctions as 

described before [36]. Many of the identified genes (416) were also observed using EBSeq, which identifies 

differentially expressed isoforms (DEI) (Figure 5C). Subsequent Isoprofiler filtering of all DEI identified several 

protein-coding isoforms of genes implicated in inflammatory processes, including TREM1, IL6R, and WNT5A 

(Supplemental Table 7). However, EBSeq does not provide accurate splice site event information and hence 

we focused our analysis on the event-based approach rMATS. Pathway and process enrichment analysis of all 

DSG pointed to regulation of the immune response and cytokine signaling, next to mRNA metabolism, 

apoptotic signaling, and mitotic cell cycle (Figure 5D, Supplemental Table 8). We concentrated on splicing eve 

297 nts related to activation and inflammatory signaling. DSG associated with activation of the immune 

response and/or cytokine signaling included genes involved in the NF-kB signaling pathway (TLR2, MYD88, 

IRAK4, CYLD, IKBKB, MAP3K7) and innate immune response (TLR2, C2, NOD2, Ly96) (Figure 5E-F). For instance, 

the observed SE event for TLR2 aligned with EBSeq data, which showed reduced expression of two isoforms 

with incomplete 3’ coding sequence (ENST00000643501, ENST00000646219) and a principal isoform 

(ENST00000260010) in SF3B1K700E monocytes (Supplemental Table 6). SF3B1K700E monocytes also exhibited AS 

of IRAK4 in line with increased expression of an IRAK4 transcript undergoing nonsense-mediated decay 

(ENST00000431837) (Supplemental Table 6). Furthermore, we observed a high proportion of exon skipping 

(ILD = 0.651, FDR = 2.5925e-09) for the stimulatory immunoreceptor LILRA2, corresponding to exon 2 of the 

principal transcript (ENST00000391738). ANXA2, which fulfills a spectrum of pro- and anti-inflammatory 

functions, showed a complex dysregulation of AS (Figure 5F). Importantly, 369 (out of the 834) DSG were also 

differentially spliced in SF3B1K700E compared to SF3B1wt LR-MDS monocytes (Supplemental Table 9). 

Altogether, our findings reveal differential mRNA splicing of a multitude of genes implicated in inflammatory 

responses and cellular activation, which adds to the complex transcriptional dysregulation of immune 

pathways in SF3B1K700E MDS. 
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Figure 5. Alternative splicing signature in SF3B1K700E classical monocytes. (A) Overview of differential splicing 

events detectable in SF3B1K700E LR-MDS (n = 3, mean age = 70 years, all men) compared to HD (n = 3, mean 

age = 66 years, 1 woman, 2 men) classical monocytes using rMATS. (B) Volcano plot highlighting DSG with 

inclusion level difference (ILD) > |0.2|. (C) Venn diagram showing overlap of DSG, DEI, and DEG based on 

Ensembl gene ID. (D) Enrichment analysis of DSG using Metascape. Top 20 enriched terms across input DSG 

are shown. (E, F) DSG associated with terms related to activation and inflammatory signaling are shown with 

their type of differential splicing event(s). Abbreviations: A3SS, alternative 3’ 611 splice site; A5SS, alternative 

5’ splice site; MXE, mutually exclusive exon; RI, retained intron; SE, skipped exon. 
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Discussion 

The inherent mechanisms subverting effective antitumor immunity in myeloid malignancies such as MDS are 

diverse and shaped by the somatic mutational background. In this study, we investigated the 

immunophenotype of a subgroup of MDS patients genetically defined by somatic mutations in SF3B1, with a 

majority of the patients fulfilling the recent WHO 2022 criteria for MDS-SF3B1 classification [37], in comparison 

to healthy controls and other MDS. First, we broadly assessed immune cell signatures and phenotypes using 

multiplex immunophenotyping technologies in combination with machine learning-based analytical 

approaches. Second, we used RNA-seq to study the global gene expression changes and splicing 

abnormalities associated with the presence of SF3B1K700E mutations in CD14+ classical monocytes from LR-

MDS. 

Prevailing in the BM of SF3B1mut patients was a myeloid cell-related immune gene signature exhibiting 

immunoregulatory facets (e.g. increased ARG1/2, ADORA2A, and AXL [38,39]) and lacking signs of overt 

myeloid-driven inflammation. Lymphoid-related genes were underrepresented, accordant with the 

previously reported lower proportion of lymphocytes in the BM of SF3B1mut patients [40]. Since total BM cell 

counts were not available for extrapolating absolute lymphocyte subset counts, it remains to be investigated 

whether this translates into reduced lymphoid infiltration in SF3B1mut BM. Further analysis of the T cell 

compartment showed a similarly disturbed T cell homeostasis in SF3B1K700E and SF3B1wt LR-MDS compared 

to HD, with less naïve CD4+ and CD8+ T cells, and memory phenotype skewing toward effector memory (TEM) 

and TTE CD8+ T cells, consistent with progressive memory differentiation entailing loss of survival [41]. Such 

skewing of T cells is typically seen in MDS, potentially contributing to impaired long-term antitumor 

immunosurveillance [42]. In addition, our data support a dysregulated NK cell phenotype with an increased 

percentage of phenotypically more mature CD57+ NK cells in the BM of SF3B1K700E and SF3B1wt LR-MDS 

compared to HD. While a more in-depth investigation of the defects in NK cell phenotype and function was 

beyond the scope of this study, recent data strongly encourage consideration of the patients’ somatic 

mutational profiles for evaluation of NK cell deficits, especially with regard to (co-)mutations in TET2 [43].  

The most remarkable immunophenotypic difference distinguishing SF3B1mut (SF3B1K700E and SF3B1nonK700E) 

patients was, however, the frequent and persistent emergence of HLA-DRlow/neg CD14+ CD16- classical 

monocytes in the BM and PB in comparison to HD and other MDS. To the best of our knowledge, the only 

other study to date investigating immunophenotypic features in the BM of SF3B1mut MDS patients reported 

lower expression of CD11b, CD36, and CD64 on SF3B1mut monocytes [40]. While we can confirm these findings 

(data not included), our study revealed an even more profound impact of SF3B1 mutations on monocyte 

immunophenotype and potentially function. HLA-DRlow/neg monocytes have known immunoregulatory 

properties via multiple mechanisms, including effector T cell inhibition, decreased antigen presentation, and 

defective dendritic cell maturation [34,44–48]. A possible scenario is that the early acquisition of SF3B1 mutations 

and the presence of inflammation during this early-stage disease fosters the emergence of HLA-DRlow/neg 

monocytes, which then contribute to counteract and balance inflammatory responses in established SF3B1mut 

MDS. Further comprehensive transcriptional profiling of the peripheral classical monocyte subset affirmed a 

less activated state and reduced activity of inflammatory pathways in SF3B1K700E MDS. Importantly, this 

signature was directly attributable to SF3B1K700E and not confounded by co-mutations or cytogenetic 

aberrations. Nevertheless, SF3B1K700E (VAF ~ 0.4) monocytes were capable of responding to in vitro TLR4 

stimulation with adequate secretion of different cytokines required for innate host defense comparable to 

HD monocytes, suggesting that TLR4-mediated NF-kB signaling can be activated. On that account, the less 

activated constitutive state appears likely to be a result of a less inflammatory microenvironment in SF3B1K700E 

MDS. 

To date, only few studies have investigated the contribution of clonally involved, yet mutationally undefined 

monocyte subsets to the immune dysregulation in MDS. Our previous collaborative study found a higher 
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frequency of classical monocytes expressing immunoregulatory thrombomodulin, especially in MDS subtypes 

with lower percentage of blasts (< 5%) and RS, a hallmark of SF3B1mut MDS [49]. Sorted thrombomodulin-

expressing monocytes from MDS patients with RS supported in vitro polarization of CD4+ T cells to an 

immunosuppressive phenotype. Moreover, according to another recent study, non-classical slan+ monocytes 

from MDS patients with RS showed disrupted expression of receptors and signaling pathways involved in 

innate and inflammatory responses [50]. Thus, monocyte signatures that could contribute to the complex 

picture of immune dysregulation and immune escape in MDS are currently emerging. Our study now shows 

that splicing factor mutations, in particular SF3B1K700E, distinctly shape monocyte signatures on various levels. 

Specifically, our data inform on monocyte-specific splicing differences, which may affect certain innate and 

chronic inflammatory responses in patients with an isolated SF3B1K700E mutation. 

In conclusion, the monocyte signatures identified in SF3B1K700E MDS suggest a lower level of harmful sterile 

inflammation known to contribute to genomic instability in MDS and further suggest that therapies targeting 

myeloid-driven hyperinflammation, such as canakinumab [51], need to be properly chosen and maybe 

ultimately personalized. 
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1

SUPPLEMENTAL METHODS1

Patient cohort2

Supplemental Table 1: Clinical characteristics of MDS experimental cohort3

Variable SF3B1wt SF3B1mut p-value
Number of patients 18 19
Sex
Female 8 8
Male 10 11
Age, years (median) 72.1 72 NS
Age, years (range) 27.5 - 83.5 55.8 - 83.7
Age, years (IQR) 61.8 - 75.5 67.7 - 76
RS, % (median) 0 62 < 0.001*
RS, % (range) 0 - 75 29 - 89
RS, % (IQR) 0 - 7 42 - 71
BM blasts, % (median) 3 4 NS
BM blasts, % (range) 0.5 - 16 2 - 13
BM blasts, % (IQR) 2.1 - 5.3 2.3 - 4.8
Hb, g/dL (median) 8.9 8.7 NS
Hb, g/dL (range; ref. range 11.92 - 17.24) 7.7 - 13.7 5.8 - 10.3
Hb, g/dL (IQR) 8.7 - 10.8 7.9 - 9.6
WBC, GPt/L (median) 3 4.2 NS
WBC, GPt/L (range; ref. range 3.8 - 9.8) 0.8 - 6 1.1 - 8.7
WBC, GPt/L (IQR) 2 - 4.4 3.1 - 6.5
ANC, GPt/L (median) 1.7 2.5 NS
ANC, GPt/L (range; ref. range 1.8 - 7.55) 0.1 - 4.2 0.4 - 6.4
ANC, GPt/L (IQR) 0.7 - 2.8 1.6 - 3.7
Platelets, GPt/L (median) 184.5 239 NS
Platelets, GPt/L (range; ref. range 150 - 400) 57 - 392 42 - 1471
Platelets, GPt/L (IQR) 110 - 266.5 113.5 - 354.5
ALC, GPt/L (median) 1 1.2 NS
ALC, GPt/L (range; ref. range 1.5 - 4) 0.4 - 1.9 0.2 - 2.8
ALC, GPt/L (IQR) 0.7 - 1.3 0.7 - 1.5
AMC, GPt/L (median) 0.2 0.5 0.02*
AMC, GPt/L (range; ref. range 0.2 - 1) 0.02 - 0.71 0.01 - 1
AMC, GPt/L (IQR) 0.1 - 0.42 0.3 - 0.6
IPSS-R
IPSS-R ≤ 3.5 (number of patients) 13 13
IPSS-R > 3.5 - 4.5 (number of patients) 2 3
IPSS-R > 4.5 (number of patients) 3 3
CRP, mg/L (median) 4.4 1.6 NS
CRP, mg/L (range; ref. range < 5) 0.3 - 37.5 0.5 - 18.3
CRP, mg/L (IQR) 1.6 - 8.7 0.9 - 2.9

Mann-Whitney-U-test/Wilcoxon-test was performed for laboratory variables (p < 0.05 was considered4
significant).5
Abbreviations: ALC, absolute lymphocyte count; AMC, absolute monocyte count; ANC, absolute neutrophil6
count; CRP, C-reactive protein; IQR, interquartile range; NS, not significant; RS, ring sideroblasts; WBC, white7
blood cell count.8
*Similar to the IWG cohort,1 SF3B1mut MDS patients had RS phenotype and higher absolute PB monocyte counts.9
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CyTOF staining and panel design10

Viably frozen BM-MNCs were thawed in 10 mL RPMI medium containing 10% FBS and 1x CTL anti-11

aggregate wash supplement (CTL-AA-005 CTL, Cellular Technology Limited, USA). Following12

centrifugation (300 x g for 5 min), cells were resuspended in 10 mL CTL wash medium and counted13

using trypan blue and a hemocytometer. Samples were incubated with 103Rh-Intercalator, washed,14

and FcR were blocked with 50 µg/sample human IgG blend (KIOVIG, Baxalta Belgium Manufacturing15

SA/Baxter SA, Belgium). Two differently mass-tagged CD45 antibodies were used to barcode samples16

prior to their joint surface and intracellular staining. Barcoded samples were stained with APC-17

conjugated anti-human CD95 for 30 min at 4°C, washed, and transferred into a new tube containing18

the dried antibody pellet from the Maxpar Direct Immune Profiling Assay. A custom mastermix19

containing antibodies from the Maxpar Direct T cell Expansion Panel 2 and others as indicated in20

Supplemental Table 2 was added and cells were incubated for 30 min at RT. After washing, cells were21

fixed with freshly prepared 1.6% PFA solution for 10 min at RT. Cells were stained intracellularly using22

the Foxp3/Transcription Factor Staining Buffer Set according to manufacturer’s instructions (Thermo23

Fisher Scientific, USA). Cells were then resuspended in Maxpar Fix & Perm buffer containing Cell-ID™24

Intercalator-Ir for nucleated cell discrimination (Standard BioTools Inc., CA, USA) and incubated at 4°C25

overnight. On the next day, cells were centrifuged and resuspended in 1 mL freezing medium (10%26

DMSO, 90% FBS) for storage at -80°C until data acquisition. Upon thawing and washing, cells were27

counted using a Countess® II FL Automated Cell Counter (Thermo Fisher Scientific, USA) before loading28

for acquisition. All cell washes were performed with Maxpar Cell Staining Buffer. Samples were29

acquired on a Helios™ mass cytometer (Standard BioTools Inc., CA, USA). Raw FCS files were30

normalized using the free CyTOF 6.7 system control software. Data were cleaned, gated on CD45+ cells,31

and debarcoded using FlowJo v10.8 (FlowJo, Ashland, OR, USA). Due to unspecific staining, the data32

on Foxp3 were not included. Further gating of key immune cell populations was done using FlowJo. T33

cell subpopulations were gated based on differential expression of CD45RO, CCR7, CD28, and CD9534

according to published gating strategies.235
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Supplemental Table 2: CyTOF panel36

Target Clone Metal Information
Anti-human CD45 HI30 89Y Maxpar Direct Immune Profiling Assay
Live/dead 103Rh-Intercalator N/A 103Rh Maxpar Direct Immune Profiling Assay
Anti-human CD196/CCR6 G034E3 141Pr Maxpar Direct Immune Profiling Assay
Anti-human CD123 6H6 143Nd Maxpar Direct Immune Profiling Assay
Anti-human CD19 HIB19 144Nd Maxpar Direct Immune Profiling Assay
Anti-human CD4 RPA-T4 145Nd Maxpar Direct Immune Profiling Assay
Anti-human CD8a RPA-T8 146Nd Maxpar Direct Immune Profiling Assay
Anti-human CD11c Bu15 147Sm Maxpar Direct Immune Profiling Assay
Anti-human CD16 3G8 148Nd Maxpar Direct Immune Profiling Assay
Anti-human CD45RO UCHL1 149Sm Maxpar Direct Immune Profiling Assay
Anti-human CD45RA HI100 150Nd Maxpar Direct Immune Profiling Assay
Anti-human CD161 HP-3G10 151Eu Maxpar Direct Immune Profiling Assay
Anti-human CD194/CCR4 L291H4 152Sm Maxpar Direct Immune Profiling Assay
Anti-human CD25 BC96 153Eu Maxpar Direct Immune Profiling Assay
Anti-human CD27 O323 154Sm Maxpar Direct Immune Profiling Assay
Anti-human CD57 HCD57 155Gd Maxpar Direct Immune Profiling Assay
Anti-human CD183/CXCR3 G025H7 156Gd Maxpar Direct Immune Profiling Assay
Anti-human CD185/CXCR5 J252D4 158Gd Maxpar Direct Immune Profiling Assay
Anti-human CD28 CD28.2 160Gd Maxpar Direct Immune Profiling Assay
Anti-human CD38 HB-7 161Dy Maxpar Direct Immune Profiling Assay
Anti-human CD56/NCAM NCAM16.2 163Dy Maxpar Direct Immune Profiling Assay
Anti-human TCRgd B1 164Dy Maxpar Direct Immune Profiling Assay
Anti-human CD294 BM16 166Er Maxpar Direct Immune Profiling Assay
Anti-human CD197/CCR7 G043H7 167Er Maxpar Direct Immune Profiling Assay
Anti-human CD14 63D3 168Er Maxpar Direct Immune Profiling Assay
Anti-human CD3 UCHT1 170Er Maxpar Direct Immune Profiling Assay
Anti-human CD20 2H7 171Yb Maxpar Direct Immune Profiling Assay
Anti-human CD66b G10F5 172Yb Maxpar Direct Immune Profiling Assay
Anti-human HLA-DR LN3 173Yb Maxpar Direct Immune Profiling Assay
Anti-human IgD IA6-2 174Yb Maxpar Direct Immune Profiling Assay
Anti-human CD127 A019D5 176Yb Maxpar Direct Immune Profiling Assay
Anti-human PD-1/CD279 EH12.2H7 165Ho Maxpar Direct T cell Expansion Panel 2
Anti-APC (Maxpar® Ready) APC003 106Cd Biolegend, custom metal labeling
APC anti-CD95 DX2 NA Biolegend
Anti-human CD33 (Maxpar® Ready) WM53 111Cd Biolegend, custom metal labeling
Anti-human OX40/CD134 ACT35 142Nd Standard BioTools
Anti-human TIM-3/CD366 F38-2E2 159Tb Maxpar Direct T cell Expansion Panel 2
Anti-human ICOS/CD278 C398.4A 169Tm Maxpar Direct T cell Expansion Panel 2
Anti-human CD184/CXCR4 12G5 175Lu Maxpar Direct T cell Expansion Panel 2
Anti-human TIGIT MBSA43 209Bi Maxpar Direct T cell Expansion Panel 2
Anti-human CD45 HI30 110Cd Standard BioTools, used for barcoding
Anti-human CD45 HI30 112Cd Standard BioTools, used for barcoding

37

Clinical flow cytometry staining (experimental cohort)38

The monoclonal antibody panels consisted of 8-color-tubes that are part of routine diagnostic flow39

cytometric analysis of MDS patients. Cell preparation was performed within 24 hours after BM40

aspiration or PB collection in EDTA tubes. Prior to staining, erythrocytes were removed by bulk lysis for41
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10 min at RT using BD Pharm Lyse buffer (1:10 dilution with distilled water; BD Biosciences, USA),42

followed by two washing steps with PBS (Thermo Fisher Scientific, USA). For surface labeling, cells were43

incubated with monoclonal antibodies (Supplemental Table 3) in the dark (15 min at RT) according to44

the recommendations of the manufacturer. Subsequently, cells were washed twice and resuspended45

in 500 μl PBS. Samples were stored at 4°C and acquired within 1 hour on a FACS Canto II cytometer (BD46

Biosciences) equipped with three lasers (405, 488, and 633 nm). The analysis of FCS files was47

performed using BD FACSDiva v9.0.1 software. CD33+ CD36+ monocytes were routinely backgated48

within CD45/SSC-A to verify that all events fall within the traditional monocyte gate. The same49

threshold for HLA-DRlow/neg CD14+ monocytes was set for all samples according to the upper limit of50

HLA-DR in HLA-DRneg lymphocytes. FlowJo v10.8.1 was used for visualization of data.51

52

Supplemental Table 3: Clinical flow cytometry antibodies53

Target Clone Source
Anti-human HLA-DR L243 BD Biosciences
Anti-human CD19 HD37 Agilent Dako
Anti-human CD3 SK7 eBioscience
Anti-human CD16 3G8 Beckman Coulter/Biolegend
Anti-human CD64 10.1 Biolegend
Anti-human CD11b ICRF44 Biolegend
Anti-human CD14 M5E2/HCD14 BD Biosciences/Biolegend
Anti-human CD36 CB38 (also known as NL07) BD Biosciences
Anti-human CD33 P67.6 BD Biosciences
Anti-human Lineage Cocktail
(CD3, CD14, CD16, CD19, CD20,
CD56)*

UCHT1; HCD14; 3G8; HIB19; 2H7; HCD56; Biolegend

Anti-human CD45 HI30 BD Biosciences
54

Flow cytometric evaluation of isolated classical monocytes55

The purity of the isolated CD14+ CD16- monocytes was checked by flow cytometry using a cocktail of56

monoclonal antibodies (anti-human CD45 [clone 2D1], anti-human CD14 [clone MφP9], anti-human57

CD33 [clone P67.6], anti-human CD16 [clone NKP15], anti-human CD34 [clone 8G12], anti-human HLA-58

DR [clone L243], BD Biosciences).59

RNA-seq of classical monocytes and downstream data analysis60

The mRNA library preparations and sequencing reactions were conducted at GENEWIZ, LLC. (South61

Plainfield, NJ, USA). The SMART-Seq HT kit (Takara, San Jose, CA, USA) was used for full-length cDNA62

synthesis and amplification, and Illumina Nextera XT (Illumina, San Diego, CA, USA) was used for63

sequencing library preparation according to manufacturer’s instructions. The samples were sequenced64

on the Illumina HiSeq 4000 instrument using a 2x150 bp paired-end configuration. Image analysis and65

base calling were conducted by the HiSeq Control Software. Raw sequence data (.bcl files) generated66
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from Illumina HiSeq was converted into FASTQ files and de-multiplexed using Illumina’s bcl2fastq67

Conversion Software v2.20. Sequencing quality of raw FASTQ files was checked using FastQC 0.11.868

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter trimming and quality69

filtering of sequence reads were performed using Seqtk and cutadapt. The adapter clipped reads were70

also aligned to ribosomal RNA sequences using Bowtie 2 (v2.4.1) and the mapped reads were71

discarded. After that, mapping against the human genome (GRCh38 version 32/Ensembl 98) was72

performed using STAR aligner v2.7.9a.73

SeqPilot software (JSI medical systems GmbH, Ettenheim, Germany) was used for SF3B1 variant calling74

using FASTQ files as inputs. RSEM (v1.3.3) was used for quantifying gene and transcript abundances75

from RNA-seq data. The R package EBSeq (v1.28.0) was used to infer differential gene and isoform76

expressions.3 Downstream pathway analysis of DEG was conducted using IPA core pathway and77

upstream regulator analysis (QIAGEN Ingenuity Systems, CA, USA) by applying the following filters:78

posterior probability of being differentially expressed (PPDE) > (1-) (with significance level  set to79

0.05) and posterior fold change (PostFC) of ≥ 2 or ≤ 0.5. The right-tailed Fisher’s exact test was used to80

estimate the probability that an association between a set of molecules and a biological function or81

pathway might be due to random chance. The IPA activation z-score was used to infer the activation82

states (“increased” or “decreased”) of implicated biological functions. Furthermore, the Isoprofiler tool83

in IPA was utilized to filter protein-coding isoforms associated with known diseases or functions84

(PostFC of ≥ 2 or ≤ 0.5 [values below 1 were converted to -1/PostFC within IPA application]; isoform-85

specific disease or function count set to 1). Replicate multivariate analysis of transcript splicing (rMATS486

v4.0.2) was used to assess differential alternative splicing events. rMATS detects differential usage of87

exons by comparing exon-inclusion levels defined with junction reads. Splicing events with FDR < 0.05,88

inclusion level difference of > |0.05|, average read counts ≥ 10, and average inclusion levels within89

0.05 and 0.95 were taken forward (events with missing read count values and events affecting genes90

on X or Y chromosome were omitted). The EnhancedVolcano and ggvenn R packages were used for91

data visualization.92

Pathway and process enrichment analysis93

Pathway and process enrichment analysis of DEG (NanoString gene expression analysis, Figure 1A) has94

been carried out using Metascape (http://metascape.org)5 with the following ontology sources: GO95

Biological Processes, GO Cellular Components, GO Molecular Functions, KEGG Pathway, and Canonical96

Pathways. Ontology sources for Metascape pathway and process enrichment analysis of DSG (rMATS97

data, Figure 5D) included: KEGG Pathway, GO Biological Processes, Reactome Gene Sets, Canonical98

Pathways, CORUM, WikiPathways, and PANTHER Pathway. Significant enrichment was indicated by a99

minimum overlap of 3, p-value cut-off of 0.01, and minimum enrichment of 1.5. The most significant100

term within a cluster was chosen to represent the cluster.101
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Luminex analysis of secreted cytokines102

Cytokine levels in supernatants were determined in duplicate using a customized Luminex™ panel for103

IFN-α2, IFN-γ, IL-1β, IL-1RA, IL-6, IL-10, IL-17A, IL-18, IL-27, CXCL10 (IP-10), MCP-1, and TNF-α (Merck104

Millipore, MA, USA) on a FLEXMAP 3D™ system (Luminex Corp., Austin, TX, USA) according to the105

manufacturer´s instructions. The background-subtracted averaged median fluorescence intensity106

(MFI) values for LPS-stimulated samples were corrected for non-stimulated cytokine secretion through107

subtraction. We added +1 to all values and plotted log2-transformed LPS-induced MFI values using the108

R package pheatmap.109

Statistical analysis110

Statistical analyses were performed using R (v4.2.3, R Foundation for Statistical Computing, Vienna,111

Austria) and R Studio (v2023.03.0, Posit Software). A p-value of < 0.05 was considered statistically112

significant.113

114

SUPPLEMENTAL TABLES PROVIDED SEPARATELY115

Supplemental Table 4: List of DEG between SF3B1mut and SF3B1wt bulk BM samples116

Supplemental Table 5: List of DEG between SF3B1K700E LR-MDS and HD classical monocytes117

Supplemental Table 6: Differential splicing in SF3B1K700E LR-MDS compared to HD classical monocytes118

Supplemental Table 7: Filtering of DEI between SF3B1K700E LR-MDS and HD classical monocytes using119
IPA Isoprofiler120

Supplemental Table 8: Metascape pathway and process enrichment analysis of DSG identified in121
SF3B1K700E LR-MDS compared to HD classical monocytes using rMATS122

Supplemental Table 9: Differential splicing in SF3B1K700E compared to SF3B1wt LR-MDS classical123
monocytes124
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SUPPLEMENTAL FIGURES125

Supplemental Figure 1126

127
Supplemental Figure 1: Overview of somatic mutational data of MDS patients (experimental cohort)128
and performed analyses. Summary of somatic mutational data assessed by next generation129
sequencing showing VAF of gene variants for individual patients. BM samples were screened using the130
Archer® VariantPlex® Myeloid panel (75 genes) unless otherwise indicated (T, Illumina TrueSight131
Myeloid Sequencing Panel [54 genes]; P, PB samples used for mutational screening; P/H, PB samples132
used for mutational screening with a customized Agilent HaloPlex Panel [71 genes]). SF3B1mut MDS133
patients showed a restricted spectrum of co-mutations, with TET2 and DNMT3A being the most134
frequently mutated co-occurring genes (both 36.8%). Mutations in splicing genes other than SF3B1135
(i.e. SRSF2, U2AF1, ZRSR2) or splicing regulatory genes (i.e. DDX41) were detected in 10/18 SF3B1wt136
MDS patients, while 18/19 SF3B1mut MDS patients were devoid of mutations in these genes.137
Annotations above indicate the analyses performed on individual patient samples and clinical138
characteristics including IPSS-R (LR-MDS, IPSS-R ≤ 3.5; HR-MDS, IPSS-R > 3.5), cytogenetic profile, and139
SF3B1 mutation status (K700E, nonK700E, WT). MDS patients were treatment-naïve (i.e. EPO,140
supportive care) with the following exceptions: patient #3 has documented lenalidomide/valproic acid141
treatment until 3 months before sampling; patients #18 and #32 had documented administration of142
LY2157299 monohydrate in medical history; patient #33 was enrolled in the randomized, placebo-143
controlled AZA-MDS-003 trial (NCT01566695) before sampling; and patient #37 had documented144
ATG/CSA 6 years before sampling.145
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Supplemental Figure 2146

147
Supplemental Figure 2: T-REX analysis of CyTOF data comparing CD45+ BM-MNCs from LR-MDS (n =148
14) and HD (n = 4). (A) Protein marker expression projected onto UMAP. (B) Cluster analysis using149
density-based spatial clustering of applications with noise (DBSCAN) within T-REX workflow. (C)150
Heatmap depicting the average marker expression (in log2) across DBSCAN clusters containing > 2000151
cells. Clusters were grouped using hierarchical clustering with the complete linkage method and152
correlation as a distance metric.153

199



9

Supplemental Figure 3154

155
Supplemental Figure 3: Distribution of key immune cell subpopulations in the BM of LR-MDS. CyTOF156
data gated on live CD45+ BM-MNCs from HD, SF3B1K700E (orange dots), or SF3B1wt (blue dots) LR-MDS157
were further gated for (A, C) CD4+ T, (B) CD8+ T, and (D) NK cell subsets. (C) Geometric mean signal158
intensity (MSI) of CD27 expression on naïve CD4+ T cells. (D) The frequency of CD56+ CD3- NK cells159
relative to (non-myeloid) CD33- CD45+ cells and the proportion of CD57+ NK cells. (A-D) Mann-Whitney-160
U-test/Wilcoxon-test was performed for indicated comparisons. Abbreviations: TCM, central memory T161
cells; TEM, effector memory T cells; TNV, naïve T cells; TSCM, T stem cell-like memory cells; TTE, terminal162
effector T cells; TTM, transitional memory T cells.163
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Supplemental Figure 4164

165
Supplemental Figure 4: T-REX analysis of CyTOF data comparing CD45+ BM-MNCs from SF3B1K700E (n166
= 5) and SF3B1wt (n = 9) LR-MDS. (A) Protein marker expression projected onto UMAP. (B) Cluster167
analysis using density-based spatial clustering of applications with noise (DBSCAN) within T-REX168
workflow. (C) Heatmap depicting the average marker expression (in log2) across DBSCAN clusters169
containing > 1000 cells. Clusters were grouped using hierarchical clustering with the complete linkage170
method and correlation as a distance metric.171
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Supplemental Figure 5172

173
Supplemental Figure 5: Increased proportion of HLA-DRlow/neg monocytes in peripheral blood of174
SF3B1mut MDS and further characterization of HLA-DRlow/neg BM monocytes. (A) Percentage of PB175
monocytes with HLA-DRlow/neg immunophenotype in HD (n = 17, mean age = 51 years), SF3B1mut (n = 6;176
orange dots, K700E; light orange-filled circles, nonK700E; mean age = 74 years), and SF3B1wt (n = 4,177
mean age = 71 years) MDS assessed by diagnostic flow cytometry of freshly stained PB samples. “HR”178
labels indicate patients with IPSS-R > 3.5. (B) Correlation of frequency of HLA-DRlow/neg monocytes in179
BM and PB. Data show Spearman’s rank correlation coefficient R and p-value with linear regression180
line and confidence interval. (C) Proportion of HLA-DRlow/neg BM monocytes expressing CD16. (A, C)181
Kruskal-Wallis test with Dunn’s post-hoc test (Bonferroni adjusted p-values).182
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Supplemental Figure 6183

184

Supplemental Figure 6: External validation confirms increased frequency of HLA-DRlow/neg monocytes185
in SF3B1mut compared to SF3B1wt LR-MDS. (A-C) Shown are data from external validation cohort 1186
comprising 21 HD (mean age = 60 years), 28 SF3B1mut (orange dots, K700E; light orange-filled circles,187
nonK700E; mean age = 71 years), and 39 SF3B1wt (mean age = 68 years) treatment-naïve LR-MDS (IPSS-188
R ≤ 3.5) assessed by flow cytometry of viably frozen BM-MNCs isolated by density gradient189
centrifugation in Lympholyte®-H separation medium (Cedarlane). Kruskal-Wallis test with Dunn’s post-190
hoc test (Bonferroni adjusted p-values < 0.05 were considered significant). (A) Percentage of CD33+191
CD14+ BM monocytes with HLA-DRlow/neg immunophenotype. (B) Percentage of BM monocytes with192
surface CD16 expression (intermediate and non-classical monocytes). (C) Proportion of HLA-DRlow/neg193
BM monocytes expressing CD16. (D-F) Shown are data from external validation cohort 2 comprising 32194
SF3B1mut (orange dots, K700E; light orange-filled circles, nonK700E; mean age = 71 years) and 32195
SF3B1wt (mean age = 69 years) treatment-naïve (at diagnosis) or largely untreated (i.e. EPO in 4 out of196
64) LR- and HR-MDS patients assessed by flow cytometry of freshly stained BM samples as part of the197
diagnostic work-up. The gating of HLA-DRlow/neg monocytes was performed using Infinicyt flow198
cytometry software (Cytognos, S.L.) according to the gating strategy applied to the experimental199
cohort. Mann-Whitney-U-test/Wilcoxon-test was performed (p < 0.05 was considered significant). (D)200
Percentage of CD33+ CD14+ BM monocytes with HLA-DRlow/neg immunophenotype including 28 SF3B1mut201
(n = 14 SF3B1K700E, n = 14 SF3B1nonK700E) compared to 24 SF3B1wt LR-MDS (IPSS-R ≤ 3.5). (E) Percentage202
of CD33+ CD14+ BM monocytes with HLA-DRlow/neg immunophenotype in SF3B1K700E compared to203
SF3B1wt LR-MDS. (F) Percentage of CD33+ CD14+ BM monocytes with HLA-DRlow/neg immunophenotype204
including 4 SF3B1mut (n = 3 SF3B1K700E, n = 1 SF3B1nonK700E) compared to 8 SF3B1wt HR-MDS (IPSS-R >205
3.5).206
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Supplemental Figure 7207

208
Supplemental Figure 7: Cytokine secretion by LPS-stimulated classical monocytes. Heatmap depicts209
log2-transformed normalized median fluorescence intensity values for the indicated cytokines210
produced by HD (n = 3), SF3B1K700E (n = 3), or SF3B1wt (n = 3) LR-MDS classical monocytes following in211
vitro LPS stimulation. The variant allele frequency (VAF) of SF3B1K700E mutation in classical monocytes212
is shown on the left side.213
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Summary, conclusions and future perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 
 

In the present project, we focused our attention in dissecting the role of immune dysregulation in MDS, with 

the aim of finding additional signatures that could help to deepen the knowledge about the molecular 

features underlying MDS pathogenesis, an urgent medical need given the restricted choice and limited 

efficacy of available treatments. With the recent development of the IPSS-M score, which integrates genomic 

information to risk score calculation, a significantly improvement of MDS classification has been achieved [1-

4]. However, our group demonstrated that even if IPSS-M ameliorates the prediction of survival and relapse in 

patients undergone HSCT, and thus it could be helpful in the selection of eligible patients, it fails in predicting 

the response to HMA therapy [4]. This means that there are other factors, beyond gene mutations, that are 

involved in disease progression and therapy response. One of these factors rely on immune system capacity 

to properly work and eliminate tumor cells. In fact, it is known that the immune system suppress tumor 

outgrowth, but on the other hand can also shape the immunological characteristic of the malignant cells, 

promoting the selection of edited cancers able to bypass immunosurveillance and carry out immune escape: 

this phenomenon is called “cancer immunoediting”, and its discovery revolutionized cancer treatment of the 

last two decades, paving the way to “immuno-oncology” field and to the development of immunotherapies 
[5-7]. As for the other cancers, also in MDS it has been shown an involvement of immune dysregulation in MDS 

origination and progression [8-10], but the addition of immune features to clinical information is still difficult 

due to the high heterogeneity of the disease and the controversial results obtained from different patients’ 

cohorts and methods of investigation.  

Given the complexity of tumor microenvironment and the multitude of cell-to-cell interactions and pathways 

involved in tumorigenesis and treatment outcome, multi-omics data integration has recently emerged as a 

powerful tool to identify predictive biomarkers in cancer [11-13]. For this reason, we thought that a multi-omics 

analysis would have helped to identify more robust immune signatures for the prediction of survival and 

treatment response in MDS. Our multi-omic approach, consisting in the integration of immunophenotyping 

data with transcriptomic, genetic mutations and clinical information, allowed us to deeply characterize a large 

and heterogeneous MDS cohort in the first paper, and also genetically-characterized MDS groups (TP53mut 

and SF3B1mut) in the second and third projects, respectively.  

In the first work we demonstrated, in both supervised and unsupervised manner, the value of adding 

immunological information at MDS diagnosis and along HMA administration for a better stratification, 

outcome prediction and treatment response estimation. With unsupervised methods of clustering, we 

classified MDS patients in five groups characterized by different grades of immune dysfunction, from an 

immunosuppressed and exhausted phenotype, via an anergic state to a naïve and functional one. Moreover, 

we proved that such immune groups possess prognostic power both in terms of overall survival and therapy 

response, and we showed how patients belonging to the same IPSS-R/M risk or WHO/ICC category are 

heterogeneous respective to immune system functionality. Thanks to RNAseq data integration, we were able 

to deeply characterize the tumor features in each immune subgroup, highlighting the presence of different 

inflammatory signatures that could be specifically targeted. Two independent studies on AML recently 

showed how the characterization of immune features can improve stratification and predict treatment 

outcome, in particular inflammation has emerged as a key factor impacting on both immune cell functions 

and patient’s survival [14-15]. As in the work of Lasry et al., we found that high levels of inflammation are 

associated with immunologic dysfunction and poor outcome [15]. We also demonstrated the feasibility of 

developing a decision model for the automatic assignment of patients to the different immune groups and 

we identified four immune cell subpopulations whose balance is important for immunologic classification. 

For these four cell types, we are actually working on refining the decision tree thresholds for their adaptation 

from Phenograph clusters frequencies to manual gating ones, in order to simplify the approach and allow a 

broad validation of our findings on other MDS cohorts. Furthermore, we are developing an “immune score”, 

based on the grade of immune dysfunction, that could be integrated to the actual parameters for IPSS-R and 

IPSS-M calculation. In the end, given our findings confirming the power of peripheral blood in reflecting bone 



207 
 

marrow environment, we designed three cytometry panels with few markers relevant for T, NK and Myeloid 

cells characterization that will be applied in clinical routine evaluation of MDS PB samples. 

In the second paper we characterized the transcriptional and immunological features of MDS patients with 

p53 dysfunction (TP53mut or TP53wt with p53 protein hyperexpression) versus MDS without p53 dysfunctions. 

Through RNAseq analysis of tumor blasts we showed that p53 dysfunctional patients present an aggressive 

phenotype with p53 pathway downregulation, myc targets upregulation and an immunosuppressive 

transcriptional program compared to other MDS patients, characterized by major expression of immune 

checkpoints molecules, downregulation of HLA class II members and their master regulator CIITA and an 

enrichment in immunosuppressive cytokines within the bone marrow niche. With flow cytometry analysis we 

confirmed that the transcriptional programs expressed by blast cells also have an impact on immune cell 

functions. In fact, we identified an increased presence of Tregs, exhausted PD1+ CD8+ T cells and PD1+ NK cells 

with low expression of activation receptors, and decreased frequency of Naïve and antigen-actived CD8+ T 

cells, indicative of a general loss of function of immune cells. Moreover, we identified a new MDS patients 

subgroup characterized by p53 protein hyperexpression without TP53 gene mutations that is molecularly 

similar to TP53 mutated patients and could benefit from specific therapies. 

In the third paper we firstly investigated the transcriptional differences in SF3B1mut vs SF3B1wt low-risk MDS 

through RNAseq, observing that SF3B1mut MDS have an increased myeloid gene signature compared to 

lymphocytes and a minor inflamed niche characterized by less expression of IL-1β and inflammatory genes. 

High-dimensional immunophenotyping of bone marrow cells in MDS patients vs healthy donors revealed 

coherent results with the ones observed in the first paper, with less CD4+ naïve and more CD8+ terminal 

effectors, PD1+ TIGIT+ T cells and CD57+ NK cells. The comparison between SF3B1mut and F3B1wt showed a 

higher proportion of CD33+ CD14+ monocytes expressing low levels of HLA-DR in SF3B1mut. RNAseq of sorted 

monocytes from those patients highlighted that monocytes harbor the SF3B1 mutation with similar VAF to 

total BMNCs, indicating their clonal origin, and a reduced pro-inflammatory profile. However, in vitro 

stimulation showed that, despite they arise from the MDS clone, they are still functional and retain their 

capacity to secrete inflammatory cytokines upon LPS administration. We concluded that the SF3B1 mutation 

shapes not only MDS blast inflammatory properties, but also monocyte ones, and SF3B1mut MDS are 

characterized by a lower level of inflammation; thus, therapies that target myeloid-driven hyperinflammation 

are not useful. 

Taken together, our works underline how the integration of data coming from different -omics technologies 

can give an important help in elucidating the complex molecular and cellular panorama of MDS, in particular 

for the study of immune system deregulations. In fact, the results from each single technique helped us to 

confirm and dissect in many ways what we were observing on one hand, and in the other hand allowed us to 

give conceivable explanations about the link between molecular features and clinical data, and to identify 

possible targeted therapies.  

Additional future perspectives in our MDS studies involve the use of single-cell RNA sequencing with CITE-

seq (Cellular Indexing of Transcriptomes and Epitopes by Sequencing), an innovative sequencing method that 

simultaneously allow, at a single cell level, to obtain both transcriptome information and quantity and quality 

protein expression [16]. Furthermore, since bone marrow is a complex tissue whose functions depend not only 

on a balanced cell composition and correct cellular behaviors, but also on the spatial localization and 

interactions of all the niche components, we are planning to perform spatial analyses on MDS bone marrow 

slides. In fact, even if RNA-seq and flow cytometry can provide a huge amount of data about cell composition 

and functionality, they can’t give any information about their original localization and distribution in the 

tissue.  Imaging mass cytometry (IMC) is a technology that uses tissue laser ablation to generate plumes of 

particles which are channeled to a mass cytometer by inert gas [17]. Briefly, the tissue slide is marked with 

heavy metal-tagged antibodies specific for intra- and extra-cellular markers of interest. Then, a laser with 
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1µM diameter size ablates the tissue and thus the metals are released from each cell and are detected and 

measured with a (Time of flight) TOF system. In this way, the tissue is scanned spot-by-spot, allowing to obtain 

information about quantity and spatial expression of each marker. IMC has been employed in important 

publications for the study of tumor immune microenvironment [18-19] and its relevance has been recently 

underlined [20]. Our idea is to apply the IMC analysis of BM slides from the same patients that we will sequence 

with the CITE-seq technique. For these experiments we specifically selected two MDS cohorts of patients: 

one cohort composed of people that experienced a disease evolution in absence of medical treatments, in 

order to study the natural course of the disease, and the second cohort composed of patients who 

experienced a relapse of the disease after an initial response to therapy with HMA or HSCT, in order to 

understand the molecular and cellular changes that caused the lost remission.  

Overall, we believe that the knowledge deriving from our present and future projects will have a significant 

impact in improving the understanding of MDS molecular pathogenesis, as well as opening new frontiers in 

MDS management and personalized treatment.  
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