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Summary 

Myelodysplastic neoplasms (MDS) are a group of hematological malignancies affecting 

White Blood Cell (WBC) differentiation, most commonly arising in the elderly population. 

If left untreated, patients can suffer from dysplasia (abnormal WBC called blasts) and 

cytopenia (low number of normal WBC), resulting in infections and heavy bleeding. The 

causes for this inefficient hematopoiesis are recurrent mutations in Hematopoietic Stem 

and Progenitor Cells (HSPC) that cause clonal expansion, genomic instability, and 

ineffective differentiation.  

Recently, Clonal Hematopoiesis of Indeterminate Potential (CHIP) has been recognized as 

a premalignant stage that precedes MDS onset. CHIP carriers show clonal hematopoiesis, 

often without adverse effects or hematological symptoms. The dominant Hematopoietic 

Stem Cell (HSC) founding clone often shows mutations in the same epigenetic regulator 

genes that are found in MDS (e.g., DNMT3A, TET2), but only rarely mutations in 

oncogenes. Mutation favors the growth of this clone, slowly displacing the progeny of 

other HSPCs (clonal evolution). While this clonal hematopoiesis does not have adverse 

effects in most patients, an approximately 40% higher risk for cardiovascular disease was 

noted. In addition, people with CHIP have a yearly chance of 0.5% to 1% to progress to 

MDS or Acute Myeloid Leukemia (AML), underlining the importance of understanding this 

condition as a potential clinical biomarker in the elderly. To identify the underlying causes 

for progression from CHIP to MDS or AML, we need to reexamine the locus of inefficient 

hematopoiesis, i.e., the bone marrow microenvironment or niche. 

The bone marrow niche describes the cradle of hematopoiesis, the microenvironment of 

HSPC in the bone marrow. These stem and progenitor cells are not isolated but are in close 

contact with regulatory stromal cells and immune cells that secrete factors for quiescence, 

self-renewal and homing on one hand, and proliferation, differentiation, and mobilization 

on the other.  

The aim of this thesis was the morphological, cellular, and molecular characterization of 

the HSC niche in human CHIP and MDS bone marrow samples. This was achieved using 

multiplexed immunofluorescence spatial imaging of human and murine bone marrow 

samples as well as single cell RNA sequencing of patient-matching human bone marrow 

aspirate. 
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Imaging studies of the human bone marrow in CHIP samples showed trends toward 

higher sinusoidal content but were inconclusive for other stromal populations. Using a 

high Variant Allele Frequency (VAF) CHIP mouse model (DNMT3AR878H), a significant 

remodeling of the BM by expansion of sinusoids and adipogenic MSC as well as an 

accumulation of Treg was detected. The findings were supported by the detection of an 

adipogenic transcriptional bias as well as the emergence of a stress-induced MSC subset 

in human CHIP-MSC in scRNA seq studies. These cell populations were connected to 

inflammatory and angiogenic processes that were present on a transcriptional level in 

stromal and T cells, supported by the emergence of several specialized T cell populations 

that are typical for chronic inflammation. Together, the changes in the BM 

microenvironment in CHIP are the result of chronic inflammatory processes, which 

promote angiogenesis, MSC differentiation bias and subsequent adipogenesis. As a result, 

HSC support is diminished, increasing the risk of stress hematopoiesis-related acquisition 

of somatic mutations that lead to the development of MDS. 

MDS samples showed morphological alterations in bone marrow cellularity, sinusoidal 

vessel density and increased MSC density. This was accompanied by a reduction of 

immunoregulative Treg. Single cell RNA sequencing of stromal cells revealed the 

prevalence of the same stress-induced MSC subset that was found in CHIP donors and a 

shift toward osteogenic and osteochondrogenic differentiation of MSC. T lymphocytes 

were shifted toward cytotoxic T cell subsets, and gene set enrichment analysis revealed 

higher metabolic activation states, alterations in T helper differentiation pathways and 

increased inflammatory potential of several subsets. The inflammatory and pro-

angiogenic processes at play were reproduced by an in vitro model of MSC and MDS blasts, 

highlighting the importance of this axis for stroma remodeling and MDS emergence.  
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Zusammenfassung 

Myelodysplastische Neoplasien (MDS) sind bösartige Erkrankungen des blutbildenden 

Systems, welche die Differenzierung von Leukozyten beeinträchtigen und meist ältere 

Menschen betreffen. Unbehandelt leiden Betroffene meist unter Dysplasien 

(charakterisiert durch die Präsenz abnormer Leukozyten im Knochenmark, sogenannter 

Blasten) und Zytopenien (verminderte Konzentration von Zellen im Blut), was oft zu 

Infektionen oder unkontrollierten Blutungen führt. Grund für diese ineffiziente 

Hämatopoese sind Mutationen in Hämatopoetischen Stamm- und Progenitorzellen 

(HSPC), die klonale Expansion, genomische Instabilität und ineffektive Differenzierung 

induzieren. 

Kürzlich wurde klonale Hämatopoese von unbestimmtem Potenzial (engl. Clonal 

Hematopoiesis of Indeterminate Potential, CHIP) als prämaligne Vorstufe von MDS 

erkannt. CHIP-Träger weisen klonale Hämatopoese auf, ohne dabei hämatologische 

Symptome zu zeigen. Der dominante Hämatopoetische Stammzell(engl. Hematopoietic 

Stem Cell, HSC)-Klon zeigt oft Mutationen in den gleichen Genen für epigenetische 

Kontrollproteine, die auch in MDS zu finden sind (z.B. DNMT3A und TET2), jedoch selten 

in Onkogenen. Dies resultiert im Wachstum des Klons, wodurch dessen Nachkommen 

langsam die anderer HSCs verdrängen (klonale Evolution). Diese klonale Hämatopoese 

hat zwar keine direkten nachteiligen Effekte, dennoch zeigen CHIP-Träger ein um 40% 

erhöhtes Risiko für kardiovaskuläre Krankheiten und ein Risiko von 0,5–1% pro Jahr, 

MDS oder Akute Myeloische Leukämie (AML) zu entwickeln, was die Signifikanz von CHIP 

als potenziellem klinischem Biomarker in der älteren Bevölkerung unterstreicht. Um die 

zugrundeliegenden Ursachen des Fortschreitens von CHIP zu MDS/AML zu verstehen, 

muss der Blick auf den Ursprung der ineffizienten Hämatopoese gerichtet werden, die 

Knochenmarksmikroumgebung („Nische“), welche die Mikroumgebung von HSPC im 

Knochenmark beschreibt. HSPC liegen nicht isoliert vor, sondern sind in engem Kontakt 

mit regulatorischen Stroma- und Immunzellen, welche einerseits Faktoren für die 

Quieszenz, Selbsterneuerung und Rekrutierung ins Knochenmark, und andererseits 

Faktoren für Proliferation, Differenzierung und Mobilisierung sekretieren.  

Ziel dieser Dissertation ist die morphologische, zelluläre und molekulare 

Charakterisierung der HSC-Nische von CHIP- und MDS-Knochenmarksproben. Dies 

wurde durch multiplex-fluoreszierende immunhistochemische Färbungen von 

menschlichen und murinen Knochenmarksbiopsaten, sowie durch Einzelzell-RNA-
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Sequenzierung (scRNA Seq) von dazugehörigen menschlichen Knochenmarksaspiraten 

erreicht. 

Die Bildgebungsstudien von menschlichen CHIP-Knochenmarksproben zeigten 

Tendenzen zu mehr sinusoiden Blutgefäßen, jedoch waren die Ergebnisse anderer 

Stromapopulationen nicht aussagekräftig. Durch Zuhilfenahme eines Mausmodells für 

CHIP mit hoher Allelfrequenz (DNMT3AR878H) konnte eine signifikante Umformung des 

Knochenmarks, gekennzeichnet durch Expansion von Sinusoiden und adipogenen MSC 

sowie durch Akkumulation von regulatorischen T-Zellen (Treg), festgestellt werden. 

Diese Befunde wurden bekräftigt durch die Detektion eines adipogenen 

Differenzierungsbias sowie das Auftreten einer stressinduzierten MSC-Subpopulation in 

menschlichen CHIP-Trägern in scRNA Seq-Studien. Diese Zellpopulationen konnten 

inflammatorischen und angiogenen Prozessen zugeordnet werden, welche auf 

transkriptionellem Level in Stroma- und T-Zellen vorhanden waren. Zudem waren 

verschiedene spezialisierte T-Zell-Populationen, die in chronischen Entzündungsbildern 

auftreten, präsent. Zusammengenommen sind die Veränderungen in der 

Knochenmarksnische das Resultat chronischer entzündlicher Prozesse, was zu 

Angiogenese, Differenzierungsbias von MSC und subsequent gesteigerter Adipogenese 

führt. Dadurch wird die Unterstützung von HSC vermindert, was das Risiko einer 

Stresshämatopoese-induzierten Ansammlung somatischer Mutationen erhöht und die 

Entwicklung von MDS auslösen kann. 

MDS-Proben wiesen morphologische Veränderungen in der Zellularität und der Dichte 

des sinusoidalen Netzwerks sowie eine Expansion von MSC auf; gleichzeitig war die 

Häufigkeit von Treg vermindert. ScRNA Seq von Stromazellen zeigte die gleiche 

stressinduzierte MSC-Subpopulation, die auch in CHIP-Trägern auftrat, sowie einen 

Wechsel hin zu osteogener und osteochondrogener Differenzierung von MSC. T-

Lymphozyten wiesen vermehrt zytotoxische Populationen auf, und eine 

Genexpressionsanalyse identifizierte erhöhte metabolische Prozesse, Veränderung in der 

Differenzierung von T-Helferzellen sowie verstärktes proinflammatorisches Potenzial 

mehrerer Subpopulationen. Diese inflammatorischen und angiogenen Prozesse wurden 

durch ein in-vitro-Modell von MSC und MDS-Blasten reproduziert, was die Wichtigkeit der 

MSC-MDS-Achse für die Veränderungen in der Knochenmarksnische und die Entstehung 

von MDS unterstreicht. 
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1 Introduction 

1.1 Hematopoiesis and the hematopoietic niche 

1.1.1 The anatomy of the bone marrow  

Bone Marrow (BM) is the site of hematopoiesis in mammals and is primarily located in 

the skeleton, especially in large bones (Travlos 2006), such as the femur and the iliac crest. 

There are two types of BM (termed “red” and “yellow”), characterized by appearance, 

composition, and function. While constitutive hematopoiesis occurs in the red marrow, 

yellow marrow is primarily composed of adipocytes (known as Bone Marrow Adipose 

Tissue, BMAT) and is thought to confer no hematologic activity. The latter however is 

important for bone metabolism and Hematopoietic Stem Cell (HSC) regulation (Li et al. 

2019), which is addressed in more detail in chapter 1.3.4. After an injury, it can become 

active and transform into red marrow, a process called reconversion. The balance of both 

types of BM changes during aging: in children, only red marrow is present, but yellow 

marrow takes over quickly and becomes dominant in adult and aged individuals. In long 

bones like the femur, yellow BM is located in the diaphysis in the center of the bone and 

extends with age axially and peripherally, while red marrow is located in the femoral head 

in adults. The ratio of yellow and red bone marrow is reflected in the overall Bone Marrow 

Cellularity (BMC). The cellularity changes from 40–60% in young adults to 20–40% in 

older people, where the bone cavity is filled by bone marrow adipocytes (Longo 2008). 

Different skeletal sites change to varying extents; while the femur cellularity is heavily 

affected during aging, the BMC of pelvis and sternum is steadier (Figure 1). This alteration 

during aging influences the cellular composition of the niche (Matteini et al. 2021).  
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Figure 1: Anatomical sites of hematopoiesis in adult humans.  Top: Anatomical structure of the femur and the pelvis. 

Bottom: Changes in bone marrow cellularity for different bones during the human lifespan. Figure was created with 

Biorender.com.   

 

1.1.2 Hematopoiesis 

Hematopoiesis is a continuous process where HSC self-renew, form, and replenish blood 

and immune cells. In adults, hematopoiesis occurs mainly in the bone marrow of long and 

flat bones like femur, tibia, sternum and pelvis, although the final maturation step for 

immune cells occurs in secondary locations, such as the spleen, thymus or lymph nodes 

(Lee et al. 2019). Over the last two decades, mouse models have been developed as a gold 

standard in stem cell biology that allowed to understand and delineate HSC regenerative 

properties via serial engraftment studies. These studies have identified two distinct HSC 

populations, which self-renew but exhibit Long (LT, longer than 3–4 months)- or Short-

Term (ST, up to 1 month) reconstitution capacity (Adolfsson et al. 2001; Cheng et al. 

2020). According to the classical hierarchical hematopoiesis model, which is based on 
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flow cytometry characterization and fractionation of cell populations by surface marker 

expression, ST-HSC produce Multipotent Progenitors (MPP), that can differentiate into 

two paths toward either Lymphoid-primed Multipotent Progenitors (LMPP) or Common 

Myeloid Progenitors (CMP). CMPs can give rise to Megakaryocyte-Erythroid Progenitors 

(MEP), which form erythrocytes and megakaryocytes, or Granulocyte-Macrophage 

Progenitors (GMP), which produce neutrophils and granulocytes. GMP can also be 

delineated from LMPP, which are also responsible for the formation of Common 

Lymphoid Progenitors (CLP) and the lymphoid lineage (NK cells, B cells, T cells) (Boiko 

and Borghesi 2012). HSC and committed progenitor populations can be combined into a 

common cell entity, referred to as Hematopoietic Stem and Progenitor Cells (HSPC).  

 

Figure 2: Schematic hematopoietic tree with HSC on top of the hierarchy, differentiating into HSPC populations. These in 

turn give rise to mature progeny (Boiko and Borghesi 2012). Figure created with Biorender.com. 

 The classic hierarchical model for hematopoiesis has been recently revised due to the 

emergence of single-cell RNA sequencing (scRNA seq) approaches that showed the 

lineage commitment as a more nuanced and continuous process rather than discrete steps 
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towards differentiation, and HSC priming at a much earlier stage in hematopoiesis than 

previously thought (Haas et al. 2018; Macaulay et al. 2016). 

 

Figure 3: Waddington landscape model of HSC “continuum” differentiation with earlier priming of HSC towards lineage 

differentiation (Zhang et al. 2022a). Mk: Megakaryocyte, RBC: Red Blood Cell, Granu: Granulocyte, Mono: Monocyte, Mac: 

Macrophage. DC: Dendritic Cells.   

Nevertheless, the classical model still provides valuable information about distribution of 

progenitors, lineage bias, and functional defects in HSPC. This is important when 

alterations in hematopoiesis occur, for instance while an organism ages.  

 

1.1.3 Clonal hematopoiesis 

During aging, somatic mutations occur and accumulate in all tissues in the human body 

(Szilard 1959), also in LT-HSC, which in humans proliferate at a rate of approximately 

once every 40 weeks (Catlin et al. 2011). Some of these mutations confer a growth 

advantage, leading to the expansion of a single HSC or progenitor clone and its progeny. 

This expansion, termed Clonal Hematopoiesis of Indeterminate Potential (CHIP) is not 

pathologic, although it is associated with a 40% increased risk for cardiovascular disease 

and a 0.5–1% risk per year of development of hematologic malignancies, such as 

Myelodysplastic Neoplasms (MDS) or Acute Myeloid Leukemia (AML) (Steensma et al. 
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2015; Libby et al. 2019; Jaiswal et al. 2017). Another non-malignant state called Clonal 

Cytopenia of Undetermined Significance (CCUS) can be discerned from CHIP by presence 

of peripheral cytopenias without dysplasia while still showing clonal hematopoiesis of 

MDS-related mutations (Valent 2019). The malignant potential of both conditions has 

been proposed for the revised WHO classification of MDS, wherein CHIP and CCUS are 

listed as myeloid precursor lesions, highlighting their contribution to MDS emergence 

(Gondek and DeZern 2020). Additionally, health care managers consider the creation of 

specialty clinics for assessment and counseling of patients with clonal hematopoiesis 

(Bolton et al. 2020). At the molecular level, most mutated genes in CHIP are of somatic 

and heterozygous origin and often affect epigenetic modifier-, RNA splicing- or DNA 

damage response genes (Table 1). The Variant Allele Frequency (VAF), which is the 

frequency of the mutant variant in the whole allele pool, must be > 2% to be termed CHIP, 

translating to substantial clonal expansion of mutant HSPC. This threshold was set by 

technical limitations and does not confer any biological effects (Steensma et al. 2015). 

Table 1: Frequent CHIP driver mutations (Marnell et al. 2021) and their prevalence in a cohort of 4,229 CHIP individuals 

(Bick et al. 2020). 

Affected 

gene 
Function Group 

Prevalence 

in CHIP 

cohorts 

Mutation consequence 

DNMT3A 
De-novo DNMA 

methyltransferase 

Epigenetic 

modifiers 
58.5% 

Loss of function, hypomethylation 

at differentially methylated regions 

(Russler-Germain et al. 2014) 

TET2 
Catalyzes 5-mC to 5-

hmC 

Epigenetic 

modifiers 
20% 

Loss of function, global 

hypermethylation (Ferrone et al. 

2020) 

ASXL1 Chromatin modifier 
Epigenetic 

modifier 
8% 

Loss of function or truncated 

protein with gain-of-function, 

H3K27me3 loss (Abdel-Wahab et 

al. 2012; Inoue et al. 2013) 

JAK2 

Downstream 

mediator of cytokine 

receptor signaling, 

upstream of TET2 

signaling 

Signal 

transduction, 

inflammatory 

response 

3.2% 

Missense, altered signaling, 

cytokine hypersensitivity, 

oncostatin M secretion into BMME 

(Chen and Mullally 2014) 
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The most commonly mutated gene in CHIP, DNMT3A, is a de novo methyltransferase that 

is essential for DNA methylation during mammalian development (Okano et al. 1999). Its 

active form is heterotetrameric, consisting of DNMT3A and DNMT3L, where DNMT3L 

stabilizes and stimulates the catalytically active DNMT3A. The most frequent mutation, 

the hotspot somatic mutation R882H, prevents the binding of DNMT3L, instead leading to 

the formation of large DNMT3A oligomers with lowered methyltransferase activity and 

altered flanking sequence preferences. This results in overall hypomethylation at 

differentially methylated regions, but can also lead to strong hypo- and hypermethylation 

depending on the binding site (Emperle et al. 2018; Nguyen et al. 2019). The prevalence 

of this mutation in CHIP, MDS and AML and the increased attention it received led to more 

comprehensive preclinical research through the generation of mouse models carrying the 

R878H mutation, which is equivalent in terms of mutation consequence to the R882H 

mutation in humans (Guryanova et al. 2016; Loberg et al. 2019). These models are 

inducible heterozygous mutants within the HSPC compartment, recapitulating CHIP with 

a DNMT3AR882H VAF of 50%, well above the normal range of VAF in individuals, which is 

most often around 2–10% (Hecker et al. 2021).  

 

1.2 Myelodysplastic neoplasms  

Myelodysplastic neoplasms are a group of heterogeneous bone marrow disorders, 

accompanied by anemia, ineffective hematopoiesis and a risk of progression to AML 

(Friedrich and Kosmider 2022), which occur primarily in the elderly population. They are 

PPM1D 

Downstream of p53, 

negatively regulates 

p38 MAPK signaling 

DNA damage 

response 
3.8% 

Truncated protein, increased 

resistance to apoptosis (Genovese 

et al. 2014; Hsu et al. 2018) 

TP53 

Regulates cell cycle 

arrest, DNA repair, 

metabolism changes 

DNA damage 

response 
1.9% 

Missense, increase in H3K27me3, 

leading to increased self-renewal 

and differentiation (Chen et al. 

2019) 

SF3B1 

mRNA spliceosome 

complex 

components 

RNA splicing 2% 

Aberrant splicing, resulting in 

reduced protein and gene 

expression (Darman et al. 2015) 

SRSF2 

mRNA spliceosome 

complex 

components 

RNA splicing 2% 
Altered protein structure 

(Meggendorfer et al. 2012) 
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characterized by a defect in maturation of the erythro-myeloid lineage that can lead to an 

accumulation of morphologically altered immature cells, so-called blasts, in the bone 

marrow. This blood dysregulation results in cytopenias, especially anemia, neutropenia 

and thrombocytopenia (Sekeres and Taylor 2022). MDS cells are derived from HSPC that 

acquired somatic mutations, which lead to differentiation block and aberrant 

proliferation, thereby outcompeting wild-type HSPC (Elias et al. 2014). These mutations 

include epigenetic regulators (e.g. DNMT3A, TET2, ASXL1, IDH1, IDH2), splicing factors 

(e.g. SF3B1, SRSF2), regulators of transcription (e.g. NPM1, TP53) and signaling molecules 

(e.g. NRAS, KRAS, FLT3) (Fenaux and Adès 2013) and thus share the mutational 

background of both CHIP and CCUS. Since the 2016 edition, the WHO has defined seven 

MDS subtypes, based on number of dysplasias, cytopenias, morphological changes such 

as ring-sideroblasts, percentage of blasts in the bone marrow and cytogenetics (Ming 

Hong and Guangsheng He 2017). In 2022, this classification was revised and now includes 

eight subtypes, with more emphasis on the cytogenetics of the disease (see annex Table 

15, Table 16 for more detail). For instance, SF3B1-mutated MDS is now considered a low-

risk subtype, characterized by ring-sideroblasts and generally favorable outcome (Zhang 

et al. 2022b).  

For clinical management, MDS are stratified based on the Revised International 

Prognostic Scoring System (IPSS-R) into low risk, Intermediate Risk (IR-1 and IR-2), and 

high risk MDS. This score is a point-based system that encompasses bone marrow blast 

infiltration, cytogenetics and cytopenias displayed by the patient (see annex chapter 9.1.2 

for detailed description) (Bejar 2013).  

Higher risk MDS (HR-MDS, entail IR-2 and high risk-MDS) patients have significantly 

higher chances of developing AML, a worse five-year survival chance and are in 

consequence treated more intensively, for instance with hypomethylating agents (HMA, 

e.g. azacitidine, decitabine), allogeneic Stem Cell Transplantation (SCT) or sometimes 

chemotherapy (anthracyclines + cytarabine) (Fenaux and Adès 2013). If HMA therapy 

fails because of intolerable side effects or resistance and SCT is not feasible due to 

advanced age, frailty or comorbidities, there is no approved second-line therapy and 

patients have a median survival of less than six months (Steensma 2018). 

Lower Risk MDS (LR-MDS) encompass IPSS-R low and intermediate-1. Some of those 

patients have no symptoms other than modest cytopenia, in which case they are 

monitored until symptoms appear. For other LR-MDS, treatment mainly aims at 
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ameliorating symptoms, for instance by treating anemia with erythropoiesis-stimulating 

agents (epoetin and darbepoetin) or luspatercept, which binds to TGF-β family proteins 

whose overexpression in MDS is responsible for insufficient erythropoiesis (Santini 2016; 

Steensma 2018; Fenaux et al. 2020). In addition, del(5q) MDS can be treated with 

lenalidomide (List et al. 2005).  

The only somatic mutation that shows favorable prognosis in MDS is SF3B1, which has 

been recognized as its own subtype of MDS in the newest WHO classification from 2022  

(Khoury et al. 2022; Zhang et al. 2022b). This is due to the strong influence the mutation 

has on pathophysiology, for instance by the accumulation of erythroblasts with iron-

loaded mitochondria, so-called ring sideroblasts, in the bone marrow. The favorable 

prognosis seems to be restricted to LR-MDS, while in HR-MDS, there is no statistically 

significant effect on patient survival (Malcovati et al. 2020). This explains why earlier 

studies either found no prognostic value for SF3B1 mutations in MDS, or attributed it to 

falling into a favorable prognosis group (MDS-RS), which consists of up to 80% SF3B1 

mutant MDS (Thol et al. 2012; Damm et al. 2012). Screening for recurrently mutated genes 

in the mononuclear cell fraction in patients revealed that the SF3B1 mutation can arise in 

HSC and be passed on to progeny. Homozygous mutation is embryonically lethal, and only 

heterozygous mutations are found in MDS with a VAF of ~40% (Mian et al. 2015; 

Malcovati et al. 2020). On a molecular scale, SF3B1 mutant blasts show enhanced 

proinflammatory signaling in comparison to non-SF3B1 (Pollyea et al. 2021). This is in 

parts due to differential splicing of IRAK4, which leads to stronger NF-κB signaling 

(Choudhary et al. 2022), which is a prime mediator of the NLRP3 inflammasome (Liu et 

al. 2017). A very recent study showed that SF3B1mut-MDS leads to mis-splicing of COASY, 

a gene that encodes for coenzyme A synthase, which is required for efficient heme 

biosynthesis. The defect was rescued in primary ex vivo SF3B1mut cells by 

supplementation with vitamin B5, highlighting how insights into molecular 

dysregulations in cancer cells can and will be used to ameliorate disease burden in cancer 

patients (Mian et al. 2023) 

 

1.3 The cellular bone marrow niche 

The concept of a stem cell niche was first proposed in 1978 by Schofield, who argued that 

stem cells should be seen in association with other cells that prevent maturation and 
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guarantee proliferation (Schofield 1978). Through pioneering work with mouse models, 

sophisticated imaging technologies and single-cell studies of the BM, it has become clear 

that HSC maintenance, proliferation, retention and quiescence are regulated by a network 

of cells, secreted factors and ligands, called the hematopoietic stem cell niche (Pinho and 

Frenette 2019). This BM niche is populated by a variety of stromal cells, immune cells, 

vasculature, and neurons that each influence HSC activity and retention, but also myeloid 

or lymphoid differentiation (Pinho and Frenette 2019).  

 

1.3.1 Hematopoietic Stem Cells  

For replenishment of blood, HSC must be tightly regulated to ensure constant supply of 

mature cell populations, i.e., HSC differentiation capacity, without exhaustion of stemness. 

This regulation occurs through extrinsic pathways, mediated for instance by soluble 

factors, but also through intrinsic mechanisms on both genetic and epigenetic scale. One 

example for epigenetic regulation is the repression of myeloid or lymphoid lineage-

specific genes that occurs for instance through chromatin methylation (H3K9me1, 

H3K4me1, H3K79me2) or acetylation of histone 3 (Cedar and Bergman 2011). Oxygen 

supply also influences the metabolic activity of HSC: in an oxygen-rich environment, 

mitochondrial respiration is preferred, connected to high proliferation capacity and 

lineage output (Suda et al. 2011). Committed progenitors also adapt a mitochondrial 

respiration phenotype to provide the necessary energy for differentiation. Quiescent LT-

HSC on the other hand prefer anaerobic or hypoxic conditions, which help them maintain 

their stemness (Papa et al. 2019). This explains why most of the LT-HSC locate near the 

endosteum, where poor vascularization leads to hypoxia (Guezguez et al. 2013; Ehninger 

and Trumpp 2011). This so-called endosteal niche differs in composition from the 

(peri)vascular niche (Figure 4).  
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Figure 4: Schematic endosteal and perivascular niche with important regulatory signaling axes.  In the hypoxic endosteal 

niche (left), HSC are kept quiescent through interplay with stromal cells and osteoblasts. In the perivascular niche 

(center/right), HSC are activated and mobilized through interplay with MSC and vasculature, which in turn are regulated 

by the Sympathetic Nervous System (SNS) (Goulard et al. 2018).  

 

1.3.2 Mesenchymal stromal cells 

Mesenchymal Stromal Cells (MSC) are a heterogenous stem cell population in the bone 

marrow whose primary function is the renewal of stromal populations, such as 

osteoblasts, chondrocytes, and adipocytes. MSC are found both in the endosteal niche 

(lining the bone surface), and the perivascular niche, where they intertwine with 

Endothelial Cells (EC) of the vasculature via adhesion to Vascular Cell Adhesion Molecule 

1 (VCAM1), which is inducible by Tumor Necrosis Factor α (TNFα) and Interleukin 4 (IL-

4) (Juneja et al. 1993; Aomatsu et al. 2014). They are defined mostly by expression of a 
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universal panel of cell surface markers (positive for CD73, CD90, CD105, negative for 

CD45, CD34, CD14, CD11b, CD79a and HLA-DR) and by their ability to adhere to plastic 

and the aforementioned trilineage potential in vitro (Dominici et al. 2006). In the human 

bone marrow, other bona fide MSC markers are CD271, which define a stem-like 

population (Quirici et al. 2002), Leptin Receptor (LEPR), and CD146, restricted to a 

perivascular subset (Tormin et al. 2009; Matsuzaki et al. 2014). MSC are in an equilibrium 

between either adipogenic or osteochondrogenic differentiation, which is affected by a 

multitude of signals, including Extracellular Matrix (ECM) integrins, Wnt, Notch, BMP, 

Hedgehog and FGF pathways. The transcription factors PPARγ and C/EBP are master 

regulators that mediate adipogenic differentiation, while Runx2 and Osx facilitate 

osteochondrogenic lineage commitment (Woods and Guezguez 2021). This equilibrium 

can be disturbed during aging (see chapter 1.4.1) or dysregulated in myelodysplasia 

(chapter 1.4.3). 

 

Figure 5: Mesenchymal stromal cells and their progeny are indispensable for bone marrow stroma replenishment. 

Mesenchymal progenitors give rise to either adipo-primed MSC or an osteochondro-progenitor, which in turn differentiates 

into chondro- or osteo-primed MSC. Those generate osteoblasts, chondroblasts and adipocytes. Boxed marker genes are 

derived from murine scRNA seq experiments and can be used to differentiate between populations (Woods and Guezguez 

2021).  
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MSC are also vital for HSC regulation by producing soluble key factors. Along with 

endothelial cells and osteoblasts, MSC are the main secretors of the chemokine CXCL12 

(also called Stroma-derived Factor 1, SDF-1), which binds to its receptor CXCR4 on HSPC, 

where it activates MAPK/ERK and PI3K/AKT pathways (Roversi et al. 2021; Singh et al. 

2020), leading to modulation of HSC retention, quiescence and proliferation (Greenbaum 

et al. 2013; Nie et al. 2008; Tzeng et al. 2011). Stem Cell Factor (SCF), also known as KIT-

ligand, supports HSC maintenance through binding to its receptor KIT on HSC and 

downstream activation of MAPK, PI3K and JAK/STAT signaling pathways (Reber et al. 

2006). MSC were also shown to excrete a multitude of other regulatory factors for 

angiogenesis, immunomodulatory activity, anti-apoptotic activity, anti-oxidant and anti-

microbial activity, for instance Vascular Endothelial Growth Factor (VEGF), Fibroblastic 

Growth Factor (FGF), Hepatocyte growth factor (HGF) as well as Angiopoietin-1 (Angpt1) 

and Transforming Growth Factor β (TGF-β) (González-González et al. 2020). Angpt1 and 

VEGF have long been reported to mobilize and stimulate HSC, highlighting the central role 

that MSC play in hematopoiesis (Hattori et al. 2001).   

 

1.3.3 Osteoblasts 

In the endosteal niche, HSC are in close contact with Osteoblasts (OB), which are derived 

from MSC via osteoprogenitors and are primarily responsible for synthesizing bone 

matrix proteins and minerals during bone formation (Woods and Guezguez 2021; 

Guezguez et al. 2013). Besides the hypoxia that distinguishes the vascular from the 

endosteal niche, osteoblasts, which comprise a unique and spatially localized cell 

population, are directly involved in maintenance and quiescence of HSC by releasing 

specific mediators. Osteopontin, an ECM factor mostly secreted by osteoblasts, can be 

cleaved by thrombin and attracts HSPC to the endosteum (Grassinger et al. 2009; Storan 

et al. 2015). Angpt1 leads to adherence of HSC and directly promotes quiescence (Arai et 

al. 2004). Other factors that contribute to HSC function are BMP4 (Goldman et al. 2009), 

but also the Notch and Wnt pathways, whose inhibition has been shown to have 

detrimental effects for self-renewal and quiescence (Lampreia et al. 2017; Fleming et al. 

2008). In addition to regulating HSC activity, OB are also required for B-cell development 

by secreting VCAM-1, CXCL12 and IL-7 for pre-pro-B-cells and pro-B-cells (Zhu et al. 

2007). 
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1.3.4 Adipocytes 

The amount of adipocytes in the BM changes during lifetime, with almost no adipocytes 

present in young people to almost exclusively constituting the bone marrow in the elderly. 

An increase in Bone Marrow Adipose Tissue (BMAT) can also be observed after following 

a high-fat diet, where it has been shown to impair bone regeneration in mouse models 

(Ambrosi et al. 2017), as well as a result of anorexia, irradiation, caloric restriction and 

treatments with glucocorticoids (Devlin and Rosen 2015). One reason for proliferation in 

both fasting and a high-fat diet could be as a fine-tuning mechanism for energy that is 

needed in hematopoiesis; an expansion of BMAT reduces the amount of energy that would 

be used to sustain hematopoiesis (Turner et al. 2018). Loss of BMAT can be facilitated 

through exercise, cold exposure as well as treatment with metformin or Parathyroid 

Hormone (PTH) (Li et al. 2019).  

This highlights the responsiveness and plasticity of BMAT for insults. Indeed, there seem 

to be two distinct populations of BMAT. Yellow marrow is constitutively and functionally 

linked to HSC quiescence, while regulated BMAT is responsive to hematopoietic demand 

and seems to play a role in HSC support. Both populations differ by localization, 

composition and levels of the transcription factors C/EBP-α and C/EBP-β (Li et al. 2019; 

Tratwal et al. 2021).   

Due to the high fat content and subsequent low density, adipocytes are difficult to isolate, 

which explains why there are few studies done to functionally characterize adipocytes ex 

vivo. In the few studies that were done, BM adipocytes were shown to be able to support 

HSC cultures via for instance CXCL12 and SCF, but on a lower level than adipo-progenitors 

or MSC (Mattiucci et al. 2018). While LEPR+ adipo-progenitors support proliferating HSC, 

adipocytes mainly favor HSC quiescence through secreted factors such as MCP-1, PAI-1, 

TGF-β or NRP1 (Tratwal et al. 2021; Harada et al. 2021; Ghode et al. 2017).  

 

1.3.5 Endothelial Cells  

Bones are highly vascularized tissues. Spatial imaging analysis of murine bone marrow 

show that the vascular network in long bones is separated between CD31high vessels near 

the metaphysis that are strictly organized in younger mammals and deteriorate with age 

(so-called type H vessels, referring to High expression of CD31), and type L vessels (“L” 

referring to Low expression of CD31) that are located towards the diaphysis (Chen et al. 
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2020). Type H vessels exert higher partial oxygen pressure than type L vessels, leading to 

distinct microenvironments with for instance lower amounts of reactive oxygen species 

in type L sinusoidal vessels (Chen et al. 2020) and comparably normal oxygen levels in 

the metaphysis in comparison to the hypoxic diaphysis (Sivaraj and Adams 2016). 

Endothelial cells, especially from sinusoidal vasculature, are in close contact with HSPC in 

the perivascular niche (Kiel et al. 2005). This close interaction is important for functional 

differentiation of HSPC, which was demonstrated with transgenic mouse models that lack 

EC-derived supportive factors, such as TPO, CXCL12, VCAM1, FGF4, and displayed 

impaired thrombopoiesis (Avecilla et al. 2004). Furthermore, pleiotrophin, secreted by 

EC, regulates HSC expansion and regeneration (Himburg et al. 2010; Himburg et al. 2014). 

Other studies highlighted the differences between arteriolar EC and sinusoidal EC, 

showing that SCF is secreted mainly by the former, while sinusoids express higher levels 

of CXCL12 and only small amounts of SCF (Xu et al. 2018; Ding et al. 2012).  

In addition to enabling nutrient and metabolite transport from and to the bone and HSC 

support, vasculature in the bone marrow is responsive to inflammatory stress 

(Vandoorne et al. 2018), bone fracture (Bahney et al. 2015) and also affected during aging 

and diseases (Chen et al. 2020) with new vasculature forming in a process called 

angiogenesis. Mechanistically, angiogenesis requires partial degradation of the basal 

membrane of a pre-existing vessel, which is followed by migration of endothelial cells 

towards an angiogenic factor (sprouting). Pericytes, for instance MSC or CXCL12-

Abundant Reticular (CAR) cells, are attracted to cover the vessel surface. In comparison 

to sprouting, splitting angiogenesis relies on division of intraluminal walls of pre-existing 

vessels into smaller ones (Aspriţoiu et al. 2021). The most important angiogenic factors 

that are involved in these processes are VEGF, which is secreted by EC and bone lineage 

cells and primarily promotes EC migration and proliferation (Abhinand et al. 2016), as 

well as Platelet-Derived Growth Factor (PDGF), secreted by ECs and pre-osteoclasts, 

which stimulates MSC and EC migration and proliferation via binding to PDGFR-β (Xie et 

al. 2014; Peng et al. 2020). Angiogenesis is coupled closely with osteogenesis through 

PDGF and VEGF signaling from type H vessels (Stucker et al. 2020), for instance through 

influencing MSC toward osteogenic differentiation (Grosso et al. 2017). 
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1.3.6 T lymphocytes 

HSC are activated by inflammatory signaling, for instance through CD8+ T cell-derived 

Interferon γ (IFNγ), leading to a reduction of self-renewal and repopulation, but an 

increase in proliferation potential (Leimkühler and Schneider 2019). This is a useful 

mechanism that couples inflammation, which can happen in diseases and as a result of 

injuries that could entail blood loss, to the reconstitution of the blood pool. Basal 

inflammatory signaling is always needed to sustain blood production. On the other side, 

aberrant inflammation leads to impaired self-renewal and imbalanced lineage output and 

can be a key contributor in the development of hematological malignancies (Pietras 

2017).  

One way to dampen inflammation in the bone marrow is through the presence and 

activity of CD4+ FoxP3+ regulatory T cells (Tregs), which are found to home to the BM 

niche via the CXCL12/CXCR4 axis (Zou et al. 2004). These BM-resident Tregs are also 

present in the more quiescent, endosteal niche as key regulators of HSC immune privilege 

against CD4 and CD8 T cells (Fujisaki et al. 2011) by expression and binding of co-

inhibitory ligands such as TIGIT and CTLA-4 (Nicholls et al. 2021) on effector T cells, and 

through secreted adenosine, which results in decreased Reactive Oxygen Species (ROS) 

levels (Hirata et al. 2018). In addition, BM-resident Tregs are involved in MSC upkeep 

through IL-10, indirectly regulating HSC maintenance and quiescence (Camacho et al. 

2020) and can regulate the levels of proinflammatory cytokines in the niche (Kotsianidis 

et al. 2009).  

Although HSC have been thought to enjoy immune privilege by being shielded from 

immune cells, latest evidence suggests at least some immune surveillance of HSPC by CD4 

T cells as a mechanism to eliminate neoantigen-expressing HSPC from the system 

(Hernández-Malmierca et al. 2022). 

 

1.3.7 Innate immune cells 

Besides lymphocytes, also innate immune cells are involved in HSC retention and support 

in the BM. In a conditional macrophage depletion mouse model, HSC egressed into the 

blood stream more easily as a result of lower levels of CXCL12, which in turn is controlled 

by oncostatin M (OSM) (Rasmussen et al. 2015; Chow et al. 2011). Similar findings in a 
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parallel study showed that downregulation of OSM by administration of G-CSF reduces 

CXCL12 levels, leading to HSC mobilization into the blood stream (Bisht et al. 2022). 

Megakaryocytes (MK), which are mainly responsible for production of platelets, are 

mostly localized toward the quiescent endosteal niche (Tavassoli and Aoki 1989). Similar 

to macrophages, depletion of MK leads to loss of HSC retention and subsequent activation, 

which is due to the missing CXCL4-secretion by MKs (Bruns et al. 2014). In addition, MK-

secreted Thrombin can cleave Osteopontin (OPN), leading to generation of thrombin-

cleaved OPN, which binds and negatively regulates HSC differentiation and proliferation 

(Storan et al. 2015). One crucial MK-secreted factor is TGF-β, which maintains quiescence 

in HSC through TGF-β/SMAD signaling pathways (Zhao et al. 2014; Yamazaki et al. 2011) 

and can shift the myeloid-lymphoid HSPC ratio, favoring myelopoiesis over 

lymphopoiesis (Challen et al. 2010).  

 

1.3.8 Neurons 

One often overlooked stromal population that influences HSC activity in the BM are 

neurons. Innervation of the bone marrow was first described by Duverney in 1770 

(Duverney 1770). Initially, the sensory and sympathetic fibers that were found were 

thought to act as pain sensing fibers that play a role in the vasomotor reflex (Kuntz and 

Richins 1945). Later, more systematic studies in monkeys, rabbits, rats and mice revealed 

complex networks that interact with the endothelial walls of the sinuses (Calvo 1968). 

With the emergence of transgenic mouse models and functional studies, it was found that 

sympathetic and sensory neurons are critical for HSC mobilization and maintenance. In a 

dual denervation study in an inducible mouse model, HSC were expanded significantly 

and showed a myeloid bias, both hallmarks of HSC aging (Gao et al. 2020; Lee et al. 2019). 

Ablation of sensory neurons alone also leads to a decrease in bone marrow cellularity and 

granulopoiesis (Broome and Miyan 2000). One common mechanism of HSC regulation 

through neurons is mediated by CXCL12 in a circadian manner. Photic cues, such as 

daylight, stimulate noradrenaline secretion by Sympathetic Neurons (SN) in the bone 

marrow, leading to binding to the β3-adrenergic receptor on stromal cells. This in turn 

leads to downregulation of Sp1, a transcription factor that regulates CXCL12 transcription 

(Méndez-Ferrer et al. 2008). The role of CXCL12 in HSC mobilization is highlighted in 

chapter 1.3.2. On the other hand, SN are also vital for G-CSF-mediated HSC egress from 

the bone marrow niche (Katayama et al. 2006) and mediate bone mass homeostasis by 



Introduction 
 

35 
 

osteoblast reduction and osteoclast formation, which influence HSC activity as described 

in chapter 1.3.3 (Kondo et al. 2005). In addition to SN-directed HSC regulation, GFAP+ SN-

ensheathing Schwann cells also promote HSC quiescence via the TGF-β/SMAD axis 

(Yamazaki et al. 2011).  

In contrast to this indirect regulation of HSC activity, sensory neurons can act more 

directly: cGRP, a neuropeptide secreted by nociceptive nerves into the bone marrow, 

binds to its heterodimeric receptor, comprised of CALCRL and RAMP1. This leads to a 

downstream activation of the Gαs-adenylyl cyclase–cAMP signaling pathway, resulting in 

HSC mobilization into the blood. Surprisingly, this effect can by simulated by a capsaicin-

containing diet in mice, suggesting an influence of the diet on HSC activity (Gao et al. 2020; 

Tikhonova and Aifantis 2021). In addition, sensory ablation was shown to impact on MSC 

differentiation in mice, promoting adipogenesis and reducing bone mass (Hu et al. 2020), 

which offers another path to influence niche constitution. 

All these regulatory axes influence hematopoiesis and illustrate the complexity that goes 

into maintaining HSC function throughout the lifetime. Besides these axes, there is also 

bidirectional crosstalk between stromal populations, which is beyond the scope of this 

thesis. An overview of discussed factors involved in the HSC niche is given in Figure 6. 
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Figure 6: Cellular and molecular constituents of the HSC niche (Pinho and Frenette 2019). Molecules with an asterisk are 

involved in bone marrow regeneration after ablation. Question marks indicate factors that have not been determined, but 

where cellular interplay has been shown to be important. Bold printed molecules are supported by functional data from 

cell-specific genetic experiments. 

   

1.4 Niche changes during aging, clonal hematopoiesis, and neoplasia 

1.4.1 The aging niche 

Both CHIP and MDS are considered diseases of the elderly, since most affected people are 

above 65 years old (Bick et al. 2020; Ma 2012). One hallmark of aging, which is defined as 

the time-dependent functional decline of organisms, is the accumulation of somatic 

mutations, which also explains the prevalence of CHIP and MDS in the elderly – it is simply 

more likely that stem cells acquire mutations the longer an individual lives. The functional 

decline of HSPC, one hallmark of aging, can be attenuated or aggravated by surrounding 

tissue and the microenvironment (López-Otín et al. 2013). This begs the question: how 
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does the bone marrow change with age, and how do aging HSPC impact the architecture 

of the BM microenvironment? 

One very prominent change is the expansion of adipocytes, starting from the femur head 

and moving toward the diaphysis as aging progresses. This is a consequence of a shift in 

MSC differentiation output, favoring adipogenesis over osteogenesis (Woods and 

Guezguez 2021), accompanied by a decrease in secreted CXCL12, IGF1, Angpt1 and SCF 

(Bousounis et al. 2021). Changes in MSC abundancy are still a matter of debate due to 

contradictory findings. There are reports that show that MSC do not expand during aging 

(Aguilar-Navarro et al. 2020; Meza-León et al. 2021), as well as observations about an 

increase in specific subsets of MSC (Maryanovich et al. 2018; Frisch et al. 2019; Singh et 

al. 2019). The expanded BMAT contributes to cellular senescence of MSC through 

Senescence-Associated Secretory Phenotype (SASP) factors like IL-1α, IL-1β, NF-κB, and 

TGF-β, further impeding osteoblastogenesis (Aaron et al. 2022; Mitchell et al. 2023). In 

consequence, the number of osteoblasts and osteoprogenitors are decreased (Almeida et 

al. 2007; Maryanovich et al. 2018) and endosteal niches are less frequent in aged bone 

marrow while non-vascular niches expand (Ho et al. 2019). 

The expansion of MSC with lower capability to maintain HSC longevity has also been 

attributed to a loss of sympathetic innervation during aging which diminishes their 

supportive adrenergic signaling (Maryanovich et al. 2018; Chartier et al. 2018). This is 

accompanied by a loss of arterioles and increased HSC numbers (Kusumbe et al. 2016; 

Maryanovich et al. 2018). In contrast to this, the total vasculature, including sinusoids, 

was shown to be expanded upon aging (Maryanovich et al. 2018) although the absolute 

number of endothelial cells determined by flow cytometry remained unchanged (Gomariz 

et al. 2018; Kusumbe et al. 2014; Poulos et al. 2017), which can be explained by poor 

recovery of aged and pre-senescent ECs in flow cytometry experiments (Mitchell et al. 

2023). These vessels displayed increased leakiness and a decrease in secretion of CXCL12 

and SCF (Poulos et al. 2017). There are also changes in the myeloid and lymphoid lineage: 

MKs have been shown to be expanded in aged mice, which is accompanied by enhanced 

secretion of TGF-β (Hilpert et al. 2014; Maryanovich et al. 2018). On the other hand, CD4+ 

and CD8+ T cell-frequency in the bone marrow is not altered, but the composition of the 

CD8 pool changes, where highly activated CD8+ CD28- are expanded to the expense of 

naïve CD8 cells, due to an aging-related increase in IL-6 and IL-15. These cells are also 
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upregulated in inflammation-related disorders and numerous cancers and have recently 

been described as a subset of regulatory T cells (Chen et al. 2018).  

 

1.4.1.1 Inflammaging of the BM niche 

The described changes in bone marrow composition are accompanied (and partially 

caused) by an increase in inflammatory signaling termed “inflammaging” which is another 

hallmark of aging (Bousounis et al. 2021). Systemic levels of circulating inflammatory 

cytokines (e.g. IL-6, TNFα, IL-1RA, CRP, IL-18) are upregulated in healthy elderly people, 

also in the bone marrow (Hasegawa et al. 2000; Bousounis et al. 2021; Ferrucci et al. 2005; 

Baylis et al. 2013). These inflammatory cytokines in turn prime HSC towards myeloid 

differentiation via the NF-κB pathway, leading to more mature myeloid cells (Bousounis 

et al. 2021). Since the myeloid progeny is implicated in proinflammatory signaling as well 

– for instance through TNFα – this mechanism presents a self-amplifying loop which 

further alters HSC functions (Yamashita and Passegué 2019). In addition, with the age-

related expansion of proinflammatory BMAT and perisinusoidal MSC, the stroma 

contributes to the “inflammaging” phenotype (Aaron et al. 2022). Targeting this age-

related inflammation can lead to reconstitution of some of the aging HSC phenotypes: 

inhibition of IL-1 signaling with anakinra, a synthetic IL-1 receptor antagonist, in an 

inflammation mouse model led to an increase in LMPP, which are usually downregulated 

during aging. This was accompanied by a functional reconstitution of HSC with increased 

lymphoid output and erythrocyte production (Mitchell et al. 2023).  
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Figure 7: Niche changes in old vs. young bone marrow with schematic crosstalk between niche cells. NA: Noradrenaline.  

Created with Biorender.com.  
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1.4.2 Inflammatory signaling by CHIP progeny (niche changes in CHIP) 

Since CHIP is an age-related phenomenon, the BM niche changes are similar to aged 

controls. However, progeny of mutated HSC has been implicated in additional 

inflammatory signaling both on a systemic and a local bone marrow level. For instance, 

individuals with CHIP displayed higher serum levels of IL-6, IL-8, TNFα, IL-1β and IL-18 

(Jaiswal et al. 2017; Bick et al. 2020; Cook et al. 2019), with mutation-specific 

inflammatory signatures linking TET2mut to increased IL-1β and JAK2/SF3B1mut to 

increased circulating IL-18. 

In relation to the bone marrow, DNMT3Amut CHIP has been clinically linked to 

osteoporosis in humans: DNMT3Amut myeloid cells enhanced osteoclastogenesis via 

macrophage-derived IL-20 in a DNMT3AR882H/+ mouse model, leading to enhanced bone 

resorption and progressive bone loss (Kim et al. 2021). The vascular niche could also be 

target of niche-mediated remodeling: TET2-deficient myeloid cells have been shown to 

promote angiogenesis through secretion of S100A8/A9 in a lung cancer model (Nguyen 

et al. 2021). These effects are in addition to the inflammatory milieu found in the aged 

HCS niche and it has been shown that this environment confers a selective advantage for 

mutated HSC: DNMT3Amut HSPC show increased self-renewal in inflammatory fatty bone 

marrow in comparison with wildtype DNMT3A HSPC (Zioni et al. 2022). TNFα-mediated 

inflammation during aging also favors expansion of DNMT3AR882H and TET2mut HSPC 

(Abegunde et al. 2018; Liao et al. 2022; SanMiguel et al. 2020), showing a looping 

mechanism where mutated clones increase systemic and local inflammation, which in 

turn leads to expansion of the mutant clones. 

 

1.4.3 Niche changes in MDS 

The bone marrow microenvironment in MDS has been of interest for researchers for 

decades. Stromal alterations and abnormal localization of immature precursors, with 

HSPC residing in the BM interstitium instead of endosteal niche, was already seen as a 

histopathological hallmark of MDS in the 1980s (Mangi et al. 1991; Tricot et al. 1984; 

Dührsen and Hossfeld 1996), and with good reason: 

Besides the main hypothesis of HSC-specific mutations that lead to development of MDS, 

the niche-initiated MDS development hypothesis gained some ground supported by 

findings that inducible deletion of Dicer1 in mesenchymal osteoprogenitors in a mouse 
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model led to development of MDS (Raaijmakers et al. 2010). This shows a possible 

mechanism that acts in addition to HSC-dependent disease progression, where a defect in 

the stroma leads to altered signaling towards HSC and contributes to the generation of 

genetic lesions. A lot of effort has been put into characterization of the myelodysplastic 

niche, among all discussed niche populations above, particular focus was set on MSC.  

MSC are expanded in MDS, especially in HR-MDS (Johnson et al. 2014), and show reduced 

osteogenic and altered adipogenic differentiation potential, accompanied by higher levels 

of senescence and reduced proliferation rates (Geyh et al. 2013; Choi et al. 2020; Weickert 

et al. 2021). In addition, their secretome is altered, especially SCF, VEGF, Angpt1 and 

inflammatory cytokines like IL-1β, IL-6 and TNFα as well as chemokines like CXCL12 and 

CCL3 (Tosato et al. 2021). This leads to a reduced capacity to support normal 

hematopoiesis in vivo, which further favors the expansion of MDS blasts (Tosato et al. 

2021). MSC-derived HSC support can however be restored, for instance through 

treatment with hypomethylating agents or luspatercept (Tosato et al. 2021; Wobus et al. 

2021), revealing a potential new window in the clinic by targeting the HSC-stroma axis to 

restore physiological HSC regulation. Considering their anatomical distribution in the BM, 

an open question remains whether the expanded MSC are innervated and still under 

neuronal control; in fact, no research was done so far on possible neuronal changes in 

MDS. However, there are some observations from myeloproliferative neoplasms and 

acute myeloid leukemia showing sympathetic neuropathy in the bone marrow is involved 

in disease progression, which could be the result of increased local inflammation (Arranz 

et al. 2014; Hanoun et al. 2014). 

The changes in lymphoid lineage and functional immune cells in MDS are somewhat 

understudied, however, studies in MDS found both a decrease in LR- and HR-MDS in CD8+ 

T cells and their IFNγ secretion (Tao et al. 2016) as well as an increase in cytotoxic CD8+ 

T cells (Kook et al. 2001). The latter could be a subset of Tregs that decreases CD4+ T cell 

activation via IL-10 and surface expression of PD-L1, since they lack expression of 

granzyme B or perforin (Chen et al. 2018; Liu et al. 2015). This subset of Tregs is 

maintained and expanded by MSC, adding another layer of possible stromal dysregulation 

in immunosuppressive HR-MDS. The lack of deep immunophenotyping studies of the BM 

immune microenvironment is surprising, given the fact that T cells in MDS patients can 

be derived from a malignant clone and thus might exhibit functional differences 

(Vercauteren et al. 2012). 



Introduction 
 

42 
 

Tregs on the other hand receive increasing attention as critical regulators of HSC function 

and were shown to be diminished and functionally impaired in LR-MDS, mainly due to 

downregulation of CXCR4, leading to impaired BM homing (Kotsianidis et al. 2009). 

CXCR4 can be downregulated by G-CSF or mediated by inflammatory cytokines like TNFα, 

IL-1β, and IFNγ (Zou et al. 2004; Busillo and Benovic 2007), which are elevated in MDS 

BM. In HR-MDS on the other hand, CD4+ CD25high FoxP3+ Tregs are expanded in the 

peripheral blood and in the bone marrow in comparison to LR-MDS, which shows that 

immune suppression is more pronounced in HR-MDS. In LR-MDS patients, higher 

frequencies of BM Tregs were associated with worse disease progression (Giovazzino et 

al. 2019), highlighting the necessity for sterile inflammation and T cell-mediated HSPC 

pool surveillance to halt disease progression.  

The increased inflammatory milieu in MDS is accompanied by elevated levels of 

angiogenic factors, such as VEGF, Ang-1, FGF and HGF both in serum and in the bone 

marrow (Brunner et al. 2002; Alexandrakis et al. 2005). Inflammation, for instance 

induced by LPS, results in a drastic (reversible) expansion of vasculature (Vandoorne et 

al. 2018), while VEGF controls leakage of sinusoids (Thurston 2002). This explains why 

the vascular density is increased in MDS, accompanied by increased leakage. VEGF is 

secreted by MDS blasts and can lead to an expansion of blasts through autocrine signaling 

(Bellamy et al. 2001), which is a possible reason why higher vessel density is associated 

with worse prognosis (Pruneri et al. 1999; Kim et al. 2016). The importance of this axis is 

reflected in the use of inhibitors of angiogenesis like bevacizumab (an anti-VEGF 

antibody), lenalidomide or arsenic trioxide in clinical trials (Aguayo et al. 2011). Of note, 

endothelial cells in MDS have been reported to exhibit the same chromosomal aberrations 

as the MDS clones, posing the question of how different these cells are in respect to HSC 

supportive capacities (Della Porta et al. 2008). A recent publication by Xing and colleagues 

showed reduced HSC support capacity in HR-MDS EC and reduced angiogenic potential in 

both LR- and HR-MDS, manifested in elevated ROS levels, increased apoptosis rates and 

decreased colony-forming unit plating efficiency of HSCs. In addition, co-culture with  

these EC led to increased differentiation of T cells towards Th17 in LR-MDS versus Th2 

and Tregs in HR-MDS (Xing et al. 2022), showing an additional crosstalk of altered stromal 

cells with niche cells. The described niche changes are illustrated in Figure 8. 
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Figure 8: Niche changes in CHIP and MDS in comparison to healthy old BM with schematic crosstalk between niche cells. 

Created with Biorender.com.  
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1.5 New tools to study the complexity of the BM niche 

During the last five years, increases in computational power, growing expertise in the 

analysis of omics data and, most of all, better affordability of kits and reagents led to a 

sharp surge in studies employing powerful new methods to study the complexity of the 

BM niche. 

Single-cell transcriptomics of murine bone marrow was used to shed light on the cellular 

heterogeneity in BM cells, focusing especially on inferring cell-cell interactions via 

expression of receptor-ligand pairs in the niche (Tikhonova et al. 2019; Baccin et al. 2020; 

Baryawno et al. 2019). Another study united both transcriptional and epigenetic cues by 

combination of scRNA seq and single-cell ATAC sequencing, which allows assessment of 

chromatin accessibility. Combination of these techniques allowed the identification of 

distinct HSC and MPP populations and showed an early extensive epigenetic, but not 

transcriptional priming toward lineage commitment in human developmental 

hematopoiesis (Ranzoni et al. 2021). 

In a pathologic context, scRNA seq was used to assess the influence of knockout (KO) of 

the CHIP mutations TET2 and DNMT3A on hematopoiesis in mouse models, showing that 

TET2KO led to myelomonocytic skewing in HSPC priming, while DNMT3AKO resulted in 

impaired erythropoiesis by affecting DNA-binding motifs of cell fate transcription factors 

(Izzo et al. 2020).  

Recent advances in the development of antibodies that are tagged with RNA probes or 

elemental metal tags allowed the emergence of spatial transcriptomics and imaging mass 

cytometry, respectively. Combining spatial transcriptomics with scRNA seq allowed to 

identify and determine the localization of mesenchymal and CAR-cell subsets with distinct 

transcriptional profiles in the BM niche (Baccin et al. 2020). Other researchers classified 

novel regulators of HSC maintenance in stromal populations that were close to developing 

HSC in the embryonic developmental niche (Crosse et al. 2020). Imaging mass cytometry, 

allowing simultaneous detection of up to 40 markers, was used in different studies to 

analyze the spatial architecture of bone marrow in healthy people and MDS or AML 

patients (Oetjen et al. 2019; Oetjen et al. 2020). As of now, high cost of these multiplexed 

imaging approaches prevents broad studies on bigger patient cohorts, but this hurdle will 

likely fall in the near future, allowing further biological insight into the bone marrow 

architecture in a multitude of hematologic malignancies.  



Objective 
 

45 
 

2 Objective 

The aim of this thesis is the characterization of the cellular composition and the functional 

HSC support of the BM niche. Specifically, the stromal composition of the niche and 

changes in frequency and localization of main regulatory BM niche populations as 

outlined in the introduction will be assessed using multiplexed immunofluorescence 

imaging of human bone marrow FFPE samples. Changes in functionality and emergence 

of new subsets of stromal cells and immune cells will be analyzed using scRNA seq. Based 

on the results, functional models of interplay in the malignant niche will be used to gain 

insight in potential niche remodeling.  
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3 Material and Methods 

3.1 Material 

Table 2: List of chemicals and reagents that were used in the experiments. 

Product Catalog number Company Application 

Acetone 67-67-1 Sigma Aldrich Fixation of cells 

ACK lysis buffer A1049201 Thermo Fisher Lysis of blood cells 

aMEM BE12-169F Lonza Cell culture 

Bovine Serum Albumin (BSA) 90604-29-8 Roth scRNA-seq 

CellCover 800-250 Anacyte Fixation of cells 

Dibenzyl Ether (DBE) 103-50-4 Sigma Aldrich iDisco+ clearing 

Dichloromethane (DCM) 75-09-2 Sigma Aldrich iDisco+ clearing 

DMEM 61965026 Thermo Fisher Cell culture 

Dimethyl sulfoxide (DMSO) 67-68-5 Sigma Aldrich Cell culture 

DNAse 11243004 Th. Geyer Sorting 

Donkey serum S2170-500 VWR IF stainings 

Ethylenediaminetetraacetic Acid (EDTA) E5134 Sigma IF stainings 

Ethanol 64-17-5 Roth DNA, RNA isolation 

Fetal Bovine Serum (FBS) 16140071 Gibco Cell culture 

Glycin 56-40-6 Roth iDisco+ clearing 

GM-CSF 167300-03-B Tebu Bio (Peprotech) Cell culture 

Human Platelet lysate (hPlt) SCM152 Sigma Aldrich Cell culture 

Hoechst 33342 H1399 Invitrogen IF stainings 

Hydrogen peroxide (H2O2) 7722-84-1 Sigma Aldrich iDisco+ clearing 

Methanol 67-56-1 Roth Fixation of cells 

Mounting medium containing DAPI ab104139 Abcam IF stainings 

Osteosoft 101728 VWR Tissue preparation 

Paraformaldehyde 30525-89-4 Sigma Aldrich Tissue preparation 

PBS P3813 Roth Buffers 

Penicillin/Streptomycin (P/S) 15140122 Thermo Fisher Cell culture 

RPMI 1640 11530586 Gibco Cell culture 

Sodium azide (NaN3) S2002 Sigma Aldrich Tissue preparation 

Trilogy 920P Cell Marque IF stainings 

Triton X-100 9002-93-1 Roth IF stainings 

Trueblack 23007 Biotium IF stainings 

Trueview SP-8400 Vector Laboratories IF stainings 

TrypLE 12604013 Gibco Cell culture 

Tween 20 9005-64-5 Roth IF stainings 

Vectashield mounting medium 101098-042 Vector laboratories IF stainings 

Xylene 1330-20-7 Th. Geyer IF stainings 

Zinc formalin fixative Z2902-3 Sigma Tissue fixation 
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Table 3: List of consumables and kits. 

Product Model Catalog number Company 

10x scRNA seq kit Chromium Next GEM Single Cell 3' Kit v3.1 1000269 10x Genomics 

96-well plate Black clear F-bottom 655079 Greiner Bio One 

Cell culture flask CytoOne, Suspension cells, 75 cm2 

CytoOne, Adherent cells, 75 cm2 

CytoOne, Adherent cells, 225 cm2 

Adherent cells, FN1-coated, 75 cm2 

CC7672-4175 

CC7682-4875 

CC7682-4225 

356242 

Starlab 

Starlab 

Starlab 

Corning 

Cell culture plates Cellstar, 96-well, 24-well, 12-well, 6-well 

Spheroid, 96-well 

655180 

4520 

Greiner 

Corning 

Conical centrifuge tubes Falcon 15 ml 

Falcon 50 ml 

352096 

352070 

Corning 

Cryovials Cryogenic vials, external thread 430659 Corning 

FACS tubes with cell strainer Falcon 5 ml with cap 

Falcon 5 ml with filter cap 

352058 

352235 

Neolab 

Gloves Starguard comfort SG-C-M StarLab 

Graduated pipettes 5 ml 

10 ml 

25 ml 

50 ml 

606180 

607180 

760180 

768180 

Greiner 

Microtubes 1.7 ml 

0.6 ml 

1.7 ml Lo-bind 

MCT-175-C 

E1405-0610 

022431021 

Corning 

StarLab 

Eppendorf 

Magnetic bead columns LS plus columns 130-042-401 Miltenyi 

Pipette filter tips TipOne filter tip 10 μl 

TipOne filter tip 20 μl 

TipOne filter tip 200 μl 

TipOne filter tip 1000 μl 

S1121-2710-C 

S1120-1710-C 

S1120-8710-C 

S1126-7710-C 

Starlab 

Pipette tips TipOne 10 μl   

TipOne 200 μl 

TipOne 1000 μl 

S1111-3700-C 

S1113-1700-C 

S1111-6700-C 

Starlab 

Pipetting reservoir 25 ml 04395-24 Argos Technologies 

Cytokine assay Procarta Plex 16-plex assay PPX-16 Thermo Fisher 

Serological aspirating pipettes 2 ml 710183 Greiner 

Strainer 40 μm  

Easystrainer 70 μm 

352340 

542070 

Neolab 

Greiner 

Syringe 10mL Syringes sc-358907 Santa Cruz 

Syringe needles 21G needles 613-4970 VWR 

Weighing pan 89*89*25 mm 1-1125 NeoLab 
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Table 4: List of buffers and media and their composition. 

Buffer Composition Application 

Thawing buffer FBS + 100 μg/ml DNAse scRNA seq 

Resuspension buffer DMEM + 10% FBS + 100 ug/ml DNAse scRNA seq 

FACS buffer PBS + 2% FCS  scRNA seq 

Sorting buffer PBS + 5% BSA scRNA seq 

Washing buffer PBS + 1% donkey serum + 0.04% Tween 20 IF stainings 

Permeabilization buffer PBS + 0.2% Triton X-100 IF stainings 

Blocking buffer PBS + 5% donkey serum  IF stainings 

Antibody incubation buffer PBS + 0.25% Triton X-100 + 1% donkey serum IF stainings 

Permeabilization buffer PBS-Triton X (0.5%) (PTx0.5) Tissue clearing 

Washing buffer PBS + (0.5%) Tween 20 (PTwH0.5) Tissue clearing 

Blocking buffer A 78.6% PTx0.5, 1.4% glycine, 20% DMSO Tissue clearing 

Blocking buffer B 84% PTx0.5, 6% donkey serum, 10% DMSO Tissue clearing 

Antibody incubation buffer 92% PTwH0.5, 3% donkey serum, 5% DMSO Tissue clearing 

 

Table 5: List of primary antibodies used for Immunofluorescence (IF) stainings. 

 

Antibody Host Reactivity Concentration  Supplier Catalog number 

BCAM Goat Mouse 1:50 R&D systems AF2899 

CD105 Goat Mouse, human 1:200 R&D systems AF1320 

CD271 Rabbit Human 1:100 Abcam Ab52987 

CD3 Mouse Human 1:100 LIFE Technologies MA5-12577 

CD3 Rabbit Human, mouse 1:100 Dako A0452 

CD31 Goat Mouse 1:200 R&D systems AF3628 

CD34 Sheep Human 1:50 R&D systems AF7227 

CD34 Mouse Human 1:50 Dako M716529-2 

CD8 Rat Mouse 1:100 Thermo Fisher MA5-16761 

cGRP Mouse Human, mouse 1:100 Abcam ab81887 

CXCL12 Mouse Human, mouse 1:50 R&D systems MAB350 

Endomucin Rat Mouse 1:100 Santa Cruz Sc-65495 

FoxP3 Rat Mouse 1:100 Thermo Fisher 14-5773-82 

FoxP3 Rat Human 1:100 Thermo Fisher 14-4776-82 

GFAP Chicken Human, mouse 1:100 Abcam Ab4674 

Lamin B1 Rat Human 1:100 Sigma Aldrich HS-404-017 

LEPR Goat Mouse 1:100 Biotechne AF497 

OSM Mouse Human 1:100 Santa Cruz sc-390253 

PDGFRa Goat Mouse 1:100 R&D systems AF1062 

PDGFRb Rabbit Human, mouse 1:100 Cell Signaling Technology 3169 

SCF-A647 Rabbit Human, mouse 1:100 Biozol BSS-BS-0545R-A647 

Sca1 Rabbit Mouse 1:100 Abcam ab51317 

SPARC Goat Human 1:100 Biotechne AF941 

Tyrosine 

Hydroxylase 

Rabbit Human, mouse 1:100 Merck AB152 

UEA1 FITC - Human 1:250 Biozol VEC-FL-1061-2 

UEA1 Dylight 649 - Human 1:250 Biozol VEC-DL-1068 
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Table 6: Secondary antibodies used for immunofluorescence stainings. 

Antibody Host Reactivity Concentration  Supplier Catalog number 

FluoTag-X2 Atto 488 Camelid Rabbit 1:500 Biozol NAT-N3202-AT488 
AlexaFluor 488 Donkey Mouse 1:500 Thermo Fisher A21202 
AlexaFluor 568 Donkey Mouse 1:500 Thermo Fisher A10037 
AlexaFluor 647 Donkey Mouse 1:500 Thermo Fisher A32787 
AlexaFluor 488 Donkey Rabbit 1:500 Thermo Fisher A32790 
AlexaFluor 568 Donkey Rabbit 1:500 Thermo Fisher A10042 
AlexaFluor 647 Donkey Rabbit 1:500 Thermo Fisher A31573 
AlexaFluor 568 Donkey Goat 1:500 Thermo Fisher A11057 
AlexaFluor 647 Donkey Goat 1:500 Thermo Fisher A21447 
AlexaFluor 568 Donkey Sheep 1:500 Thermo Fisher A21099 
AlexaFluor 568 Donkey Rat 1:500 Thermo Fisher A78946 
AlexaFluor 647 Donkey Rat 1:500 Thermo Fisher A48272 

 

Table 7: List of FACS antibodies used for cell sorting of human bone marrow aspirate. 

Antibody Fluorophore Clone Host species Isotype Company Dilution 

CD14 PE HCD14 Mouse IgG1 Biolegend 1:400 

CD235a PE GA-R2 (HIR2) Mouse IgG2b BD Biosciences 1:100 

CD271 Vio-B515 REA844 Human IgG1 Milteniy 1:50 

CD3 BV650 UCHT1 Mouse IgG1 BD Biosciences 1:400 

CD31 AF647 WM59 Mouse IgG1 BD Biosciences 1:100 

CD34 PE-Vio770 AC136 Mouse IgG2a Milteniy 1:30 

CD38 AF700 HIT2 Mouse IgG1 BD Biosciences 1:30 

CD45 BV711 HI30 Mouse IgG1 BD Biosciences 1:300 

CD71 PE OKT9 Mouse IgG1 Invitrogen 1:100 

Fixable viability 

dye 

eF780 - - - Invitrogen 1:1000 

 

Table 8: Microscopes used in the experiments. 

Instrument Manufacturer Lasers/filter cubes Objectives Application 

EVOS M5000 

 

Thermo Fisher Filters: 

DAPI, GFP, TxRed, Cy5, Cy7 

4x air objective, NA 0.13 

10x air objective, NA 0.3 

20x air objective, NA 0.4 

40x air objective, NA  

0.95 

ROI imaging (non-

confocal) 

Opera Phenix High-

Content Screening System 

  

Perkin Elmer Lasers: 405, 488, 568, 647 

 

 

4x air objective,  

20x water objective, 

40x water objective 

High-throughput 

imaging (confocal) 

UltraMicroscope Blaze 

 

Miltenyi Lasers: 488, 561, 640 4x oil objective, NA 0.35 

20x oil objective, NA 

0.53 

3D microscopy 
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Table 9: Instrument and general equipment used. 

Instrument Manufacturer Model 

Automated cell counter Invitrogen Countess II Fl 

Cell sorter BD FACS Aria 

Centrifuge Heraeus Megafuge 1.0R 

Centrifuge Eppendorf 5415D 

Centrifuge Heraeus Biofuge fresco 

Chromium Controller 10x Genomics Chromium Controller & Next GEM 

Accessory Kit 

Fluorometer Thermo Fisher Scientific Qubit4 

Freezer (-20 °C) Liebherr Premium NoFrost 

Freezer (-80 °C) Thermo Fisher Scientific Forma 900 Series 

Freezing container Corning CoolCell LX  

Fume hood Köttermann  2-453 GAND 

Heating block Starlab Dry bath system 

Incubator (cell culture) Thermo Scientific HeraCell 150 

Inverted microscope Zeiss Primovert 

Laminar flow hood Heraeus HSP18 

Luminex instrument Luminex Magpix 

Magnetic separator Miltenyi  MidiMACS separator 

Magnetic stirrer Starlab N2400-3010 

Microplate reader BMG Labtech 

Thermo Fisher Scientific 

Fluostar Omega 

Varioskan LUX 

Microvolume UV-Vis 

spectrophotometer 

Thermo Fisher Scientific Nanodrop 

Microwave Sharp R-26ST-A 

Mini centrifuge Sunlab SU1550 

Mini vortex mixer Sunlab SU1900 

Orbital shaker and incubator 

(benchtop) 

Ohaus SHRK04DG 

pH meter Mettler Toledo FiveEasy 

Pipettor Integra PipetBoy2 

Precision balance Kern EW620-3NM 

Refrigerator (4 °C) Liebherr Economy 

Rocking shaker IKA Rocker 2D digital 

Sequencing system Illumina NextSeq 2000 

Tube roller Starlab N2400-7010 

Waterbath Memmert 

Grant 

WNB14 

SUB Aqua Pro 
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Table 10: List of software used for analysis. 

Software Version Application 

Bitplane Imaris  9.2 3D image analysis and visualization 

FIJI 1.53a Image analysis and processing  

FlowJo 10.8.1 Flow data analysis 

GeoDa 1.20.0.8 Clustering and dot-plots 

GraphPad PRISM  9.5.0 Data analysis and visualization 

Microsoft Office Excel Excel 2016 Data analysis and processing 

Microsoft Office Powerpoint Powerpoint 2016 Graphic creation 

Microsoft Office Word Word 2016 Text processing 

Perkin Elmer Harmony  4.8 Image analysis 

Shiny App V0.29 Visualization, annotation of scRNA seq data 

String Database V12 Functional enrichment analysis, protein-

protein association networks 

WebGestalt 2019 Gene set enrichment analysis 

 

Table 11: Cell lines used for co-culture experiments. 

Cell line Medium Origin Supplier 

hTERT-MSC DMEM + 7% human platelet 

lysate + 1% P/S 

Aspirate from healthy male 

donor, immortalized  

Michelle Churchman (St. 

Jude’s Hospital, Memphis) 

MDS-L RPMI + 10% FBS +1% P/S + 

40 ng/ml GM-CSF 

52-year-old male MDS patient Wolfgang Seifarth (University 

Clinic Mannheim) 

OCI-AML3 DMEM + 10% FCS + 1% P/S 57-year-old male AML patient Martino Gabra (University of 

Toronto) 
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3.2 Methods 

3.2.1 Processing of bone marrow trephine biopsates 

Bone marrow trephine biopsates were obtained from willing donors enrolled in the 

BoHemE (Bone and Hematology in the Elderly) study headed by Prof. Dr. Uwe 

Platzbecker (NCT02867085). Samples were obtained from the iliac crest from healthy 

donors, CHIP donors and MDS patients.  

Table 12: Overview over the sample donors, including age, sex, eventual treatment, and the HSC mutation Variant Allele 

Frequency (VAF) found at the time of sample collection.  If multiple mutations are present in one gene, all VAFs are listed, 

separated by slashes.  

 Patient ID Classification Age Sex Treatments Mutation VAF Used in 

19/0062 CHIP 64 f - SF3B1 2.6% IF 

19/0299 CHIP 84 f - TET2 3.2/5% IF 

19/0318 CHIP 80 m - 
TET2 2.1/3.3%, PPM1D 

1.1% 
IF 

19/0305 CHIP 72 f - DNMT3A 6.5% IF 

19/0377 CHIP 63 f - 
TET2 2.5%, DNMT3A 3.2%, 

BCOR 1.2%, ZRSR2 31% 
scRNA seq, 

IF 

19/0423 CHIP 69 m - DNMT3A 12%, IDH2 7.4% 
scRNA seq, 

IF 

19/0438 CHIP 79 f - TET2 2,2% IF 

19/0439 CHIP 84 m - TET2 3%, KRAS 22% 
scRNA seq, 

IF 

20/0161 CHIP 79 f - SRP72 3.16% IF 

19/0069 Control 69 f - - IF 

19/0084 Control 62 f Irradiated - IF 

19/0039 Control 62 m Irradiated - IF 

19/0103 Control 63 f - - IF 

19/0130 Control 68 f - - IF 

19/0152 Control 79 f - - IF 

19/0122 Control 65 f - - IF 

19/0163 Control 75 f - - IF 

19/0209 Control 76 f - DNMT3A 1.4% IF 

19/0213 Control 68 f - - 
scRNA seq, 

IF 

19/0254 Control 76 m - TET2 1.7% IF 

19/0281 Control 64 m - - IF 

19/0310 Control 67 f - - IF 

19/0302 Control 77 f - - IF 

19/0309 Control 77 f Irradiated - IF 

19/0317 Control 79 f - - IF 

19/0355 Control 75 f - TET2 1.1%, DNMT3A 1.6% IF 

19/0027 Control 75 f Irradiated - IF 

19/0383 Control 71 m Irradiated - IF 

19/0392 Control 60 f - - IF 
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19/0254 Control 76 m - TET2 1.7% IF 

19/0514 Control 67 f - - IF 

20/0011 Control 63 f - - 
scRNA seq, 

IF 

20/0158 Control 72 f - - IF 

20/0169 Control 66 m - - IF 

20/0153 Control 70 m - - IF 

20/0185 Control 76 f - DNMT3A 1.94% IF 

20/0219 Control 79 f - DNMT3A 1.42% IF 

20/0184 Control 66 f -  IF 

17/0566 MDS 70 f Azacytidine 
TET2 30/20/7.6%, 

DNMT3A 28% 

IF 

17/0730 MDS 71 m 

Luspatercept, 
erythropoetin 

+ G-CSF, 
chelation 

SF3B1 82% 

IF 

17/0731 MDS 76 m - 
SF3B1 36%, TET2 16%, 

DNMT3A 32% 
scRNA seq 

17/0751 MDS 79 f 

Erythropoetin 

+ Growth 

factors 

TET2 35%, MPL 56% 

IF 

17/0771 MDS 72 f Luspatercept 

ASXL1 23%, TP53 7%, KIT 

12%, SETBP1 6/3%, 

STAT3 2.6% 

IF 

17/0757 MDS 66 m - No mutation detectable IF 

17/0803 MDS 73 f 
Luspatercept, 

chelation 
SF3B1 45%, TET2 30/23% 

scRNA seq 

18/0218 MDS 89 m EPO + G-CSF 
SF3B1 21/6/6/2.1%, 

DNMT3A 44% 
IF 

18/0248 MDS 67 f Azacytidine TET2 1.9% IF 

18/0369 MDS 77 f 
Luspatercept, 

chelation 
SF3B1 46% 

IF 

18/0388 MDS 83 m Luspatercept 
SF3B1 32%, ASXL1 1.6%, 

DNMT3A 30/1.5% 
IF 

18/0471 MDS 75 f Luspatercept SF3B1 24% IF 

18/0871 MDS 78 m Azacytidine 

SF3B1 43%, TET2 43%, 
RUNX1 43%, BCORL1 83%, 
NRAS 24/7.5/1.12/1.05%, 

KRAS 1.05%, PPM1D 
1.05% 

IF 

18/0899 MDS 62 m Luspatercept SF3B1 33%, DNMT3A 29% scRNA seq 

19/0024 MDS 79 m - TET2 87% IF 

19/0189 MDS 66 m Allo-SCT DNMT3A 1.5% IF 

17/1028 MDS 69 m - 
DNMT3A 1.12%, BCOR 

4.67% 
IF 

20/0075 MDS 62 f - 

SRSF2 27.9%, ASXL1 
39.8%, ETNK1 1.7%, CBL 

13.4%, ZRSR2 36%, 
SETBP1 40.7% 

IF 

17/0708 MDS 76 m - 
SRSF2 27%, TET2 41/35%, 

ZRSR2 72% 
scRNA seq 

17/0803 MDS 73 f 
Luspatercept, 

chelation 
SF3B1 45%, TET2 30/23% scRNA seq 
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Iliac crest or femur biopsies were fixated in 4% PFA solution and transferred to 50% 

ethanol solution after 24 h to avoid overfixation and artifacts. These samples were 

collected and processed together after up to 6 months. Decalcification, embedding, 

cutting, and mounting of tissue on charged slides was done by the biobank of the 

University Medical Center in Mainz. 

For mouse experiments, murine femurs from young and old control as well as 

DNMT3AR878H were obtained from Logan Schwartz (Trowbridge lab, Jackson 

laboratories). The DNMT3A mutation was induced in young animals (9 weeks) by 

intraperitoneal injection of 15 mg/kg polyinosinic-polycytidylic acid (polyI:C) for five 

consecutive days. 4 months later, mice were sacrificed. Femurs were fixated in 4% PFA at 

4 °C overnight and shipped in PBS + 0.3% NaN3. After decalcification, bones were 

embedded in paraffin, cut, and mounted on charged slides for subsequent stainings. Mice 

of 16–86 weeks were taken for stainings, the corresponding age in human was estimated 

according to the supplier’s recommendations (Jackson Laboratory). Mice up to 30 weeks 

were considered “young.” Mice from 68 weeks and older were considered “old.”  

 

Table 13: Overview over the mouse samples used in the staining experiments. 

Sample Sex Genotype Age (in 

weeks) 

Group Corresponding 

age in humans 

B6-1 f C57bl6 68 Old control Mid-50s 

B6-2 f C57bl6 68 Old control Mid-50s 

B6-3 f C57bl6 68 Old control Mid-50s 

Contr1 f MxCre-Control 26 Young control Early 30s 

Contr2 f MxCre-Control 26 Young control Early 30s 

Contr3 f MxCre-Control 26 Young control Early 30s 

D3A1 f MxCre-DNMT3A 26 DNMT3A mutated Early 30s 

D3A2 f MxCre- DNMT3A 26 DNMT3A mutated Early 30s 

D3A3 f MxCre- DNMT3A 26 DNMT3A mutated Early 30s 

 

3.2.2 Immunofluorescence staining on bone marrow samples 

For better adherence of tissue to the charged glass slides, the samples were baked at 37 °C 

overnight. Deparaffinization, rehydration and Heat-Induced Epitope Retrieval (HIER) 

were done using Trilogy 3-in-1 reagent in a pressure cooker at 105 °C, 1.4 bar for 10 min. 
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HIER is a method used to revert the effect of paraformaldehyde fixation in samples. 

Paraformaldehyde can crosslink proteins, masking the antigen binding sites. This leads to 

weaker binding of antibodies, resulting in weaker signals (Ezaki 2000). Slides were 

permeabilized with PBS + 0.2% Triton-X for 10 min, then blocked for 30 min with 5% 

donkey serum PBS-T. Antibodies were titrated in tests and used at optimal dilutions in 

1% donkey serum PBS-Triton X (0.25%) overnight at 4 °C or for 1 h at RT, secondary 

antibodies were applied for 2 h at RT at a 1:500 concentration. 

Tissues display autofluorescence, resulting from e.g. lipofuscin or heme proteins. This 

masks specific staining, making it necessary to use quenching reagents. Different 

techniques were tested to reduce bone marrow autofluorescence (Figure 46). For this 

thesis, slides were incubated for 3 min at RT with 100 μl Trueview (Vector Labs) and 

washed with PBS for 5 min afterwards. A drop of mounting medium containing DAPI was 

added to each slide, and they were sealed with a coverslip. 

Bone marrow slides were imaged using an Opera Phenix high-content screening system 

(PerkinElmer) at 40x magnification for human samples and 20x for murine samples 

unless stated otherwise. Laser power was set to 100% for 200 ms, the channel sequence 

was changed to minimize the overlap between adjacent channels (DAPI with A488, A568 

with A647). No-stain as well as secondary antibody-only controls were used to rule out 

unspecific staining. For Giemsa images, slides were imaged using an EVOS M5000 

microscope. 

 

3.2.2.1 Image analysis of bone marrow slide data 

For 2D analysis of immunofluorescence bone marrow images, PerkinElmer Harmony 

High-Content Analysis Software was used. Image analysis pipelines for every experiment 

can be found in the annex (Figure 47 to Figure 54). Giemsa images for cellularity 

measurements were processed using FIJIs integrated trainable Weka segmentation 

plugin (Figure 50). Dot plots and density-based clustering were done using GeoDa 

software, based on the DBScan* algorithm. Clusters were defined as a minimum of 5 

points, minimum cluster size of 5 and a distance threshold of 100 μm. These cluster values 

were determined experimentally; the distance threshold was set on the basis of paracrine 

signaling affecting cells most effectively in a 100 μm distance (Francis and Palsson 1997; 

Handly et al. 2015). 
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3.2.3 Tissue clearing of mouse femurs and trephine cores 

Human trephine cores and murine femurs were processed according to the iDisco+ 

protocol (Jin et al. 2019). Samples were fixated overnight in zinc formaline fixative at 4 °C 

and washed with PBS afterwards. For storage and transport, samples were kept in PBS + 

0.1% NaN3 for up to 4 weeks.  

To decalcify the bones, the femurs were incubated in Osteosoft solution for 2 days. The 

bones were washed in deionized H2O for 2x 1 h and dehydrated in 20%, 40%, 60%, 80% 

and 100% MeOH for 90 min each, then incubated in 100% MeOH overnight. Incubation in 

66% DCM/33% MeOH followed for 2 h and then, after a medium change ,overnight. After 

washing for 2x 3 h in 100% MeOH, samples were decolorized in 5% H2O2 in MeOH 

overnight at 4 °C. After rehydration in 80%, 60%, 40%, 20% MeOH and deionized H2O for 

90 min each, the bones were transferred to PTx0.5 and permeabilized for 2x 1 h and then 

overnight at 37 °C and finally for 48 h in permeabilization solution (Table 4) at 37 °C. 

Incubation in blocking solution to minimize unspecific binding was done for 48 h at 37 °C. 

Antibodies were diluted 1:500 in staining solution (Table 4) and samples were incubated 

for 7 days in total at 37 °C, with daily addition of a dose of 1:500 antibody over four days 

to a total end concentration of 1:100. 

After a wash for 4 days in PTwH0.5 at 37 °C, samples were transferred to secondary 

antibody staining solution with 1:500 secondary antibody and were incubated for 7 days 

at 37 °C with a daily booster of 1:500 AB for four days to a final concentration of 1:100. 

After washing for 4 days with daily medium change in PTwH0.5 at 37 °C, samples were 

dehydrated with 20%, 40%, 60%, 80% and 100% MeOH and finally transferred to 

66% DCM/33% MeOH for 2x 2 h and after medium change overnight. Refractive index 

was then adjusted by incubating in 100% DCM for 2x 3 h and 100% DBE for 2x 3 h; 

samples were stored in DBE for light sheet imaging. 

 

 

 

3.2.3.1 Light sheet imaging 

Cleared bones were imaged using an UltraMicrocope Blaze (Milentyi Biotec; in DBE) using 

a 4x objective and 1.66x zoom. Step size for stacks was 3 µm, laser power adjusted for 
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each independent experiment to allow optimal signal strength while maintaining 

comparability between samples of one experiment.  

 

3.2.3.2 Light sheet imaging data analysis 

Image data was analyzed and visualized using Bitplane Imaris 9.8.0. For vessel detection, 

a surface was generated using the “Add new surface” option with a voxel size filter to filter 

out CD31+ blood cells and small artifacts. This surface was used as a template for a masked 

binary channel to prevent loss of lower intensity signal. The “Add new filaments” feature 

was employed using the “Threshold” (loops) option to reconstruct blood vessels on this 

masked channel. Vessel diameter and volume of all detected vessels was taken as readout 

parameter to compare the vasculature.  

 

3.2.4 In vitro co-culture experiments for secretome analysis 

For co-culture secretome analysis, 200.000 hTERT-MSC were seeded in aMEM + 7% hPLt 

in a 6 well-plate. Using normal FBS led to high background signal in the secretome 

analysis. After 48 h, the wells were washed five times with PBS and twice with aMEM 

without platelet lysate. MDS-L cells were washed twice with PBS and once with aMEM, 

then added in fresh medium to the corresponding wells. Co-cultures with ratios of 1:0, 

10:1, 1:1, 1:10, 0:1 were cultured for 24 h. Afterwards, the conditioned medium was 

collected, centrifuged at 300 g for 5 min, then at 10.000 g for 5 min to remove cellular 

debris. The samples were stored at -20 °C and processed within a week. Quality control, 

mass spectrometry and softcluster generation was kindly done by Gereon Poschmann (AG 

Stühler, MPL Düsseldorf). Data analysis was done using Microsoft Excel, pathway 

visualization with String-db.org and volcano plots with GraphPad Prism. 

 

 

3.2.5 Luminex cytokine analysis 

10 000 hTERT-MSC were seeded in 100 μl 7% hPLt aMEM in a 96-well spheroid culturing 

plate. After 3 days, spheroids formed and 50 μl medium were removed. 1000 MDS-L or 

OCI-AML3 cells were added to the spheroids in 50 μl fresh culture medium (Table 4). After 

48 and 96 h, 50 μl supernatant were taken from each well, same conditions were pooled 
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and centrifuged at 300 g for 5 min to pellet residual cells. Supernatant was transferred to 

a fresh tube and centrifuged at 10 000 g for 5 min to remove cellular debris. 

For cytokine analysis, a custom-made human cytokine assay kit from Thermo Fisher was 

purchased. Standards were prepared and the procedure was done as indicated in the 

manual with technical duplicates for each sample. In addition to the generated mono- and 

co-culture samples, media controls were included to see if cytokines from platelet lysate 

or FBS skew the results. The Luminex assay did not show any cytokines in the media 

controls besides GM-CSF which was added to the MDS-L cultures (data not shown). 

Measured cytokine concentrations were plotted and heatmaps were created using 

GraphPad Prism. 

 

3.2.6 Processing of human bone marrow aspirates for flow cytometry and FACS 

Human bone marrow aspirates were also obtained from the BoHemE cohort (Platzbecker, 

University Medical Clinic Leipzig). Samples with over 100 million cells from donors of 

similar age and sex were selected for sequencing. Each vial was thawed in a water bath, 

then immediately transferred to a 50 ml tube, and suspended in 1 ml thawing buffer to 

prevent clumping of extracellular DNA. Whenever clumping occurred, samples were left 

in DNAse-containing buffer and gently resuspended until clumps dissolved. 3 ml 

resuspension buffer was added; the samples were then centrifuged at 300 g for 5 min. The 

supernatant was discarded, the pellet was resuspended in 5 ml ACK lysis buffer and 

incubated for 7 min at RT. 25 ml of PBS were added, and the tube was centrifuged at 300 g 

for 5 min. The supernatant was aspirated, the sample was resuspended in 2 ml FACS 

buffer and filtered through a 70 μl cell strainer. The cells were stained using a fixable 

viability dye for 15 min at RT in the dark. After washing with FACS buffer and 

centrifugation at 300 g for 5 min, the pellet was resuspended in 1 ml CellCover for fixation 

(7 min, RT). The cells were centrifuged for 5 min at 300 g and stained in antibody staining 

solution at 4°C in the dark. Before sorting, cells were washed with FACS buffer again, 

centrifuged for 5 min at 300 g, resuspended in CellCover and filtered through a 40 μm 

filter. Sorting was done on a FACS Aria with a 130 μm nozzle with a maximum flow rate 

of 5000 evts/s and sorted into sorting buffer in BSA-coated LoBind tubes according to the 

sorting strategy. 
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Figure 9: Sorting strategy for the human BM aspirates.  T-cells were defined by Lin- CD45high CD3+, HSPC by Lin-, CD45mid, 

CD34+ and stromal cells as Lin-, CD34-, CD45low, CD38-.  

The sorted populations were used in the 10x single cell RNA-sequencing protocol and 

sequenced on an Illumina NextSeq 2000. For sequencing, T-cells and HSPC were pooled 

together and put into one lane on the 10x chip in the Chromium controller, while stromal 

cells were put in another lane. All following steps were done according to the 10x scRNA 

seq protocol. Samples from different conditions (control, CHIP, MDS) were processed each 

experimental day to minimize batch effects.  FACS data was visualized and analyzed using 

FlowJo software.  

 

3.2.7 scRNA seq data analysis 

Sequencing, data quality assessment and data processing was kindly done at EMBL 

Heidelberg by GeneCore and Maksim Kholmatov, respectively. Cluster annotation was 

done using previously validated datasets: Celltypist, Monaco and Blueprint immune cell 

atlases were used for curated annotation of immune cells (Domínguez Conde et al. 2022; 

Monaco et al. 2019; Qian et al. 2020), Tabula Sapiens, HCA BM atlas and other datasets for 

HSPC and stroma cells (Ennis et al. 2022; Jones et al. 2022; Mende et al. 2020; Woods and 

Guezguez 2021). For unidentified datasets, differentially expressed genes (DEG) for each 

cluster were analyzed and cell identities accordingly assigned. Differential gene 

expression from clusters and subclusters in comparison to other donors and between 

conditions were used for subsequent analysis. A web-based Shiny app generated in R was 

used for visualization of scRNA seq data. 
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3.2.8 Gene set enrichment analysis 

Analysis of DEG was done using gene set enrichment analysis with WebGestalt, a web-

based gene set analysis toolkit. Briefly, lists of DEG with corresponding log2-fold change 

were uploaded to WebGestalt. GSEA analysis with Wikipathway as functional database 

was selected, with a minimum number of 3 genes per category, maximum number of 2000 

per category, significance level top 10, 1000 permutations and p=1. A background gene 

list does not have to be provided, as it is derived from not significantly upregulated genes 

in the same list. 

 

3.2.9 Statistical testing 

For statistical testing, the following rationale was followed: Human bone marrow 

trephine cores are very heterogeneous in composition (depending on donor, sampling 

technique, age, sex, treatments, sampling site), which leads to the assumption that 

experiments on these samples generate non-normally distributed data. For this reason, 

for experiments with one readout parameter and more than two groups, the Mann-

Whitney U test was employed and Kruskal-Wallis test with Dunn’s multiple comparisons 

for samples with multiple readout parameters and multiple groups. Mouse samples are 

biologically more homogenous, which is why one-way ANOVA with Tukey’s multiple 

comparisons was used for singular and two-way ANOVA with Šidák’s multiple 

comparisons for multiple readout parameters and more than two groups. If only two 

groups were compared, Welch’s t-test was employed. P values are plotted as asterisks and 

have the following significances: 

Table 14: Symbols used for statistical significance and their corresponding p-values. 

Symbol Meaning 

ns P > 0.05 

* P ≤ 0.05 

** P ≤ 0.01 

*** P ≤ 0.001 

**** P ≤ 0.0001 
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4 Results 

4.1 Characterization of the human BM HSC niche 

The bone marrow trephine samples collected in the BoHemE study, encompassing control 

(non-disease), CHIP and MDS biopsies (Table 12), were first characterized in terms of 

donor age, sex, and Bone Marrow Cellularity (BMC) to guarantee comparability between 

the conditions. 

 

4.1.1 Case-cohort sampling scheme, stratified by age, sex and cellularity 

There is an overrepresentation of female donors in the control and CHIP group since the 

recruited patients are undergoing hip or knee replacement surgery, which are more 

frequent in women (Figure 10A, B). For this patient biopsy cohort, no strong correlation 

of patient age with overall BMC was detectable (Figure 10C). MDS samples have a higher 

mean BMC compared to control and CHIP samples, which is due to the lower number of 

adipocytes as observed in the Giemsa stainings (Figure 10D, E). In addition, trabecular 

bone structure was not as frequently observed in MDS samples. 
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Figure 10: Characterization of sample cohort used for imaging experiments in human bone marrow hip trephine cores.  A 

Number of samples, median age and mean cellularity determined by linear classifier. B Number of donors by sex. C BMC as 

function of donor age. D Cellularity per sample determined by linear classifier. Kruskal-Wallis test was employed to test for 

statistical significance. E Representative Giemsa stainings of patient samples.  

 

4.1.2 Vasculature in the human bone marrow niche 

For a complete characterization of the HSC niche in BM samples and due to the importance 

of vasculature in supporting HSC functions (as discussed in chapter 1.3.5), the relative 

frequency of sinusoidal and arteriolar vasculature was analyzed using immunostaining 

for CD105 (endoglin), a specific marker for sinusoidal vasculature in human (Fomin et al. 

2013), and UEA-1, respectively. UEA-1 is a bright vasculature marker and leads to more 

consistent results than CD31 or CD34 staining, as seen in Figure 55 (annex). 
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Figure 11: Vasculature analysis of human BM trephines. A Fraction of total vessel surface (UEA-1) and sinusoids (CD105) 

as well as mean distance of vessels (N = 9–10). Kruskal-Wallis test was employed to test for statistical significance. 

B Representative images of sinusoids and total vasculature in control and MDS tissue. Brightness and contrast were 

adjusted for better visibility.  

The total vasculature area of MDS samples was increased in comparison to control and 

CHIP biopsies (Figure 11A). In addition, the sinusoidal CD105+ vessel surface was 

extensively remodeled with an expansion of sinusoidal vessels in MDS in comparison with 

control, while CHIP samples showed a tendency towards increased sinusoid surface area. 

As a result of the increased vascular density in MDS samples, the mean distance between 

sinusoidal and arteriolar CD105- UEA1+ vessels was decreased from 10–15 μm in control 

and CHIP to circa 5 μm in MDS. In addition, sinusoids in MDS samples showed 

disorganized, leaky vasculature and microvasculature (Figure 11B).  
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4.1.3 MSC in human BM biopsies 

In addition to the vasculature, another major component of the BM niche are MSC, which 

were characterized by immunostaining for CD271, a marker that is expressed on the MSC 

population with the highest multipotency, differentiation- and reconstitution potential 

(Quirici et al. 2002). In addition, the functionality of vasculature and MSC to support HSC 

via CXCL12 as described in chapter 1.3.2 was evaluated by co-staining of CD105 and 

CD271 with CXCL12.  
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Figure 12: Stroma analysis in human BM.  A Fraction of total MSC surface (CD271) and CXCL12 surface as well as B mean 

distance of vessels and MSC to CXCL12 (N = 9–11). Kruskal-Wallis test was employed to test for statistical significance. C 

Representative images of MSC, sinusoids, arteriolars and arteries as well as CXCL12 in control and MDS tissue. Brightness 

and contrast were adjusted for better visibility.  

In most MDS samples, MSC were expanded in comparison to control and CHIP samples, 

apart from a few samples where no expansion was detectable. The overall tissue surface 

expressing CXCL12 was proportionally similar in the different conditions despite the 

expansion of sinusoids and MSC (Figure 12A). Despite that, ROI images showed fewer MSC 
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and sinusoidal cells with high expression of CXCL12 in MDS (Figure 12C, bottom panel). 

Interestingly, the distance of detected CXCL12 to sinusoids and MSC was higher in CHIP 

samples in comparison to controls (Figure 12B). Expanded MSC in MDS were not 

restricted to perivascular and periosteal localization (as for control and CHIP) but were 

heterogeneously distributed throughout the bone marrow, displaying a mesh-like 

phenotype (Figure 12C, upper row).  

 

4.1.4 HSPC frequency in human BM samples 

For a complete characterization of the HSC BM niche, the frequency of HSPC, determined 

by surface expression of CD34, was assessed.  

 

Figure 13: HSPC analysis in human BM. A Example images of CD34+ HSPC in human BM. Vessel surface is also CD34+, which 

hinders automatic analysis. Brightness and contrast were adjusted for better visibility. B HSPC cell fraction and mean 

distance from HSPC to MSC (N = 9). Kruskal-Wallis test was employed to test for statistical significance.   
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Tracking of HSPC in the bone marrow remained difficult due to the lack of specific 

markers. The most widely used one, CD34, is also found on vasculature, rendering 

automatic analysis challenging (Figure 13A), which is why manual analysis of ROI images 

was employed. Surprisingly, there was no apparent difference in the relative amount of 

HSPC in the bone marrow in either condition. The distance of HSPC to MSC was not visibly 

changed in any of the conditions, close proximity of both cell populations was found in all 

samples (Figure 13B).  

 

4.1.5 Alterations in T lymphocytes in the human bone marrow niche 

Given the dual role of T lymphocytes in HSC regulation (described in chapter 1.3.6), 

frequency of T cells (especially Treg) and their spatial distribution were studied, using 

CD3 as a general T cell marker and nuclear FoxP3 staining to identify Tregs. 

 

Figure 14: T lymphocyte analysis in human BM. A T cell and Treg fraction as well as Treg to T cell ratio in human BM 

samples (N = 5–9). Kruskal-Wallis test was employed to test for statistical significance. B Representative images of T cells 

(CD3+) and Tregs (CD3+ FoxP3+) in human BM. Brightness and contrast were adjusted for better visibility. 
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T cells in all samples were in the previously reported normal physiological range of 5–

15% (Parmentier et al. 2020), and were often in close contact with Tregs (Figure 14A, D). 

Tregs were sparse in all conditions, but MDS samples showed a distinct reduction in Tregs 

in comparison to CHIP (Figure 14B). In addition, there was a trend towards decreased 

Treg/T cell ratios in MDS samples (Figure 14C), suggesting that Tregs constitute a smaller 

fraction of the total T cell pool in MDS. This effect is not statistically significant, but a trend 

became apparent. For better assessment of spatial distribution, individual T cells and 

Tregs were visualized as dot plots with their corresponding XY-coordinates and clusters 

of cells (>5 cells per cluster) were analyzed using the density-based clustering approach 

DB-scan.  
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Figure 15: Spatial T cell distribution in the human BM.  A DB-Scan-generated clusters of T cells or Tregs (colored, against 

all nuclei in grey backdrop) for control and MDS samples. B Mean cluster size plotted against number of clusters for T cells 

and Tregs in all conditions. Clusters are defined as 5 or more cells in a 100 μm distance to each other.  

T cells formed big clusters in MDS, which is mostly a result of the higher cellularity, leading 

to densely packed bone marrow, while in control and CHIP tissues, fewer and smaller 

clusters could be observed (Figure 15B, left). Tregs on the other hand were nearly absent 

in MDS, with very few and small clusters forming, while more and bigger clusters formed 

in control and CHIP tissues (Figure 15B, right). Tregs are also in close contact with 

CXCL12-producing MSC in control samples, but not as close in MDS (Annex, Figure 56). 

These data indicate clear differences in Treg frequency and distribution in MDS. 
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4.2 SF3B1-mutated MDS samples display distinct marrow alterations 

Considering the previous data on Tregs in MDS (Figure 15), four out of nine samples 

displayed bigger clustering patterns. A closer examination of the cytogenetic profile of the 

donors showed that they share the same mutation, SF3B1. As described in chapter 1.2, 

this mutation constitutes a distinct MDS subtype as of 2023 with favorable prognosis. 

Therefore, the data from MDS samples of performed experiments were retroactively 

stratified by SF3B1 and other mutations to examine possible subtype-specific stroma 

alterations. 

 

Figure 16: SF3B1-mutated MDS show distinct bone marrow changes.  Treg fraction and ratio (N= 4–5) (A), CXCL12 fraction 

(N = 4–5) (B), CD271 fraction (N = 8) (C) and cellularity (N = 7–8) (D) of MDS samples stratified by SF3B1 mutation. Mann-

Whitney test was used to test for statistical significance. E SF3B1 VAF plotted against Treg/T cell ratio, CD271 fraction and 

CXCL12 fraction with linear regression and corresponding R² values.   

SF3B1mut MDS showed a trend towards higher Treg ratios and -fractions in comparison to 

non-SF3B1mut MDS (Figure 16A). While not being statistically significant, there was a 
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trend towards higher CXCL12 content for some SF3B1mut samples (Figure 16B), higher 

MSC content and higher cellularity (Figure 16C, D). Higher SF3B1 VAF correlated with 

higher Treg/T cell ratios and CD271 frequencies, while higher VAFs did not show any 

correlation with CXCL12 signal (Figure 16E).  

 

4.3 FACS experiments on bone marrow aspirate 

To validate previous experimental findings of the BM architecture, a complimentary 

approach by flow cytometry-based quantification of cell populations in bone marrow 

aspirate was employed during subsequent sorting experiments on selected samples. 
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Figure 17: FACS data for bone marrow composition from human bone marrow aspirate used in scRNA-seq experiments.  

Sorting strategy can be found in chapter 3.2.6.    

FACS analysis (Figure 17) did not show any alterations in HSPC and T cells between the 

different conditions, confirming the previous imaging data (Figure 13, Figure 14). 

However, in contrast to the expansion of MSC that was observed in MDS patients (Figure 

12), FACS data show comparable percentages of MSC between the samples.  

 

4.4 Characterization of DNMT3AR878H mice 

Considering the trend towards higher sinusoid content in imaging analysis of human CHIP 

samples where results were not statistically significant (Figure 11), one possible reason 

could be the low and inconsistent VAF sizes. To assess a possible clone-size dependent 
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effect more reliably, a high-VAF mouse model carrying the somatic mutation 

DNMT3AR878H, which is the functional equivalent of the human DNMT3AR882H, was 

characterized by immunostaining.  

 

4.4.1 Bone marrow cellularity in DNMT3AR878H mice 

Giemsa stainings of femurs were used to assess BMC, followed by quantification using 

MarrowQuant, a machine learning-based plugin for QuPath designed specifically for 

measuring BMC (Tratwal et al. 2021). 
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Figure 18: A Bone marrow cellularity in murine DNMT3AR878H femurs , determined by MarrowQuant (n = 3). One-way 

ANOVA with multiple comparisons was used to test for statistical significance. B Giemsa stainings of DNMT3AR878H, young, 

and old control femur heads (wk = weeks).    

 

A first morphological analysis of Giemsa-stained femurs revealed that DNMT3AR878H 

(abbreviated to DNMT3Amut) showed an overall lower BM cellularity in comparison to 

young controls, while old controls had even lower cellularity than DNMT3Amut mice 
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(Figure 18A). The Giemsa stainings showed an accumulation of adipocytes with 

accompanied reduction of red marrow in the femur head in DNMT3Amut, with an 

expansion towards the diaphysis in aged mice (Figure 18B).     

 

4.4.2 Vasculature in femurs of DNMT3AR878H mice 

Possible vasculature alterations in the high-VAF DNMT3Amut model mice were 

determined using IF stainings in femurs of arteries (BCAM+) and sinusoids (endomucin+). 
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Figure 19: Vasculature analysis of murine DNMT3AR882H femurs. Sinusoidal (Endomucin) and arteriolar (BCAM) surface 

fraction (A) as well as mean vessel area (B). Two-way ANOVA with Šidák‘s multiple comparison test was employed to test 

for statistical significance (N = 3). C Representative images of femur head and shaft sinusoidal vessels (EMCN+) in young 

control, young DNMT3Amut and old control mice. Brightness and contrast were adjusted for better visibility.  

Sinusoidal endomucin+ vessels were found to be expanded in DNMT3A mutant mice in 

comparison to young controls, but not in comparison to old controls while there were no 

differences in BCAM+ arteriolar and arterial vasculature (Figure 19A). The sinusoidal 

expansion was accompanied by larger vessel sizes in mutant mice, particularly in the 
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femur head (Figure 19B, C). These observations confirm more robustly the previous 

tendencies toward higher sinusoid content in human CHIP BM biopsies. 

 

4.4.3 Adipogenic and injury-responsive MSC subsets in DNMT3A878H mice 

Similarly to the investigation of the MSC content in human samples (chapter 4.1.3), the 

MSC compartment in DNMT3Amut mice was also assessed in immunostainings, using 

PDGFRβ, a marker for a angiogenic and injury-responsive MSC subset with a fibroblastic 

behavior (MSC-Fibro) (Wang et al. 2018), and LEPR, an established marker for MSC with 

high CFU potential but primed toward adipogenic (MSC-Adipo) differentiation (Woods 

and Guezguez 2021). 
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Figure 20: A PDGFRβ and B LEPRhigh area as fraction of the whole sample area in murine bones. C Example images for co-

staining of LEPR and PDGFRβ. D LEPRhigh Sca1+ fraction and CXC12 fraction in murine femurs. E Example images of triple 

positive perivascular cells in an old murine femur. Brightness and contrast were adjusted for better visibility.  

For the MSC-Fibro subset, no difference was found between young, DNMT3Amut, and old 

samples in total PDGFRβ+ surface (Figure 20A). PDGFRβ+ positive cells were localized 

mostly perisinusoidal and endosteal. LEPR was also expressed on these cells, although 

there was a subpopulation of perivascular cells that showed high expression of LEPR 

(LEPRhigh, Figure 20C). These LEPRhigh cells were significantly increased in DNMT3Amut 

with further expansion in aged mice (Figure 20B) and were localized towards the femoral 
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head, adjacent to expanding BMAT. Interestingly, recent reports showed a specific 

subpopulation of MSC (LEPR+ Sca1+) with high clonogenic potential and an adipogenic 

differentiation bias to be upregulated upon irradiation, fracture and aging (Mo et al. 

2021). Bearing in mind the previous results on CXCL12 stainings in human BM stroma 

(Figure 12), mouse bone sections were stained for Sca1, CXCL12 and LEPR. The expanded 

LEPRhigh cells were mostly expressing Sca1 and were highly enriched in CXCL12. As a 

result, the overall levels of CXCL12 were significantly higher in young DNMT3Amut and old 

control mice (Figure 20D, E). Taken together, high-VAF DNMT3A mutations impact the 

MSC repertoire, MSC subset expansion and their distribution across the BM. 

 

4.4.4 T lymphocytes and Tregs in DNMT3A878H mice 

In order to get understanding of high-VAF effects on T lymphocyte repertoire (with an 

emphasis on the Treg subpopulation) and to mirror previous experiments in human 

samples (Figure 14), the same markers (CD3 for T cells and FoxP3 for Tregs) were used 

for IF stainings in DNMT3Amut mice.  
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Figure 21: T lymphocyte analysis in murine bones. T cell (A) and Treg (B) fraction of murine femurs. Ordinary one-way 

ANOVA with Tukey's multiple comparison test was employed to test for statistical significance (N = 3). C Example images 

of T cells (CD3+) and Tregs (CD3+ FoxP3+) in the murine bone marrow. Brightness and contrast were adjusted for better 

visibility. D Example image of cKit+ HSPC in close contact with FoxP3+ Tregs. E Example of clustered Tregs (colored) against 

T cell backdrop (light blue) in the murine bone marrow.   

These data indicate that T cells were less abundant in mouse bone marrow than in human 

(5% mean in comparison to 15%, based on previous reports by (Zhao et al. 2012). While 

the CD3+ T cell proportion was similar across all conditions (young, old and DNMT3Amut 

mice), Treg frequency was elevated in old compared to mutant and young mice (Figure 

21A, B). DNMT3A mutant mice also displayed a trend towards higher Treg content than 

controls, although the effect was not prominent enough to be statistically significant. 
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Strikingly, Tregs in all conditions clustered towards the endosteum (Figure 21E) and were 

often in direct contact to CD3+ FoxP3- T cells (Figure 21C). Furthermore, Tregs were 

shown to form clusters with higher density of cKit+ HSPC, potentially providing an 

immune-privileged milieu (Figure 21D). 

 

4.4.5 Sympathetic innervation in DNMT3A878H mice 

To assess possible impact of CHIP clones on neuronal tissue in the BM, key populations 

were characterized by immunostaining. Tyrosine Hydroxylase (TH) is a marker for 

dopaminergic neurons, whose function in the BM is described in chapter 1.3.8. GFAP was 

used to stain glia cells which ensheathe the neurons to support their function. It is 

important to note that these stainings were not possible in human biopsies due to the 

scarcity of innervated arteries in the human BM samples but were instead done in murine 

femurs to analyze possible deterioration during aging and in DNMT3A mutation settings. 

 

Figure 22: Neuron staining in murine femurs. Adrenergic neurons (TH+), which are ensheathed by glial cells (GFAP+), are 

wrapped around arteries (BCAM+) (N = 3). Brightness and contrast were adjusted for better visibility.  

ROI images were used for qualitative assessment which did not show differences in 

sympathetic innervation of blood vessels between the samples (Figure 22). A quantitative 

approach was not followed due to heterogeneity in artery distribution, which would skew 

the results. In conclusion, sympathetic innervation of young DNMT3AR878 and aged mice 

remained intact, but this question should be addressed again using quantitative 

approaches. 
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4.5 Megakaryocyte content  

Seeing how MK are important for HSC maintenance in the endosteal niche (chapter 1.3.7), 

MK frequency and the spatial distribution in relation to sinusoidal vessels in DNMT3Amut 

and aged mice was explored using CD41 as a specific MK marker.  

 

Figure 23: Absolute number of megakaryocytes (A) and normalized MK frequency (B) per murine femur.  C Representative 

images of megakaryocyte stainings in young, old, and DNMT3Amut bone marrow. Ordinary one-way ANOVA with Tukey‘s 

multiple comparison test was employed to test for statistical significance. Brightness and contrast were adjusted for better 

visibility.  

There was no significant difference in MK abundancy between the samples (Figure 23A, 

B). However, qualitative ROI analysis suggested that in young femurs, more bone-lining 

megakaryocytes were present that were further apart from sinusoids, which is a 

distinctive feature of the endosteal niche (depicted in Figure 23C). In DNMT3Amut and old 

samples, the vasculature was also extended towards the endosteum and there were fewer 

megakaryocytes directly lining the bone (Figure 23C). In brief, MK frequency was similar 

in all conditions, while cellular localization within the BM might be changed toward 

sinusoidal niches in aged and DNMT3Amut mice. 
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4.6 Functional modelling of MSC-HSC interactions 

Immunostainings of human BM FFPE tissue revealed striking differences in MSC and EC 

frequency in MDS. The expansion of MSC in MDS and the consequential remodeling of the 

bone marrow niche might indicate functionally altered interplay between MSC and MDS 

blasts. For a better understanding of these molecular alterations, an MDS-MSC co-culture 

model with changing ratios was set up, using established cell lines (MDS-L, a LR-MDS cell 

line and immortalized naïve hTERT-MSC). 

 

4.6.1 Secretome analysis of MSC-MDS co-cultures 

Based on the spatial distribution analysis, MSC and HSPC were not found to be always 

localized in direct contact (Figure 13). Therefore, an in vitro approach analyzing the 

secretome of an MDS-L/hTERT-MSC co-culture via mass spectrometry was used to assess 

cellular interplay.   

 

Figure 24: Volcano plot of detected proteins in co-culture to mono-culture conditions of hTERT-MSC and MDS-L cells. Red 

highlighted proteins are significantly upregulated (-logP>1, fold-change >2 or <-2). “Induced proteins” are present in one 

condition but not the other, for instance only in co-culture, but not in monoculture. For displaying these proteins, LFQ 

intensity in the missing condition was set to 1, which leads to these proteins being apparently strongly up- or 

downregulated.  

The volcano plot of differentially secreted proteins in mono- versus co-culture shows a 

large number of proteins appearing upon adding MSC to MDS monoculture (Figure 24, 

right panel), but fewer in the opposite setting (left panel). To better analyze the origin of 
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the secreted proteins, a clustering analysis approach based on the protein signal in the 

different conditions was employed.  

 

Figure 25: Softcluster analysis of secreted proteins from hTERT-MSC monoculture, co-culture with MDS-L in different ratios 

and MDS-L monoculture.  For all conditions, 200,000 total cells were used. Clusters with the same outline color can be 

classified as coming from the same source, according to abundancy changes in the different conditions.  

Secreted proteins were assigned to “softclusters”, which are groups of proteins that 

change similarly between the different co-culture conditions. These softclusters were 

either proteins that were upregulated mostly in monoculture of either MDS blasts or MSC, 

or co-culture-induced proteins. Further grouping of these proteins and subsequent String 

analysis reveals the cellular processes at play (Figure 25).  
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Figure 26: String analysis of significantly differentially secreted proteins in clusters 2, 3 and 4, which are induced or 

upregulated in co-culture only. Significance was tested using Student's t-test for mono-culture against co-culture 

expression (1:0 vs 1:1, p<0.05).  

Co-culture-induced proteins found in clusters 2, 3 and 4 were mostly involved in 

proteasomal degradation, VEGF signaling pathways, focal adhesion, and different 

metabolic pathways like prostaglandin synthesis, aminoacid metabolism and glycogen 

synthesis or degradation pathways (Figure 26). These proteins were solely upregulated 

in co-culture and might be involved in or a result of a specific crosstalk between MDS 

blasts and MSC. 
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Figure 27: String-analysis of significantly differentially secreted proteins in clusters 1, 6, 7, 8, 9, 10, which are secreted by 

MDS-L cells.  Significance was tested using Student's t-test for mono-culture against co-culture expression (1:0 vs 1:1, 

p<0.05).  

Proteins that were primarily and constitutively secreted by MDS-L cells were related to 

metabolic pathways (glutathione metabolism, purine metabolism, glycolysis), ribosome 

related or involved in splicing as well as VEGF signaling pathways (Figure 27). Some of 

the ribosome-related proteins are also affected in Diamond-Blackfan anemia (Choesmel 

et al. 2007).  
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Figure 28: String-analysis of significantly differentially secreted proteins in clusters 5, 11, 12, which are secreted by hTERT-

MSC cells.  Significance was tested using Student's t-test for mono-culture against co-culture expression (1:0 vs 1:1, p<0.05).  

hTERT-MSC secreted mostly proteins involved in focal adhesion, VEGF signaling pathway, 

senescence and autophagy-related pathways in cancer and the complement system. 

These proteins are constitutively secreted by MSC regardless of co-culture conditions 

(Figure 28). 

 

4.6.2 Secreted factors in the human bone marrow niche 

In co-culture experiments of MDS blasts with a cultured MSC cell line, Secreted Protein 

Acidic and Rich in Cysteine (SPARC) was strongly elevated in comparison to monoculture 

(Figure 24). SPARC is involved in cell adhesion, proliferation and angiogenesis and has 

been shown to be implicated in several hematological disorders, such as multiple 

myeloma, chronic myeloid leukemia and del5q MDS (Nian et al. 2022). Given the increase 

in vasculature of MDS samples in comparison to controls (Figure 11), levels of SPARC in 

the bone marrow were investigated.  
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Figure 29: SPARC analysis in human BM samples.  A Fraction of SPARC+ surface in control and MDS tissue as well as nearest 

object distance from MSC (CD271, B) and vessels (UEA1, N = 5–14). Welch’s t-test (A) and Two-way ANOVA with Tukey's 

multiple comparison test were employed to test for statistical significance. C Representative images of SPARC, MSC (CD271) 

and vessels (UEA1) in human BM. Brightness and contrast were adjusted for better visibility.  

In the BoHemE cohort, the SPARC+ fraction was strongly upregulated in MDS in 

comparison to control tissue (Figure 29A) and was more closely associated with MSC and 

vessels (Figure 29B, C).  

Femurs from SPARC knockout mice were analyzed in respect to their vasculature content 

using 3D-rendering light sheet microscopy in order to understand the role of SPARC in 

endothelial development.  
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Figure 30: Effect of SPARC KO on murine femurs. A Maximum projection over 15 μm of light sheet microscopy-generated 

data from murine BM (SPARC KO vs. control), stained with CD31. Brightness and contrast were adjusted for better visibility. 

B Total volume of vessels in control vs SPARC KO femur (N = 1.)  

Light sheet microscopy on one SPARC knockout femur suggest that the bone marrow 

vasculature might be expanded in comparison to a wild-type control (Figure 30B) and the 

vessel orientation might be changed from mostly small vessels next to big arteries to 

expanded sinusoids, while arteries are not as prominent (Figure 30A).  In conclusion, 

SPARC is upregulated in co-culture settings and MDS bone marrow samples, and knockout 

mice show remodeled vasculature in vivo. 

 

4.6.3 Cytokine profiling of co-culture supernatant 

The same co-culture model described in chapter 4.6.1 was used in a Luminex assay, 

looking for differentially secreted cytokines in co-culture after 48 h and 96 h of culture. 
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Figure 31: Cytokine profiling of the MSC-MDS-co-culture system. Heatmap of fold-change cytokine levels from MSC cell 

culture supernatant that were incubated with MDS-L-derived conditioned medium for 48–96 hours in comparison to 

standard culture (n=2). Numbers indicate fold-change in relation to MSC monoculture after 48 h. Absolute concentrations 

can be found in the annex (Figure 59–Figure 61). CM = Conditioned Medium.  

In MSC, IL-1α and IL-1RA are 2-fold enriched after 96 h of culture, while HGF and IL-8 are 

reduced (Figure 31). VEGF-A is highly expressed in all conditions containing MSC. Co-

culture of MDS and MSC showed a sharp increase in PDGF-BB and slight increases in GM-

CSF as well as strong decreases in IL-17A and CXCL12 after 48 h, with the effects becoming 

stronger for PDGF-BB and IL-17A after 96 h. The CXCL12 and GM-CSF levels were closer 

to basal levels after 96 h, suggesting an initial response in co-culture with a kinetic course. 

Furthermore, IL-1RA and IL-1α as well as Macrophage Inflammatory Protein 1a (MIP-1a) 

are more upregulated after 96 h in co-culture than in monoculture, which could also show 

a time-dependent cytokine release, but more biological replicates are needed to validate 

the findings.       
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4.7 Single cell RNA sequencing of bone marrow aspirates 

Following anatomical BM stroma characterization and functional modeling of diseased 

niche interplay, gene expression in patient BM aspirates from the BoHemE was analyzed 

to identify the profile of altered pathways, potential differentiation biases and subset 

expansion using a scRNA seq approach (10x genomics technology). 

 

4.7.1 Gene cluster annotation heatmap 

 

Figure 32: ScRNA seq cluster annotation.  A UMAP plots of all cells identified and annotated for scRNA seq. B Bubble plot 

for signature genes of HSPC, T cells and stroma.   

After cell sorting of HSPC, MSC and T cells, a total of 32,672 cells were sequenced, 

annotated and used for subsequent analysis (21,153 HSPC, 10,783 T cells and 736 stromal 

cells) with approximately 1,700 mean number of genes. Major cell populations clustered 

apart from each other in Uniform Manifold Approximation and Projection (UMAP) 

dimensional projections (Figure 32A), allowing a distinct identification with specific gene 

signatures (Figure 32B). MSC/Stroma was identified by expression of e.g. CXCL12 and 

LEPR, while T cells were positive for CD3D/G and CD247 and HSPC for CD34, underlining 

their use as markers in IF stainings. For downstream analysis, subclustering of each major 

population was performed, followed by differential gene expression analysis.  

 

4.7.2 Subclustering on stroma cells and differential gene expression analysis 

While the single cell mapping (UMAP plots) of the sorted samples provided a good 

overview over the total populations, the resolution of the dimensional clustering method 
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of the full dataset was not high enough to visualize subpopulations. For this reason, 

subclustering on only stromal cells was done while omitting gene expression of HSPC and 

T cells. This allowed further identification of six different MSC clusters (Figure 33A). 

 

Figure 33: A UMAP plot of stromal cells, identifying 6 distinct clusters. B UMAP plot with donor assignment of stromal cells. 

C UMAP plot of stromal cells with lower resolution, identifying five distinct clusters. D Annotation of clusters based on 

published marker genes and manually curated genes: Naïve (185 cells), osteochondrogenic (149 cells), osteogenic (47 

cells), chondrogenic (137 cells) and adipogenic MSC (218 cells). A heatmap of the genes used for clustering can be found in 

the annex (Figure 62).  
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Of note, all of the cells in cluster 4 came from one specific donor (Figure 33B) and shared 

most adipogenic signature genes with cluster 5, so both clusters were deemed similar and 

combined (Figure 33C). Gene signature mapping from recent scRNA seq studies on BM 

stroma, combined with highest differentially expressed genes in the respective clusters 

allowed identification of five populations: naïve multipotent, adipogenic-, 

osteochondrogenic-, osteogenic- and chondrogenic-primed MSC, which in line with the 

putative model for MSC differentiation (chapter 1.3.2).  

 

Figure 34: Composition of stroma clusters. Relative (A) and absolute (B) stromal composition profile of CHIP, healthy and 

MDS samples. Relative (C) and absolute (D) composition of the different MSC clusters by condition. Individual donor stromal 

composition profile of control, CHIP and MDS samples (E). 
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The composition profiles of MDS and CHIP stroma did share similarities, as both lacked 

naïve MSC, indicative of a possible lineage bias. Moreover, MDS samples showed only 

small amounts of adipogenic MSC in comparison to CHIP and control. It is noticeable that 

in all conditions, osteogenic MSC were very rare and in addition, control samples did not 

display chondrogenic MSC (Figure 34A). The total cell number was markedly lower in 

MDS samples, which impedes accurate comparison (Figure 34B). Concerning subcluster 

composition, it was noticeable that healthy MSC dominated the naïve cluster, but also 

populated the adipogenic and osteochondrogenic cluster, while CHIP MSC were almost 

exclusively found in the more committed clusters, especially in the osteogenic, 

osteochondrogenic and chondrogenic clusters (Figure 34C). MDS-MSC were mostly found 

in the chondro- and osteochondrogenic clusters, although contributing relatively few cells 

in total (Figure 34D). To assess if this was consistent in all donors or if it might be due to 

biological heterogeneity of the samples, the composition profiles of individual donors 

were compared (Figure 34E). The dominant naïve clusters were present in two of the 

three control samples, but not in two CHIP samples and only very small in the remaining 

CHIP donor. Three of the MDS donors were very similar in terms of composition, the 

fourth one was composed of only two osteochondrogenic cells and was thus omitted from 

discussion due to insufficient sample size.  

Differentiation of MSC is regulated by different pathways as described in chapter 1.3.2, so 

possible differentiation biases in MDS and CHIP in comparison to control MSC could be 

due to altered gene expression. For this, differentially expressed genes between stromal 

cells from all conditions were compared using Gene Set Enrichment Analysis (GSEA). 
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4.7.2.1 Differential expression analysis of stromal cells between CHIP, MDS, and healthy 

 

Figure 35: Stroma analysis of differentially expressed genes. A Left: Volcano plot of differentially expressed genes (DEG) for 

stromal cells from CHIP and control donors. Significantly DEG (p<0.05, log2 fold-change>1 or <-1) are marked red, high p-

value genes are annotated. Right: Gene set enrichment analysis of DEG using Wikipathway database. B Same plots for 

stroma from MDS and control or C MDS and CHIP donors.  

Comparing CHIP-derived MSC to controls, a total of 36 genes were significantly up- or 

downregulated (Figure 35A). Among the upregulated genes were genes involved in TGF-
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β signaling, like IL-1R1, and ECM-related genes like ADAM12. No significantly enriched 

pathways were detected. 

In MDS samples, 134 genes were significantly differentially expressed in comparison to 

controls (Figure 35B). FN1 was highly upregulated, which plays a central role in a 

multitude of cellular processes, for instance as part of the VEGFA-VEGFR2 signaling 

pathway, which was significantly enriched in MDS. Besides that, IL-1R1 was again highly 

expressed, and several ECM collagens like COL6A2, COL6A3, COL4A1 and COL4A2, 

suggesting possible differences in ECM composition which is in line with previous reports 

about dysregulated ECM in MDS (Bains et al. 2022). 

Between MDS and CHIP, only 12 genes were significantly upregulated, and none 

downregulated, emphasizing a close proximity between these age-related conditions 

(Figure 35C). FN1 was again more highly expressed in MDS, in addition to TRAK1, a 

protein that is involved in endosomal-lysosomal transport, for instance of EGF-EGFR 

complexes (Webber et al. 2008). No pathway was significantly enriched. Keeping the 

strong HSC-supportive effect of MSC in mind, specific genes that are involved in HSC 

maintenance (Figure 6) were also investigated. 
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Figure 36: Box-and-whisker dot plots for selected HSC maintenance genes in stromal populations. 

Because of the low number of MDS-MSC, results from this group were mostly not 

significant, with the exception of IL-1R1, which was induced in MDS in comparison to 

controls (Figure 36). No differences were found between MDS and CHIP. However, there 

was a noticeable decrease of Angpt1 and CXCL12, and an increase of IL-1R1 transcripts in 

CHIP MSC in comparison to controls.  

The next open question was whether transcriptome differences between conditions were 

restricted to MSC subgroup composition and differential expression in the whole stroma, 

or also found in gene expression within the subclusters. Due to the low amount of MDS in 

the different clusters, subcluster analysis in comparison to MDS samples was not possible. 

For CHIP and control samples, clusters were populated too unevenly for comparative 
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DEG, since most control MSC were found in the naïve cluster while most CHIP MSC were 

of adipogenic nature.  

 

4.7.3 Subclustering on T cells and differential gene expression analysis 

To get insight into the dysregulation of the immune compartment in MDS and CHIP, 

10,783 detected CD3+ T cells were clustered separately to reveal eight subclusters (Figure 

37). Canonical T cell marker gene expression allowed annotation of these clusters (annex, 

Figure 63). 

 

Figure 37: Subclustering on T cell with annotation of identified clusters. Tem: Effector memory T cell, Tcm: Central memory 

T cell, MAIT: Mucosal Associated Invariant T cell, HSP+: CD4/CD8 Heat-shock stimulated.  
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The two biggest populations that were found were effector memory T cells (Tem 

cytotoxic) and central memory T cells (Tcm helper), encompassing 3,901 and 3,840 of the 

10,783 total annotated T cells. Besides these, 562 cytotoxic T cells, 446 heat shock 

protein-expressing T cells (HSP+), 318 Mucosal Associated Invariant T cells (MAIT), 1,489 

Tem helper cells as well as 139 Treg and 88 IFN responsive cytotoxic T cells were 

annotated (Figure 37).  
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Figure 38: T lymphocyte cluster composition. Relative (A) and absolute (B) T cell composition profile of CHIP, control and 

MDS samples. C Composition of T cell subcluster by condition.  
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The cluster composition profiles of CHIP, control and MDS biopsies revealed 

heterogenous T cell population occurrence between the conditions based on their relative 

frequency (Figure 38A), while the overall cell numbers were comparable (Figure 38B). In 

control samples, an almost equal distribution of cytotoxic Tem and Tcm helper cells was 

found, with small percentages of Tem helper and all other subsets present. In CHIP, 

cytotoxic Tem were more frequent, while Tcm helper cells were almost halved. In 

addition, Tem helper, MAIT and HSP+ CD4/CD8 T cells were expanded.  

In MDS samples, a shift towards higher Tcm helper content and a drastic expansion of 

cytotoxic T cells was detected. In addition, HSP+ and IFN responsive cytotoxic T cells were 

more prominent, while cytotoxic Tem cells and Tem helper cells were reduced. 

Meanwhile, Tregs were rare in all samples. 

The composition of subclusters (Figure 38C) by condition also showed that MDS-T cells 

dominated MAIT, cytotoxic and IFN responsive cytotoxic clusters, CHIP samples the HSP+ 

population, while Tem cytotoxic and Tem helper consisted mostly of CHIP and control 

samples. 
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Figure 39: Individual donor comparison for T cell subsets frequency (A) and absolute cell numbers (B). 

Inter-donor heterogeneity in cluster composition revealed which subgroups are 

consistently reduced or expanded between donors from one group (Figure 39A). Control 

samples were mostly alike, with the main differences being changes in what proportion 

of the sample consists of Tcm helper, Tem helper or Tem cytotoxic cells.  

Two of three CHIP samples showed an expansion of HSP+ CD4/CD8 T cells, while the 

remaining donor displayed a large proportion of Tcm helper cells. 

In MDS, cytotoxic T cells were expanded in all donors, in addition to HSP+ and IFN 

responsive cytotoxic T cells that were more frequent in two of four MDS patients. The 
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decrease in cytotoxic Tem cells was present in two of four samples. Two MDS and one 

CHIP donors exhibited a comparably higher proportion of MAIT cells.  

The absolute numbers of T cells by donor show a good representation of all conditions, 

although one control, one CHIP, and one MDS sample contributed fewer than 500 cells 

(Figure 39B). 

 

4.7.4 Differential gene expression of T cell subclusters 

For all subclusters, sufficient cell numbers were present to do GSEA between conditions, 

revealing transcriptionally enriched or depleted pathways and allowing insight into 

molecular processes at play. 
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Figure 40: GSEA of cytotoxic T cells, comparing CHIP to control (top), MDS to control (middle) and MDS to CHIP (bottom) 

samples. Analysis was done using WebGestalt, for pathway enrichment the Wikipathways database was used and weighted 

in order to reduce multiple pathways that are related to the same set of genes.  

Cytotoxic control cells displayed higher enrichment in oxidative phosphorylation 

pathways in comparison to CHIP donor-derived cells (Figure 40, top). In addition, control 

cells showed higher transcript levels of proteins that were involved in biotransformation 

pathways (middle). Comparing CHIP to MDS, interferon-mediated signaling pathways 

were more highly transcriptionally active in MDS (Figure 40, bottom).  
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Figure 41: GSEA of HSP+ T cells (A) and IFN-responsive cells (B), comparing MDS to CHIP cells.  Analysis was done using 

WebGestalt, for pathway enrichment the Wikipathways database was used and weighted in order to reduce multiple 

pathways that are related to the same set of genes.  

HSP+ and IFN-responsive T cells consisted almost exclusively of CHIP and MDS-derived T 

cells, which is why no comparison to control cells could be made. In HSP+ MDS cells, Wnt 

pathway signaling was significantly enriched (Figure 41A). Interferon-responsive MDS T 

cells showed higher activity of ribosomal proteins, immunotherapy-related pathways, 

interferon signaling and oxidative phosphorylation pathways (Figure 41B).  
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Figure 42: GSEA of Tcm helper cells, comparing CHIP to control (top), MDS to control (middle) and MDS to CHIP (bottom). 

Analysis was done using WebGestalt, for pathway enrichment the Wikipathways database was used and weighted in order 

to reduce multiple pathways that are related to the same set of genes.  

In Tcm helper cells, IL-1 signaling and oxidative stress signatures were found at 

significantly higher levels than in control cells, while the latter showed higher transcripts 

of cytoplasmic ribosomal proteins (Figure 42, top). MDS Tcm helper cells showed even 

higher activity of those proteins in comparison to controls and were also enriched for 

nuclear receptors that are involved in lipid metabolism and toxicity (Figure 42, middle). 

Comparing MDS to CHIP, besides ribosomal proteins being upregulated in MDS, oxidative 

phosphorylation and proteasomal degradation pathways were highly enriched in MDS 

(Figure 42, bottom). 
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Figure 43: GSEA of MAIT cells, comparing CHIP to control (top), MDS to control (middle) and MDS to CHIP (bottom).  

Analysis was done using WebGestalt, for pathway enrichment the Wikipathways database was used and weighted in order 

to reduce multiple pathways that are related to the same set of genes.  

Differences in gene expression of MAIT were only detected between CHIP and MDS, where 

MDS displayed higher transcripts of genes involved in cytoplasmic ribosomal proteins 

and interactors of the epigenetic PRC2 complex (Figure 43, bottom). 
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Figure 44: GSEA of Tem cytotoxic cells, comparing CHIP to control (top), MDS to control (middle) and MDS to CHIP 

(bottom).  Analysis was done using WebGestalt, for pathway enrichment the Wikipathways database was used and 

weighted in order to reduce multiple pathways that are related to the same set of genes.  

Cytotoxic Tem cells from control donors showed more oxidative phosphorylation genes, 

(La Fuente-Granada et al. 2019) as well as an activation of the G13 signaling pathway and 

cytoplasmic ribosomal proteins in comparison with CHIP (Figure 44, top). In comparison 

to MDS, control cells were enriched for cytoplasmic ribosomal protein transcripts (Figure 

44, middle), while MDS were still exhibiting significant enrichment for ribosomal protein 

transcripts in comparison to CHIP (Figure 44, bottom). MDS Tem cytotoxic were also 

enriched in cardiac progenitor differentiation pathways in comparison to controls, which 

comprises Wnt genes and growth factor genes like IGF1 and FGF2. 
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Figure 45: GSEA of Tem helper cells, comparing CHIP to control (top), MDS to control (middle) and MDS to CHIP (bottom). 

Analysis was done using WebGestalt, for pathway enrichment the Wikipathways database was used and weighted in order 

to reduce multiple pathways that are related to the same set of genes.  

No significant differences were detected between control and CHIP-derived Tem helper 

cells (Figure 45, top). In contrast with MDS, control cells were enriched in T cell antigen 

receptor and follicle stimulating hormone signaling pathways (Figure 45, middle). Lastly, 

MDS T cells exhibited additional pathways related to oxidative phosphorylation, 

ribosomal proteins and proteasomal degradation, in addition to translation factors 

(Figure 45, bottom).  
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5 Discussion 

The aim of this thesis was the characterization of the cellular BM niche in clonal 

hematopoiesis and MDS, with emphasis on possible stromal alterations that occur during 

malignant evolution. Bone marrow samples from donors enrolled in the BoHemE study, a 

prospective cohort of CHIP and MDS donors as well as controls, were analyzed by 

immunofluorescence imaging to understand anatomical and morphological alterations 

and by scRNA seq analysis to gain insight into transcriptional discrepancies. To unravel 

molecular alterations in niche interplay, co-culture systems of MSC and HSC were used 

while a high-VAF DNMT3AR878H mouse model was used to model niche alterations in CHIP 

donors. 

 

5.1 The human bone marrow niche undergoes a remodeling process in MDS 

Bone marrow samples from MDS donors showed a complete remodeling of the bone 

marrow niche, with an emphasis on expanded sinusoidal vasculature (Figure 11) and a 

disorganized MSC network (Figure 12). The expansion of MSC could not be detected by 

FACS analysis (Figure 17), which can be explained by the sampling technique: for imaging 

experiments, bone marrow trephines were used, while BM aspirate was used for FACS 

analysis. This discrepancy can also be product of the site of extraction or cell isolation 

method. Stromal cells are embedded in the ECM and often need to be enzymatically 

digested for cell isolation, for instance with collagenase or dispase II (Wolock et al. 2019). 

This might also explain the slightly higher number of MSC in the aspirate of healthy 

donors, since the ECM is critically dysregulated and denser in MDS, making a thorough 

digestion even more necessary for cell isolation (Bains et al. 2022). In addition, the 

expanded MSC and EC were not displaying the same capacity to express CXCL12 as their 

healthy counterparts (Figure 12). All these changes are in line with an inflammatory bone 

marrow milieu, which has been shown to promote angiogenesis (Vandoorne et al. 2018), 

MSC expansion (Mitchell et al. 2023) and CXCL12 downregulation via induction of 

senescence in MSC (Balandrán et al. 2016; Gilbert et al. 2019). Increased bone marrow 

senescence has been reported on separate occasions (Shi et al. 2019; Civini et al. 2013) 

and was shown qualitatively in MDS samples by staining for β-galactosidase (annex, 

Figure 57), although the increased senescence signal was not restricted to a specific BM 

population such as MSC and seems to be a common BM milieu feature in MDS. Further 
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analysis of senescence in MSC will be instrumental to assess their role in inflammation 

and angiogenesis. 

 

5.2 MDS- and CHIP-MSC diverge in cluster composition and differentiation 

potential 

Stroma analysis from scRNA seq allowed identification of five different MSC 

subpopulations (Figure 33) that showed distinct molecular signatures for adipogenic, 

osteogenic, chondrogenic and osteochondrogenic progenitor states, in line with previous 

reports on MSC subsets based on lineage biases in murine BM-MSC (Wolock et al. 2019; 

Tikhonova et al. 2019) but also in human BM (Leimkühler et al. 2020). Although some 

biological heterogeneity among samples is expected considering different age, sex and 

mutation status of donors, MSC from control donors were mostly conferred to the naïve, 

multipotent cluster (Figure 34), marked by high expression of SPARCL1, FKBP5 and 

ZBTB16 (also known as ZNF145) which have also been considered markers for skeletal 

stem cells and freshly isolated CD271+ BM cells with trilineage potential (Matthews et al. 

2020; Kuçi et al. 2019). CHIP and MDS samples on the other hand, were mostly consisting 

of committed and lineage-primed MSC progenitors. Specifically, CHIP-MSC were evenly 

distributed across adipogenic, osteochondro- and chondrogenic clusters, while MDS-MSC 

were predominantly chondrogenic and osteochondrogenic, with essentially no other 

populations present. The low relative frequency of osteogenic-primed MSC in all 

conditions could be due to an inherent sample bias, since CHIP and control donors were 

recruited from hip and knee replacement surgeries, often suffering from osteoporosis or 

osteopenia. Indeed, CHIP and MDS have been described as risk factors for osteoporosis 

(Kim et al. 2021; Datzmann et al. 2018), with abnormal inflammatory signaling in CHIP 

progeny being linked to increased osteoclast-dependent bone degradation, thereby 

affecting MSC-driven osteo-regeneration. Studies in AML and MDS showed impaired 

osteogenic differentiation potential in primary patient-derived MSC, mediated by 

Extracellular Vesicles (EV) (Geyh et al. 2016; Hayashi et al. 2022). These EV contained 

miRNA, negative transcriptional factors, that target focal adhesion, MAPK signaling, TGF-

β signaling pathway and axon guidance, all of which were also prevalent in MDS-derived 

stroma in the scRNA seq dataset (Figure 35).  
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Overall, the observed lineage commitment trajectory shift from the naïve MSC phenotype 

in the BM control samples to more differentiated ones in MDS and CHIP could be 

attributed to a niche-signaling mediated drive that pushes MSC toward activated states, 

i.e., more differentiated progenitor states. The adipogenic differentiation bias that was 

seen in two out of the three CHIP samples mimics the expanded LEPR+ adipo-MSC 

observed in the DNMT3AR878H mouse model (Figure 20) and could indeed be a 

consequence of the CHIP mutation. This is reinforced by the decrease in BM cellularity of 

DNMT3AR878H mice due to an expansion of BMAT, which is derived from adipo-MSC. The 

naïve clusters were observed in only two of the three control samples, which could be 

within the window of biological cross-patient heterogeneity. More MSC samples of a 

wider range of clearly defined control, CHIP, and MDS donors should be tested to address 

this variance. For validation of the observed differentiation biases in CHIP and in MDS, 

prospective sorting and lineage differentiation studies should be performed on MSC using 

subset-specific surface markers, which have not been described so far. In addition to 

patient inter- and intra-heterogeneity, the current single cell MSC analysis has technical 

limitations, for instance the low cell number output from the processed samples, 

especially from MDS BM. Indeed, the data analysis demonstrated that most of the 

expected stromal cells (from the CD45- gate during sorting) from MDS were ultimately 

identified as erythroid progenitors and fell into the HSPC cluster in subsequent analysis, 

thereby reducing the number of bona fide stromal cells used for scRNA seq library 

construction. Consequently, to improve and refine the MSC subset characterization, a 

plate-based cell capture method of scRNA seq (SORT-seq) will be performed in future 

experiments on specifically sorted CD271+ stromal cells instead of the shallower CD45- 

lineage- sorting strategy that was used in this thesis. The additional advantage of SORT-

seq compared to 10x droplet-technology is the generation and analysis of a full-length 

transcriptome, allowing a better characterization of cell subtypes and better resolved 

cluster annotations (Muraro et al. 2016). 

 

5.3 Single cell RNA sequencing reveals stromal alterations in CHIP and MDS 

Most differences in gene expression of MSCs among the examined groups came from cells 

falling in different subclusters, which are differentiation-related genes. For instance, the 

highly downregulated FKBP5 and SPARCL1 in CHIP- and MDS-MSC are both marker genes 

of naïve MSC, which are present mostly in control BM (Figure 35). This is in line with 
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changes in HSC supportive factors, (Figure 36) where Angpt1 and CXCL12 are 

significantly downregulated in CHIP, since these factors are mostly expressed in the naïve 

cluster. The same trends are present in MDS-MSC: the upregulated ECM pathways (Figure 

35B) encompass genes that are involved in osteochondrogenic differentiation like 

collagens, laminin, and fibronectin. At the same time, laminin isoforms have been shown 

to enhance homing, while fibronectin supports expansion of HSPC (Lee-Thedieck et al. 

2022), highlighting that differentiation bias and HSC-supportive capacities of MSC are 

linked and should not be considered independent. 

The significantly enriched Notch signaling-related pathways in MDS (Figure 35B), 

“Apoptosis-related network due to altered Notch3 in ovarian cancer” and “FSGS”) reflect 

also changes in MSC differentiation, as the Notch pathway is involved in the adipogenic-

osteogenic differentiation balance as depicted in chapter 1.3.2. The enriched NRF2-ARE 

pathway protects against oxidative stress, but has also been shown to be involved in 

osteogenic differentiation of MSC (Yoon et al. 2016). Besides that, activation of the VEGFA-

VEGFR2 signaling pathway was observed, connecting to the findings of secretome 

analysis and cytokine profiling (Figure 26 and Figure 31) and showing upregulation of 

angiogenic processes which will be discussed in chapter 5.6.  

For CHIP, ECM-related genes like ADAM12 were upregulated, which are linked to a 

proinflammatory and fibrosis-related subset of MSC that gets upregulated in response to 

TGF-β (Cipriani et al. 2016; Dulauroy et al. 2012). ADAM12+ cells are found in the 

chondrogenic cluster, which is populated by CHIP and MDS cells (Figure 38) and could 

represent fibrotic-primed or activated MSC, thus reflecting physiological responses to BM 

inflammation. Previous scRNA seq studies on BM stroma found the same chondrogenic or 

fibroblastic MSC population and showed high expression of CD44 and IL-1R1 for this 

subset (Li et al. 2023; Stalmann et al. 2022). In the dataset of this thesis, CD44 and IL-1R1 

were also found to be subset-specific marker genes for the chondrogenic cluster (annex, 

Figure 62) in CHIP and MDS samples. On a similar note, this subset is also induced in 

multiple myeloma and expresses high levels of cytokines (Jong et al. 2021; Stalmann et al. 

2022). With this in mind, a functional characterization of CD44+ IL-1R1+ MSC should be 

conducted to confirm the inflammatory nature and decipher their possibly disruptive role 

in HSPC support and niche remodeling in CHIP and MDS.  

 



Discussion 
 

113 
 

5.4 Interplay of MDS blasts and MSC is linked to inflammatory processes 

The reason for emergence of this chondrogenic MSC subset could be due to interplay with 

mutated HSPC or MDS blasts, as illustrated by the secretome analysis of an in vitro co-

culture system of established MSC and MDS cell lines. Secretome analysis demonstrated 

that secreted proteins in the presented co-culture settings matched previously reported 

secreted proteins in primary MDS-derived MSC in comparison to healthy-derived MSC, 

such as LOLX2, SPARC, and IGFBP2 (Figure 26) (Medyouf et al. 2014). This supports the 

model of an MDS-MSC phenotype inducible by signaling from MDS blasts and 

demonstrates the validity of the in vitro system as a proxy for BM niche interplay. The 

secretome analysis displayed ratio-dependent protein secretion by both cell types, which 

could signify a dynamic signaling between MSC and MDS, depending on disease state 

along with MSC and MDS blast expansion.  

Inversely, the secreted proteins from the MDS-L monoculture (Figure 27) were found to 

be involved in glycolysis and amino acid catabolism, which are typical cancer-associated 

metabolic processes, supporting prolonged neoplastic cell growth.  

Pathway overrepresentation analysis in co-culture settings demonstrated enrichment of 

proteasomal degradation, VEGFA-VEGFR2 signaling, focal adhesion/PI3K-Akt signaling 

and several metabolic pathways (Figure 26). Focal adhesion and PI3K-Akt signaling 

pathways have been described to be dysregulated in MDS, resulting in survival 

advantages of cancer cells (Aanei et al. 2011; Wu et al. 2017), but also promoting 

proliferation and lowering adipogenic differentiation capacity of MSC (Chen et al. 2013). 

The proteasomal degradation pathways, and more specifically proteins involved in the 

26S proteasome, were also enriched in co-culture conditions, and were shown to be 

secreted by MDS cells (Figure 27). The normal role of the 26S proteasome is protein 

homeostasis by degradation of ubiquitinylated proteins, but it is generally upregulated in 

AML and linked to worse overall survival (Lara et al. 2022). Mechanistically, the 26S 

proteasome is involved in regulating proinflammatory cellular responses by degradation 

of the transcription factor IκB, which usually binds and inhibits NF-κB, a downstream 

effector pathway of various inflammatory pathways, such as TNF-α or IL-1 (Karin and 

Delhase 2000; Hayden and Ghosh 2014; Liu et al. 2017). The secretion of this proteasomal 

complex might thus exert a protein degradation-dysregulating effect on surrounding cells, 

possibly resulting in inflammation-like consequences. Although this mode of action seems 

elusive and requires additional functional validation, the same mechanism of secreted 26S 
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proteasomal proteins was also found to play a role in remodeling the cytoskeletal network 

in erythrocytes by malaria parasites (Dekel et al. 2021), showing that molecular 

alterations via this mechanism are possible.  

In addition to these pathways, a Luminex assay revealed the differential regulation of 

inflammatory cytokines in co-culture (Figure 31). IL-17a, a proinflammatory regulator 

cytokine that is usually secreted by Th17 T cells (for instance as a pathogen defense 

mechanism, but also as a mediator of CD8 T cell antitumor effects (Li et al. 2016)), was 

severely downregulated in co-culture. IL1-α and IL-1RA, known inflammatory stress 

cytokines (Volarevic et al. 2010), were both constitutively secreted by MSC, which shows 

their potent inherent immunomodulatory effect, and both were secreted at higher levels 

after addition of MDS-L. MIP-1α was also strongly increased in co-culture, a protein that 

is produced by a wide range of hematopoietic cells and leads to inflammation via 

induction of IL-1 and TNF-α signaling by monocytes (Nath et al. 2006).  

Taken together, the data suggest that the immunomodulatory nature of MSC is changed 

toward an inflammatory stress state as a result of interplay with MDS cells, leading to 

differential secretion of pro- and anti-inflammatory cytokines. The precise effect on 

surrounding niche cells (including T cells) could not be addressed in this in vitro study but 

should be explored in the future in more sophisticated niche models. In addition, the 

chronic effect of co-culture might differ from effects after 48 or 96 h and should be matter 

of future research to assess temporal dynamics of cytokines and secreted factors in 

different conditions. 

 

5.5 MSC-derived hematopoietic support factors are perturbed by MDS exposure 

As discussed above, SPARC is increased in LR-MDS BM (Figure 29), but also highly 

secreted in the co-culture system (Figure 24). Besides its role in vasculature remodeling, 

SPARC can also regulate proliferation of HSC: transgenic knockout mice display 

accelerated turnover of HSC from activated to quiescent state (Lee-Thedieck et al. 2022), 

suggesting that SPARC overexpression as observed in Figure 29 might have negative 

impact on HSC quiescence. Concurrently, CXCL12 signals in IF experiments were not 

significantly lower in MDS than in controls (Figure 12) even though known main 

producers of CXCL12 such as EC and MSC were significantly expanded in these samples, 

which should result in higher CXCL12 signals (as seen in murine experiments, Figure 20). 
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Taking together these anatomical observations along with the in vitro reduction of 

CXCL12 produced by MSC-MDS-L co-cultures (Figure 31) and the transcriptional 

downregulation of Angpt1 in CHIP and MDS scRNA seq data (Figure 36), mounting 

evidence implies functional impairment of HSC-supportive capacities of MSC after 

exposure to inflammatory stimuli or MDS blasts. Interestingly, this deleterious phenotype 

was reverted in MDS-derived MSC in a recent study after treatment with luspatercept, a 

TGF-β pathway inhibitor, underscoring the importance of the TGF-β pathway in the 

dysregulation of MSC functionalities (Wobus et al. 2021). This pharmacological approach 

could be incorporated into primary MSC-MDS co-culture systems to verify if this TGF-β 

effect is universal or restricted to specific MDS subtypes. 

 

5.6 Activation of angiogenic pathways as a result of MDS-MSC interplay 

Regarding the expansion of sinusoids in MDS, secretome experiments revealed an 

inherent angiogenic potential of MSC by high expression of VEGF, aggravated by co-

culture with MDS, which also resulted in strong secretion of PDGF, thus inducing 

angiogenesis via PDGF signaling pathways (Figure 35). PDGF signaling can also lead to 

expansion of MSC (Zhang et al. 2016), suggesting a possible mechanism for the observed 

MSC expansion in MDS and linking both cellular processes. Furthermore, the secretome 

findings of the in vitro co-culture model are also supported by the induction of the 

proangiogenic VEGF-VEGFR2 pathway in MDS-derived MSC at the transcriptomic level 

(scRNA-seq analysis) in comparison to controls (Figure 35). Overall, these obtained 

results are in line with previous reports of increased proangiogenic factors like VEGF in 

MDS (Legros et al. 2012), although their main source seemed to be MSC as seen in the 

Luminex assays, where no increase in VEGF-A secretion was detectable (Figure 31).  

In addition, SPARC was found among the highest differentially secreted proteins in the co-

culture (Figure 24), which is an important regulator of HSC quiescence but also 

angiogenesis as shown in a knock-out mouse model (Figure 30). The strong increase in 

CD31+ vasculature in the femur after genetic deletion of SPARC implies that it functions 

mainly as anti-angiogenic, and this effect was substantiated by original studies on 

recombinant SPARC protein (Sage et al. 1984; Sage 1986). However, the effect of SPARC 

is highly context-dependent and strongly debated, with studies showing stimulatory as 

well as inhibitory effects on angiogenesis (reviewed in detail by Rivera et al. 2011). This 
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view is supported by a concomitant increase of SPARC in MDS bone marrow samples of 

the BoHemE cohort that showed higher sinusoidal content, preferentially secreted by 

MSC and EC (Figure 29). 

Given the complex genetic heterogeneity of MDS, results from one established MDS cell 

line should be complemented by cytokine profiling and secretome analysis of primary 

patient-derived MDS blasts with patient-matched MSC to determine mutation- or 

subtype-specific similarities and differences. 

 

5.7 T cell compartment composition shifts towards effector subsets in CHIP and 

MDS 

T cell annotation for scRNA seq remains challenging, due to the low number of features 

or genes T cells express and their generally more quiescent nature (as shown in Figure 

64, annex). This leads to UMAP projections lacking the clear demarcation of subsets 

compared to other more proliferative cell types. In this study, eight T cell subsets could 

confidently be identified containing a total of 10,783 cells. The cellular origin of the 

identified subsets is divided by their adaptive immunity nature: the CD4+ subcluster 

(helper T cell), containing Tcm helper, Treg, Tem helper on one hand, and the CD8+ 

subcluster (cytotoxic T cells), entailing Tem cytotoxic, effector cytotoxic and IFN-

responsive cytotoxic T cells. Of note, Heat Shock Protein-positive T cells (HSP+) and MAIT 

were found to be mixed CD4/CD8 populations, although MAIT consist primarily of CD4+ 

and HSP+ cells mostly of CD8+ cells (Figure 38). It should be noted that surface marker 

expression was not prominent on mRNA expression levels (no consistent CD4/CD8 

expression was found in this dataset), which is why some techniques (Ab-seq) employ 

additional steps of cell surface antibody-labeling with barcode DNA-antibodies for easier 

annotation (Shahi et al. 2017). While the T cell cluster did not feature prominent, clearly 

distinct clusters beside HSP, IFN-responsive cytotoxic and cytotoxic T cells, the canonical 

gene signature annotation approach (annex, Figure 63) led to reliable identification of 

important T cell subsets, which will be briefly outlined below. 

 

5.8 T cell subset heterogeneity in the bone marrow niche 

MAIT are a T cell subset that can get activated by inflammatory cytokines without 

additional priming by antigen binding and have proinflammatory and effector-like 
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functions, for instance by secretion of IL-18, IFN-γ, granzyme B and TNF (Napier et al. 

2015; Hinks 2016). They are thought to function as a defense mechanism against viral 

infections but are also found in chronic inflammatory settings like autoimmune disorders 

and cancer. MAIT can play a pathogenic role by further aggravating inflammation and 

cytotoxicity (Toubal et al. 2019). Accumulating clinical evidence demonstrated that MAIT, 

usually located in the digestive system, circulate and re-locate to the BM or other 

hematopoietic tissues in chronic inflammatory diseases (Cho et al. 2014; Serriari et al. 

2014; Magalhaes et al. 2015). 

Effector memory T cells (Tem cytotoxic) are CD8 cells that recognized and reacted to a 

cognate antigen and persist in tissues as an immune reservoir for rapid reactivation in 

case of a recurrent stimulus (Di Rosa 2016). 

Effector memory helper T cells (Tem helper) are a subset of CD4+ T lymphocytes and 

mainly found in peripheral tissue where they control immediate and acute immune 

defense by secretion of cytokines like IFN-γ and LTα (Th1), IL-4, IL-5, IL-13 (Th2) or IL-

17A/F and IL-6 (Th17) (Weaver et al. 2006). They differ from T central memory helper 

(Tcm helper) cells mostly by their trafficking pattern: While Tem localize in peripheral 

tissue, Tcm cells home to secondary lymphoid tissues like lymph nodes and spleen 

(Benichou et al. 2017). 

Cytotoxic T cells on the other hand are a CD8 effector population that bind MHC-I and lyse 

target cells by secretion of cytotoxic factors such as TNF-α, IFN-γ, granzyme B or perforin. 

They are usually not highly present in the bone marrow but become more prominent for 

emergency hematopoiesis or for immune effector functions, for instance against viruses 

or cancer cells (Schürch et al. 2014). In LR-MDS, several studies showed a clonal 

expansion of cytotoxic T cells, corresponding to cancer cell lysis activity (Kook et al. 2001; 

Pülhorn et al. 2012). A special subset of these cells, IFN-responsive cytotoxic T cells, have 

been described in viral infections and in tumor context as bystander T cells that get 

activated by IFN-γ, and might display anti-tumor activity (Holay et al. 2022; Pauken et al. 

2021). A clear biological function that separates this IFN subset from other cytotoxic T 

cells has however not been reported yet. 

Regulatory T cells (Tregs) are a specialized subpopulation of T cells that act to suppress 

immune response, thereby maintaining immune homeostasis and self-tolerance. The 

function of Treg in the BM has been described in detail in chapter 1.3.6. Unfortunately, 
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only few Tregs could be retrieved and annotated in the scRNA seq experiment, rendering 

meaningful gene expression analysis between groups inconclusive.  

HSP+ T cells consist of both CD4 and CD8-derived cells and are linked to chronic 

inflammation, where they might act as T cell suppressors (Wang et al. 2021; van Eden et 

al. 2005). The expansion of this subset could again be a physiological response to an 

inflammatory BM milieu. Interestingly, this subset is often described as a stress-induced 

artifact, since upregulation of HSP proteins is often found under duress, thereby their 

exact biological function remains to be revealed (van der Leun et al. 2020).   

 

5.9 Transcriptional differences in metabolic and functional pathways in MDS and 

CHIP T lymphocytes   

In the scRNA seq dataset, total recovered T cells from MDS, CHIP and control donors were 

similarly represented, allowing a meaningful comparison of cluster composition. Inter-

donor heterogeneity was noticeably high (Figure 39), but still, condition-specific trends 

were detectable without patient sample overrepresentation. Control samples consisted 

predominantly of Tcm helper and Tem cytotoxic cells, with almost equal proportions. In 

addition, Tem helper cells were present at approximately 5–10% of all T cells. This 

reinforces the view of the bone marrow as an immune reservoir for memory T cells (Zhao 

et al. 2012). CHIP samples additionally showed a higher proportion of HSP+ in two out of 

three donors as well as in one MDS donor.  

As described above, HSP+ cells are often found in chronic inflammation, which is in 

accordance with the inflammatory BM signature seen in CHIP stromal cells (chapter 5.3). 

Since these cells were only sufficiently found in CHIP and MDS, a comparison to control 

cells was not possible. GSEA between CHIP and MDS-HSP+ on the other hand revealed 

enrichment of Wnt-related pathways in MDS (Figure 41). High Wnt signaling is associated 

with enhanced proliferation capacities in effector T cells and is needed for terminal 

differentiation (Boudousquié et al. 2014; Ma et al. 2012). Upregulation of Wnt is also 

implicated in inflammatory priming of CD4+ T cells and Treg, although the most highly 

expressed gene, WNT10B, has been shown to be a negative regulator of polarization 

toward inflammatory CD4 phenotypes in a genetic knockout model (Trischler et al. 2016). 

The difference in Wnt signaling could be a result of differential proliferation signaling 

between the conditions, but a connection to immune-regulatory functions of HSP should 
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be investigated, as well as a clear functional analysis of the HSP subset to determine its 

biological purposes. 

MAIT were also strongly expanded in one of the three CHIP and two of the four MDS 

samples (Figure 39). Again, this subset is often found in chronic inflammation, further 

cementing the view of both CHIP and MDS BM as chronically inflamed. On the 

transcriptional level, only the comparison between MDS and CHIP MAIT was possible due 

to the low number of cells from control samples (66 for healthy, 98 for CHIP, 154 for MDS). 

Apparent differences were an enrichment of cytoplasmic ribosomal proteins in MDS, 

which could be linked to an increase of protein synthesis towards an activation state 

(Figure 43). This enrichment was found in almost all MDS subclusters in comparison to 

both control and CHIP and could thus be a common feature in MDS. An increase in 

cytoplasmic ribosomal proteins has been found in many cancers, including MDS (Kang et 

al. 2021; Rinker et al. 2016) as well as in the secretome analysis of MDS blasts in this study 

(Figure 27) and has been linked to altered ribosomal function of cancer cells. If this is 

indeed an MDS-inherent effect, MAIT and other T cells that display this signature could be 

product of lymphoid progeny of MDS blasts, which should be investigated more 

thoroughly. Furthermore, transcripts relating to the PRC2 complex were significantly 

enriched in MDS. This complex is related to epigenetic chromatin silencing via tri-

methylation of histone 3 at lysine 27. In T cells, suppression of this complex leads to 

immunosuppression, showing its direct regulatory role in T cell activation (Dobenecker 

et al. 2018). Overall, these data demonstrate that MAIT appear to be in a more active state 

in MDS compared to CHIP and control cells.  

MDS samples were also the most frequent contributors to cytotoxic and IFN-responsive 

cytotoxic clusters (Figure 38). GSEA analysis showed that CHIP cytotoxic T cells display 

lower levels of transcripts for oxidative phosphorylation pathways than control cells, 

suggesting a distinct metabolic switch that might again be related to an altered activity 

state (Figure 40). Activated T cells often exhibit higher rates of glycolysis and lowered 

oxidative phosphorylation capacity, while exhausted T cell are more quiescent for both 

pathways (Franco et al. 2020). It remains unclear how the transcriptional alteration in 

metabolic pathways translates to cellular metabolism rates, which could be elucidated by 

functional measurements using metabolic flux assays of isolated T cell subpopulations. In 

comparison to MDS, control cytotoxic T cells were enriched for biotransformation 

pathways of metabolites, including sulfotransferases, acetyltransferases as well as 
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cytochrome P450 family members. Altered capacities to transform exogenous chemicals 

has been reported as a result of interferon signaling, which would explain the observed 

expansion of effector subsets in MDS BM (Williams and Farrell 1986). Enrichment of 

interferon signaling was detected when comparing MDS with CHIP, and to a lesser extent, 

in MDS in comparison with control cells. This is characteristic of a strong chronic immune 

response and an enhanced activation state of cytotoxic T cell, as expected in LR-MDS 

(Welsh et al. 2012). 

Similarly, IFN-responsive cytotoxic T cells were only detectable at sufficient levels in CHIP 

and MDS (Figure 41). Qualitatively, MDS cells again showed an upregulation of 

cytoplasmic ribosomal proteins and oxidative phosphorylation pathways, indicating a 

transcriptionally and energetically more active phenotype as discussed above. In 

addition, immune recognition-related genes were enriched, especially T cell surface 

glycoproteins and co-receptors of the T cell receptor (TCR), such as CD3D, CD3G and CD8, 

and downstream effector kinases of TCR signaling. This reinforces the image that MDS-

derived cells are highly active and engaged in their effector function. 

Although other T cell subpopulations were present in all conditions, transcriptional 

differences between the groups were still apparent. For Tem cytotoxic, the switch in CHIP 

cells to lowered oxidative phosphorylation and cytoplasmic ribosomal proteins in 

comparison to control cells was again a common feature of these cells (Figure 44). In 

addition, the G13 signaling pathway was lowered in CHIP. This pathway regulates 

cytoskeleton remodeling and focal adhesion, and disorganization of the actin cytoskeleton 

has been found to have detrimental effects on cytotoxic T cell activation potential through 

TCR signaling (Kumari et al. 2014). Again, functional validation of isolated cytotoxic Tem 

should be considered to elucidate possible defects. MDS Tem displayed enrichment for 

cardiac progenitor differentiation pathways. While not relevant in the bone marrow, the 

most highly upregulated gene, INHBA, is part of the activin and inhibin complexes that 

regulate IFN secretion in T cells (Petraglia et al. 1991). Genetic knockout leads to Treg 

expansion in a mouse model, which was found to be regulated by dendritic cells (La 

Fuente-Granada et al. 2019). Whether overexpression of this gene in other immune cells 

has regulatory effects on Treg homeostasis remains to be explored. 

Tcm helper cells displayed an enrichment of oxidative stress and IL-1 signaling pathways 

in CHIP samples in comparison to controls, with IL-1β, IL-1R1, alarmin and CCR3 among 

the most significantly upregulated genes (Figure 42). IL-1 is a key inflammatory cytokine 
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that has recently been identified as a main driver of hematopoietic aging due to stromal 

niche inflammation (Mitchell et al. 2023). Furthermore, it is also important in 

proinflammatory priming and CD4 T cell differentiation toward Th17 and Th9 effector 

subsets (Ben-Sasson et al. 2009). Oxidative stress is induced as a result of ligation and 

stimulation of TCR (Jackson et al. 2004), and IL-1 signaling and oxidative stress pathways 

are interconnected (Harijith et al. 2014), explaining why both processes are present in 

these cells. In MDS Tcm helper cells, nuclear receptors in lipid metabolism and toxicity 

were found to be upregulated in comparison to controls, among them vitamin D receptor 

and CYP27B1. This latter gene has been used previously in cell culture models as a mark 

for activated T cells and supplies CD4 T cells with vitamin D, which is needed for 

differentiation toward Th2 and Treg (Kongsbak et al. 2014; Lochner et al. 2015). Rewiring 

of this pathway in MDS could again have an effect on naïve CD4 differentiation toward 

effector and Treg subsets, which coincidentally has been described in MDS previously 

(Solomou et al. 2008). Further assessment of possible differentiation changes in CD4 cells 

should be employed by flow cytometry for the samples used in these experiments. 

Tem helper cells from CHIP and control donors displayed no significantly enriched 

pathways (Figure 45). Comparison of MDS against control cells on the other hand showed 

a downregulation of the TCR signaling pathway, which in parallel to the results from IFN-

responsive T cells could represent an impeded function of memory cells to respond to 

antigen presentation by antigen-presenting cells. FSH pathways were also enriched, 

driven by strong downregulation of AREG in MDS. Cell-surface AREG enhances Treg 

function by binding to EGFR on Tregs (Zaiss et al. 2013), presenting another possible 

altered Treg support axis.  

In summary, CHIP T cells showed a strong expansion of cells expanded in chronic 

inflammatory diseases like HSP+ T cells and MAIT. Cytotoxic and Tem cytotoxic T cells 

showed a metabolic switch with lower oxidative phosphorylation pathways, while helper 

cells showed signatures of inflammation and upregulation of the IL-1 pathway, linking the 

T cell compartment to the inflammatory response seen in stromal cells.  

T lymphocytes from MDS cells were skewed toward active cytotoxic populations to the 

expense of Tem helper and Tem cytotoxic cells. The expanded cells displayed enriched 

IFN response and changes in metabolism-related pathways. Helper T cell sub-populations 

showed several dysregulated pathways connected to Th/Treg differentiation and Treg 

regulation.  
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5.10 Tregs are reduced in MDS BM in imaging studies 

While the overall T cell fraction of the bone marrow was unchanged, assessed in both 

histological immunostainings and FACS analysis, the amount of Tregs and the fraction in 

the total T cell pool was diminished in MDS, as seen in (Figure 14). These changes were 

not statistically significant for the Treg:T cell ratios and for the overall Treg content only 

in comparison to CHIP samples, which is due to the low number of replicates used in these 

experiments. This in turn was a direct consequence of the overall sample quality and red 

marrow content, where CHIP and control samples had low fraction of hematopoietic cells 

due to the heavily increased BMAT (Figure 10). The reduction of Treg frequency in LR-

MDS could not be evaluated in scRNA seq experiments (Figure 17), where a very low 

number of total Treg was detected for all conditions with almost equal proportions. The 

overall Tregs:T cell fraction in scRNA seq was detected at around 1.4% for all conditions 

and significantly lower than in imaging experiments (Figure 14), where the mean Treg:T 

cell ratio was 3% in MDS to 8% in control and 11% in CHIP samples, which is more in 

accordance with previous literature reports (Niedźwiecki et al. 2018; Giovazzino et al. 

2019). This could either signify that Tregs were underrepresented in the BM aspirate for 

scRNA seq studies, maybe due to sticking more closely to ECM-producing MSC as seen in 

Figure 56 (annex), or that they were recovered with lower success rates in the annotation 

process, perhaps due to low transcriptional activity due to their highly quiescent state. 

The reduction in Tregs has however also been described in some case-cohort studies on 

LR-MDS, where it was inversely correlated cytotoxic T cell expansion (Giovazzino et al. 

2019). A possible explanation for the reduction in Tregs could be linked to the 

downregulation of CXCL12 in stromal cells, and more explicitly in MSC as shown 

collectively in imaging, cytokine and scRNA seq analysis (Figure 12, Figure 31, Figure 36). 

Tregs are recruited to the bone marrow via binding of secreted CXCL12 to the CXCR4 

receptor, which is expressed on their cell surface (Zou et al. 2004). CXCR4 expression has 

been shown to be regulated by secreted IL-1β, TGF-β and TNF-α (Gupta et al. 1998; Feil 

and Augustin 1998; Buckley et al. 2000), linking prolonged exposure to inflammatory 

signaling to a downregulation of Tregs. TNF-α was also found to be secreted from MDS-L 

blasts in culture (Figure 58, annex), while the upregulation of IL-1R on stromal cells in 

MDS in scRNA seq analysis (Figure 35) suggests this pathway to be dysregulated as well. 

In addition, IL-1 signaling was transcriptionally upregulated in Tcm helper cells, as seen 

in (Figure 42). Interestingly, Tregs are significantly upregulated in HR-MDS in comparison 
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to LR-MDS (Kordasti et al. 2007; Moon et al. 2011). These seemingly contradictory 

outcomes for MDS are explained by different immunophenotypes in the BM, as reviewed 

by Peng and colleagues: the LR-MDS bone marrow immune cell compartment is populated 

mostly by proinflammatory cells, which secrete cytokines that promote HSC apoptosis 

and result in immune activation, while HR-MDS bone marrow is populated by 

immunosuppressive cells that lead to tumor escape of malignant cells (Peng et al. 2022).  

 

5.11 SF3B1-mutated MDS samples might show distinct niche alterations 

Looking at subtype-specific stromal alterations, only SF3B1 was sufficiently represented 

in the BoHemE cohort to warrant further analysis. Given the impact the mutation has on 

conferring overall survival benefits in comparison to other mutations (as described in 

1.2), it was hypothesized that this mutation leads to distinct alterations in the bone 

marrow that mitigate disease progression. Analysis of spatial imaging data suggested that 

the mutation does seem to have distinct effects on niche remodeling. SF3B1-mutated 

samples showed a trend towards higher MSC, Treg and CXCL12 content and higher 

cellularity (Figure 16). Since this analysis was retrospectively done, the sample cohort 

was too small to obtain statistically significant results; nevertheless, a trend towards an 

increase of the described populations was observed. In addition, a direct correlation 

between SF3B1 mutation VAF and an increase in MSC and Treg content was also found. 

This leads to the question of whether there are mutation-specific cellular processes that 

lead to differential alterations of the BM niche. Mutations in SF3B1 lead to aberrant RNA 

splicing, directly and indirectly resulting in altered gene expression and alternative 

splicing of hundreds of genes, which can lead to clonal expansion (Kesarwani et al. 2017). 

One effect of this is the hyperactivation of NF-κB pathways by downregulation of 

MAK3K7, resulting in increased inflammatory cytokines in patients (Lee et al. 2018; Smith 

et al. 2019), On the other hand, this mutation is often associated with low blast burden in 

the bone marrow (Huber et al. 2023) which could dampen the stronger inflammatory 

effect LR-MDS with higher blast percentages usually display and explain the maintained 

levels of Tregs. This would however, depending on the signaling axis that is involved, also 

decrease the vascular remodeling, which was not observed in this study. So far, no reports 

have been made on LR-MDS subtype-specific proinflammatory cytokine levels in the bone 

marrow, therefore this remains an open question.  
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5.12 High-VAF DNMT3A mutation leads to distinct niche changes in mice 

In human imaging studies, no discernible niche remodeling effect was found for low-VAF 

CHIP besides a slight increase in CXCL12 distance towards vessels and MSC, a trend 

towards higher sinusoidal fraction and a slight trend towards higher Treg fractions in 

comparison to controls. Due to confounding variables like comorbidities, lifestyle and 

normal biological and patient inter-heterogeneity and taken together with the low VAF 

the donors displayed (Table 12), these effects remain inconclusive. For a better isolation 

of mutation-dependent effects, the high-VAF DNMT3AR878H mouse model was used. 

Induction of the Cre-lox system with poly(I:C) at a young age leads to heterozygous 

expression of the mutant DNMT3AR878H allele in HSC and is carried over to the progeny, 

leading to a VAF of around 50% (Loberg et al. 2019). While most CHIP carriers display 

low VAFs of below 10%, the mutated clone can expand further and VAFs of 10–20% are 

frequently seen with increased age (Midic et al. 2020). This model thus recapitulates 

isolated effects of the DNMT3A mutation in the bone marrow.  

The DNMT3AR878H mice displayed a decreased BMC, increased sinusoidal content and 

blood vessel size, along with a sharp accumulation of LEPR+ adipo-MSC and higher 

CXCL12 content that is found mostly located in the femoral head near BMAT. This was 

accompanied by a trend toward a larger Treg fraction. The latter observation was not 

statistically significant and shows the necessity of more biological replicates to confirm 

the findings.  

The abnormal sinusoidal vasculature found in this study (Figure 19) can also be seen in 

proinflammatory milieux, where the vasculature reacts to the stimulus by proliferation of 

endothelial cells, forming new vessels or expanding already existing ones. This 

phenomenon might be due to an increase in emergency hematopoiesis, which leads to fast 

expansion of sinusoids as trafficking sites for activated HSPC (Vandoorne et al. 2018). It 

is also in line with the findings that arterioles were not observed to be altered, since they 

are not strongly involved in the mobilization of HSPC into the blood stream (Itkin et al. 

2022). Interestingly, the sinusoids were expanded into the endosteal regions of the bone 

as well as the femoral head (Figure 23) and qualitatively, endosteal-lining MKs were less 

frequent in old and DNMT3AR878H mice. This implies a shift towards less endosteal niches 

and more vascular niches, consequently leading to increased hematopoiesis and fewer 

quiescent LT-HSC. The question of altered MK localization should be studied more 

extensively, with the use of recently identified MK-subset specific markers like ARNTL, 
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MYLK4 and LSP1 that discriminate MK subsets associated with platelet production, HSC 

maintenance in the endosteal niche and immune regulation, respectively (Sun et al. 2021). 

In line with vasculature changes in inflammation, the expanded LEPR+ Sca1+ MSC subset 

that was found to be strongly expanded in DNMT3AR878H mice (Figure 20) was reported 

to be induced by inflammation, injury or irradiation (Mitchell et al. 2023; Asada et al. 

2017). These MSC have a higher clonogenic potential and adipocytic bias (Mo et al. 2021), 

which, taken together with the close proximity they display to BMAT, exemplifies their 

potential to give rise to adipocytes. Additionally, in response to irradiation, LEPR+ MSC 

proliferate rapidly up to four weeks after original insult, after which the proliferation rate 

returns to pre-irradiation levels (Zhou et al. 2014). As described in chapter 1.3.4, LEPR+ 

adipoprogenitors support hematopoiesis, while adipocytes favor HSC quiescence. One 

possible mechanism that explains the morphological changes in the BM of DNMT3AR878H 

mice could be CHIP-induced acute inflammation, leading to an expansion of LEPR+ Sca1+ 

MSC, which promote and sustain emergency hematopoiesis, while this subset of MSC 

differentiates to mature adipocytes in chronic inflammation to maintain LT-HSC 

quiescence. This hypothesis could be tested by using ex vivo expansion of Sca1+ MSC and 

subsequent adipogenic differentiation and subsequently assess their effect on HSC 

proliferation and CFU potential. Given the fact that Sca1 does not have a human ortholog, 

validation of this MSC subset in human scRNA seq data remains challenging.  

The increase in Tregs in aged mice, and to a lesser extent in DNMT3AR878H (Figure 21), 

differs from the slight downregulation of Tregs in human MDS samples. Despite that niche 

changes in both species are in line with inflammatory processes, it is unclear why Treg 

abundance behaves so differently. The role of Tregs is suppressing CD4 and CD8 T cell 

activation in the bone marrow, providing immune privilege to the niche (Fischer et al. 

2019). Besides this canonical function, BM Tregs confer a direct HSC-supportive function, 

as described in chapter 1.3.6. However, the main signaling axis of CXCL12-CXCR4 that 

leads to trafficking of Tregs to the BM, is disrupted in MDS (for instance by 

downregulation of CXCL12, as discussed above), while CXCL12 content is elevated in 

DNMT3AR878H mice (Figure 20) through the upregulation of insult-responsive LEPR+ MSC. 

The main difference between the stromal response in CHIP and MDS could thus be the 

impact of mutant clones on MSC, which is supported by the changes seen in MDS-MSC in 

comparison to CHIP-MSC (chapter 5.2). The importance of the CXCL12-CXCR4 signaling 

axis should be tested more extensively, for instance by Crispr/Cas9 genetic deletion of 
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CXCL12 in MSC and assessing their impact on Treg homing to the bone marrow. On the 

other hand, the direct effect of Tregs on inflammation and HSC maintenance needs to be 

elucidated further to understand the effects of altered Treg ratios on bone marrow 

function. Using a mouse model in which the transcription factor that is necessary for Treg 

development (FoxP3) is deleted, would allow to characterize the effect of Tregs on the BM 

niche architecture and HSC differentiation biases (Chen et al. 2005). 

Keeping in mind the regulative function of adrenergic innervation on MSC as described in 

chapter 1.3.8, qualitative staining of neurons wrapped around arteries were performed, 

which revealed no apparent differences between young, old, and young DNMT3AR878H 

mice. A previous study by Maryanovich and colleagues reported a decrease in 

sympathetic innervation upon aging, marked by reduced expression of synaptophysin 

around arteries (Maryanovich et al. 2018). The approach of this study was to use z-stack 

projections of multiple ROI images from three biological replicates of old and young mice. 

This methodology could be biased by selection of ROI images and additionally by the 

amount of long, innervated arteries the samples display in that specific tissue slide. In the 

herein presented imaging experiments on murine femurs (Figure 22), artery distribution 

was very different in the biological and even technical replicates, depending on position 

in the femur. Mostly main arteries were innervated, which led to big deviations in 

frequency that rendered quantification of positive signal area inconclusive. This could be 

improved upon by switching to 3D light-sheet microscopy of cleared femurs, where the 

entire innervation of the femur is taken into account instead of one thin slide. Doing so 

might highlight possible denervation of the BM with aging, which could further skew MSC 

function.  

Inflammation as a result of DNMT3A mutation has been shown in both mouse and human 

settings, as described in chapter 1.1.3. The exact source of increased cytokine levels are 

most likely myeloid lineage cells expanded as a result of the DNMT3A mutation, which 

favors myelopoiesis over lymphopoiesis (Loberg et al. 2019). Revealing the exact 

inflammatory mechanisms and the cellular sources at play for a possible therapeutic 

intervention could pave the way to alleviate age-related and, moreover, CHIP-related 

remodeling of the BM niche and possibly prevent age-related cytopenias and MDS 

emergence. 
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6 Conclusion 

The global findings presented in this thesis demonstrated that the BM microenvironment 

in CHIP shows signs of additional chronic inflammation in addition to typical age-related 

inflammaging signs, thereby impacting stromal populations that regulate HSC activity. 

Within the BM, MSC develop an additional adipogenic bias, resulting in reduced 

cellularity, while sinusoids expand and disturb the more quiescent, endosteal niche. In 

terms of immune repertoire, Treg expand and accumulate in the endosteal niche to 

dampen these perturbations and maintain HSC quiescence. Strikingly, these effects are 

dependent on the VAF clone size. 

The same changes are also apparent but exacerbated in MDS conditions, with drastic 

effects on the cellular morphology of sinusoids and MSC. Inflammatory and angiogenic 

signatures of niche cells, for instance IL-1, IFN and VEGF signaling pathways, accompanied 

by increased senescence in the bone marrow, result in transcription and differentiation 

changes in MSC and a depletion of immune regulatory T cells. As a result, the HSC-support 

capacity of MSC is dysregulated, transforming the BM niche into a dysfunctional state. 

Along these findings, the connecting link, morphological and transcriptional changes of 

the BM niche in response to chronic inflammation, could be leveraged to intervene and 

prevent the emergence of MDS in CHIP carriers. 
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7 Outlook 

This study shed light into stromal dysregulations in the context of clonal hematopoiesis 

and myelodysplasia. Some bottlenecks of the herein described methods were sample 

quality and availability, as well as the low VAF of CHIP donors. In order to gain more 

insight into stromal alterations in MDS, sort-seq on CD271+ MSC will be employed to get 

comparable and enriched MSC proportion. This might pave the way to identify critical 

niche alterations in CHIP that could predict emergence of MDS and give a chance for 

clinical intervention, for instance by targeting dysregulated pathways in at-risk CHIP 

carriers. 

The effect of dysregulated inflammatory signaling on stromal cells is evident in the 

changes that are found in imaging studies in MDS and high-VAF CHIP models. Human CHIP 

samples displayed a very low VAF, resulting in no observable changes. In order to confirm 

the findings from the DNMT3AR878H mouse model, high-VAF CHIP samples from human 

donors should be used for future studies, focusing on the recurrent DNMT3AR882H 

mutation. VAFs of over 10–15% should be included, and morphological niche changes as 

well as a wide panel of inflammation-related pathways should be characterized in 

comparison to age-matched controls.  

In order to identify MDS-subtype specific stromal alterations, our group is working on a 

study on SF3B1-mutant LR-MDS, with the idea in mind to identify possible alterations in 

inflammatory signaling that could explain the trends found in imaging analysis, especially 

regarding Treg content. Additionally, the elusive nature of Tregs in the context of HSC and 

MSC regulation should be assessed, for instance by using knockout-mice that lack the Treg 

transcription factor FoxP3. This will allow to answer the question if these cells are mainly 

immune-suppressive, or if they also confer effects on HSC differentiation and MSC upkeep, 

and if depletion in LR-MDS exacerbates the dysregulation of the HSC niche. 

The drawback of studies in knockout organisms is the transferability of results to human 

settings, but also the ethical issues that come with animal models, especially with high 

severity mouse CHIP/MDS models with chronic inflammation. One alternative of this 

could be developing the co-culture system of niche and MDS cells that was used for this 

thesis, as it displays some of the in vivo changes that are also found in primary cells from 

MDS donors. This has the additional benefit of integrating the complexity of variables like 

age, sex, genetic mutations, VAF and possible stroma mutations on niche interplay.  
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Finally, the sorted and sequenced HSPC from control, CHIP and MDS donors will be 

analyzed to get a full picture of possible dysregulations that are found in the HSC niche. 

CHIP mutation influence on differentiation capacities could be explored by identifying 

trajectories from CHIP mutant cells versus wild-type cells. In addition, HSPC subtype-

specific markers will be isolated, verified and tested for imaging applications to close the 

gap between novel high resolution sequencing techniques and established cell surface 

markers that lack specificity, leading to more robust canonical markers and lineage-

specific transcription factors. 
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9 Annex 

9.1 Complementary material for the introduction 

9.1.1 WHO classification of MDS (2016 and 2022) 

Table 15: Overview over MDS subtypes according to 2016 WHO classification (Khoury et al. 2022; Zhang et al. 2022b; Ming 

Hong and Guangsheng He 2017).  

 MDS subtype Dysplastic 
lineages 

Cytopenias Ring 
sideroblasts in 

erythroid 
elements of BM 

Blasts Cytogenetics 

MDS-5q 1 –3 1–2 None or any <1% in PB, 
<5% in BM, 

no Auer rods 

Del(5q) alone 
or with 1 

additional 
abnormality 
except -7 or 

del(7q) 
MDS-SLD 1 1–2 <15% or <5% 

with SF3B1mut 
<1% in PB, 
<5% in BM, 

no Auer rods 

Any, unless 5q-
criteria are 

met 
MDS-MLD 2–3 1–3 <15% or <5% 

with SF3B1mut 
<1% in PB, 
<5% in BM, 

no Auer rods 

Any, unless 5q-
criteria are 

met 
MDS-RS-SLD 1 1–2 RS >15% or 

>5% with 
SF3B1mut 

<1% in PB, 
<5% in BM, 

no Auer rods 

Any, unless 5q-
criteria are 

met 
MDS-RS-MLD 2–3 1–3 RS >15% or 

>5% with 
SF3B1mut 

<1% in PB, 
<5% in BM, 

no Auer rods 

Any, unless 5q-
criteria are 

met 
MDS-EB1 0–3 1–3 None or any 2 – 4% in PB 

or 5 – 9% in 
BM, no Auer 

rods 

Any 

MDS-EB2 0–3 1–3 None or any 5 - 19% in 
PB or 10 – 
19% in BM 

or Auer rods 

Any 

MDS-U with 
1% blasts 

1–3 1–3 None or any 1% in PB, 
<5% in BM, 

no Auer rods 

Any 

MDS-U with 
SLD and 

pancytopenia 

1 3 None or any <1% in PB, 
<5% in BM, 

no Auer rods 

Any 

MDS-U based 
on defining 
cytogenetic 
abnormality 

0 1–3 <15% <1% in PB, 
<5% in BM, 

no Auer rods 

MDS-defining 
abnormality 

Refractory 
cytopenia of 

childhood 

1–3 1–3 None <2% in PB, 
<5% in BM 

Any 
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Table 16: 2022 WHO classification of MDS by percentage of blasts, cytogenetics, and mutations (Khoury et al. 2022). 

 MDS subtype Blasts Cytogenetics Mutations 
MDS-5q <5% BM and <2% PB 5q deletion alone, or 

with 1 other 
abnormality other than 

monosomy 7 or 7q 
deletion 

 

MDS-SF3B1 <5% BM and <2% PB Absence of 5q deletion, 
monosomy 7, or 

complex karyotype 

SF3B1 

MDS-biTP53 <20% BM and PB Usually complex Two or more TP53 
mutations, or one 

mutation with evidence 
of TP53 copy number 
loss or copy neutral 

loss of heterozygosity 
MDS-LB (low blast) <5% BM and <2% PB   

MDS-h (hypoblastic) <5% BM and <2% PB   
MDS-IB1 (increased 

blast) 
5–9% BM or 2–4% PB   

MDS-IB2 10–19% BM or 5–19% 
BM PB or Auer rods 

  

MDS-f (with fibrosis) 5–19% BM, 2–19% PB   
 

 

9.1.2 IPSS-R criteria 

The IPSS-R prognostic scoring system is a point-based system that evaluates cytogenetic, 

morphologic, and clinical parameters to stratify and predict the development of a MDS 

disorder. The following criteria are scored:  

1. Percentage of blast cells in bone marrow 

a. Less than 5 = 0 points 

b. 5–10 = 0.5 points 

c. 11–20 = 1.5 points 

d. 20–30 = 2 points 

2. Cytogenetics (chromosome changes) 

a. None, del(5q), del(20q) = 0 points 

b. Other abnormalities = 0.5 points 

c. Three or more abnormalities, abnormal chromosome 7 = 1 point 

3. Number of cytopenias (anemia, neutropenia, or thrombocytopenia) 

a. 0 or 1 = 0 points 

b. 2 or 3 = 0.5 points 
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The risk groups are based on the total risk score: 

1. 0 points = low 

2. 0.5–1 point = Intermediate-1 

3. 1.5–2 points = Intermediate-2 

4. >2.5 = High 

 

9.2 Complementary material for material and methods 

9.2.1 Quenching of autofluorescence in human bone marrow samples 

 

Figure 46: Quenching of autofluorescence in human FFPE bone marrow samples. 

Bone marrow displays high Autofluorescence (AF), coming mainly from lipofuscin and 

erythrocytes, but also collagen and elastin as well as formalin fixation (Davis et al. 2014). 

There have been several different methods applied to reduce AF, including diazo dyes 

(Sudan black, Eriochrome T) and other chemical reagents (sodium borohydride, 

ammonia). In addition, commercial suppliers designed products that have been reported 

to work. We compared different quenching methods and found that Trueview (Vector 

Laboratories) and Trueblack (Hölzel Biotech, not shown) lead to a marked reduction of 

AF in all channels, especially in the GFP channel. Sudan black reduced AF in the Cy5 

channel, but introduced AF in the far-red (Cy7, not shown). Sodium borohydride (not 

shown) and ammonia did not have any effect on tissue AF. For the scope of this thesis, 

Trueview was used for IF on FFPE tissue. 
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9.2.2 Quantification of HSPC in the bone marrow 

Manual analysis was done to identify single HSPC and all total cells due to the unspecific 

staining of CD34 in the bone marrow. Besides HSPC, blood vessels are also positive for 

this marker, so cells adjacent to vasculature would be counted false-positive as HSPC.  

For each sample, 10 ROI images were analyzed. Total cells and CD34+ cells were counted 

as well as the distance between HSPC and the closest CD271+ MSC using FIJI software. 

 

9.2.3 Vasculature content analysis for human and murine samples 

 

Figure 47: Analysis pipeline for vasculature quantification in human and murine BM samples. 

Whole sample area was detected for normalization (absolute threshold on GFP-AF). 

CD105+-area and UEA1+-area were detected by common threshold (depending on 

background intensity, sample dependent) and measured. In addition, the distance 

between UEA1- and CD105-surfaces as well as overlap was measured. The same analysis 

was used for assessment of vasculature content in murine femurs, using endomucin as a 

marker for sinusoidal and BCAM for arteriolar vasculature. 
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9.2.4 SPARC signal co-stain with MSC and EC 

 

Figure 48: SPARC co-stain analysis in human BM samples. 

Whole sample area was measured for normalization (absolute threshold on GFP-

autofluorescence). SPARC+-, UEA1+- and CD271+-area was detected by common threshold 

(depending on background intensity, sample dependent). Overlap and distance of SPARC+ 

objects to CD271+/UEA1+-regions were measured. 
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9.2.5 T cell content in the bone marrow 

 

Figure 49: T cell analysis in human and murine BM samples. 

Whole sample area was measured for normalization (absolute threshold on GFP-AF). 

Nuclei were detected using “Find nuclei” (method M). For erythrocyte-rich samples, an 

additional filter step was employed to prevent false-positives. CD3-signal was used to 

threshold for positive cells. The coordinates of all cells and the detected T-cells were 

calculated. The threshold was adjusted for each sample, since the signal intensities vary 

between samples. CD105+ and UEA1+ regions were detected using a common threshold 

and the distance to the T-cells were calculated. 

 

9.2.6 Bone marrow cellularity from Giemsa images 

For human samples, the FIJI software plugin Weka Segmentation was used to train a 

classifier which detects bone, marrow and adipocytes. For mouse femurs, Qupath 

software with the Marrowquant plugin was used. Bone surface is detected in green, 

marrow in blue, adipocytes in yellow and interstitial space in red (not used for analysis). 

Areas for each class were measured. 
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Figure 50: Analysis of Giemsa-stained BM slides for BMC using Weka segmentation (top) and Qupath Marrowquant 

(bottom). 

 

9.2.7 CXCL12 signal in the bone marrow, co-stained with MSC and ECs 

 

Figure 51: CXCL12 co-staining in the human BM. 



Annex 
 

139 
 

For detection of CXCL12 production in sinusoidal vessels and MSC, the whole sample was 

detected using GFP AF. Nuclei were detected by “method M” for segmentation, 

erythrocytes were filtered out via high AF in the GFP channel. Thresholding in the TxRed, 

Cy5, and GFP channel yielded sinusoids, MSC, and CXCL12 populations, respectively. 

Overlap with erythrocytes was filtered out for all populations and distance and overlap of 

both cell populations with CXCL12 was measured. 

 

9.2.8 Megakaryocyte analysis in murine bone 

 

Figure 52: Megakaryocyte analysis in murine BM. 

Whole samples surface was detected using GFP autofluorescence. Thresholding on the 

Cy5 and GFP channel yielded the vessels (endomucin+) and CD41+ surface, respectively. 

Filtering for size and roundness allowed identification of megakaryocytes in the CD41+ 

population. A nuclei segmentation approach was not useful in this case, due to the size 

and multinuclearity of megakaryocytes. 
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9.2.9 Treg analysis in human and murine bone 

 

Figure 53: Treg analysis in human and murine BM. 

Nuclei segmentation was done by applying a gaussian blur filter. This allowed detection 

of unevenly stained nuclei, which are often found in densely packed tissue like murine 

bone marrow. Nuclei segmentation (method M) was applied. Intensity of CD3 (TxRed) 

was used to identify T cells. Within the T cell population, nuclear FoxP3 intensity (Cy5 

channel) was used to identify Treg cells. Thresholds were adjusted for each sample 

individually and uneven staining intensities across the samples were considered. Fields 

with artifacts and high background were excluded from the analysis.  
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9.2.10 MSC, CXCL12, Sca1 analysis in mouse femurs 

 

Figure 54: CXCL12 and MSC co-stain in murine BM. 

Thresholding on GFP signal with a low threshold gave the image region. Subsequent 

thresholding on CXCL12, LEPR and Sca1 signal gave the respective positive regions. 

Overlapping Sca1 and LEPR surfaces were selected as double positive regions. 
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9.3 Complementary material for results 

9.3.1 UEA-1 is a superior vessel marker to CD34 and CD31 

 

Figure 55: UEA-1 is a more reliable vessel marker in human BM.  Brightness and contrast were enhanced to allow better 

visibility. 

Co-staining of UEA-1, CD34 and CD31 in the bone marrow revealed mostly overlapping 

stainings, but UEA-1 staining identified whole vessels and was positive on all vessel 

populations (white arrows), while CD31 and CD34 were not always expressed by 

vasculature (indicated by red arrows). 
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9.3.2 Tregs are in close contact with CD271+ CXCL12-producing cells  

 

Figure 56: Staining in human bone marrow for Tregs (FoxP3), CXCL12 and MSC (CD271).  Tregs are located in close 

contact with CXCL12-expressing MSC in control tissue, but further away in MDS, where MSC don’t produce high levels of 

CXCL12. Brightness and contrast were enhanced to allow better visibility. 

In control and CHIP tissue, Tregs were located close to MSC, which expressed CXCL12 

(Figure 56, left). In the few Tregs that were detected in MDS (right), these cells were either 

not close to MSC or MSC were not expressing CXCL12 as highly as in control cells. 
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9.3.3 Senescence in human bone marrow MDS samples 

 

Figure 57: β-Galactosidase staining of human BM samples, co-stained with CD271 as a MSC marker.  Brightness and 

contrast were enhanced to allow better visibility. 

Human MDS bone marrow samples showed more β-Gal+ staining in MDS slides, as 

displayed in the example image above. There is also more overlap between CD271 and β-

Gal in MDS, indicating senescent MSC in MDS. 

 

9.3.4 Cytokine concentrations from Luminex assay 

The absolute concentrations of cytokines in hTERT-MSC/MDS-L co-culture supernatant, 

determined by Luminex assay, are depicted below. Cytokines are divided by source of 

cytokines. 
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Figure 58: MDS-L/OCI-AML3-produced cytokines that were present mainly in the conditioned media of cultured 

MDS/AML cell lines. 
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Figure 59: hTERT-MSC-derived cytokines that were present mostly in MSC monoculture. 
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Figure 60: Co-culture-induced cytokines that were present in monoculture, but strongly induced in co-culture. 

 

 

 

Figure 61: Cytokines where no difference in expression was noticed and signal was below lower detection threshold  

(extrapolation results in an estimation of the signal by the machine).  
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9.3.5 Signature gene heatmap for stromal subcluster annotation 

 

Figure 62: Heatmap of signature genes for stroma subclusters , curated from existing libraries as described in chapter 3.2.7 

and highest expressed genes per cluster. Cluster 1 is adipogenic, cluster 2 naïve, cluster 3 osteochondrogenic, cluster 4 

chondrogenic, cluster 5 osteogenic. 
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9.3.6 Heatmap for T cell marker genes 

 

Figure 63: Heatmap for T cell cluster annotation marker genes, curated from existing libraries as described in chapter 3.2.7 

and highest expressed genes per cluster. 
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9.3.7 T cells express fewer genes and are more quiescent than other populations 

 

Figure 64: UMAP projection, showing number of features per cell (left) and cell cycle distribution (right). 

T cells were difficult to annotate because of the lower number of genes (features) present 

and the high percentage of quiescent T cells that are in G0/G1 phase. 

 

9.3.8 Volcano plots of T cell subpopulations 

Volcano plots of log2-fold change expression against -log10 of the adjusted p value  

(-log10 p adj) for all T cell subclusters. The adjustment is used to correct for inflated p 

values that result from treating all cells as technical replicates. For MAIT and IFN-

responsive cells, only CHIP and MDS had sufficient cells for direct comparison. 
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Figure 65: Volcano plot of DEG for cytotoxic T cells, MAIT and IFN-responsive T cells. Top significantly upregulated genes 

are annotated. 

 

 

Figure 66: Volcano plot of DEG for Tcm helper cells and Tem cytotoxic cells. Top significantly upregulated genes are 

annotated. 
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Figure 67: Volcano plot of DEG for Tem helper T cells and Treg. Top significantly upregulated genes are annotated. 
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