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Abstract 
Hematological neoplasms are among the most commonly diagnosed cancers with 

hematopoietic insufficiency as a common hallmark. Hematotoxicity is also among the most 

serious dose-limiting side effects of anticancer therapy, contributing to increased patient 

morbidity and mortality, and the development of therapy-related myeloid neoplasms (t-MN). 

Despite the increasing recognition of the bone marrow (BM) microenvironment, particularly 

mesenchymal stromal cells (MSC), in supporting and regulating normal hematopoiesis, the 

role of MSC hematological neoplasms and in therapy-related adverse side effects is not fully 

understood so far.  

This thesis comprises four manuscripts with results that expand our understanding of MSC 

in myeloid and lymphoid neoplasms and may provide starting points for the prevention of 

hematotoxicity as a consequence of anticancer therapies. Manuscripts 2.1, 2.2, and 2.3 

demonstrate the functional involvement of MSC in hematopoietic insufficiency in de novo 

cases of MDS, MPN, AML, NHL, ALL, and in the progression of MM, as well as therapy-

related MDS and AML. TGFB signaling was identified as a potential central mechanism of 

stromal alterations, differing between myeloid and lymphoid neoplasms via canonical and 

non-canonical signaling respectively, and possibly offers a novel therapeutic strategy in the 

future. The main manuscripts 2.3 and 2.4 focus on the impact of different substances used 

in anticancer therapy on MSC and their role in hematotoxic effects. While functional and 

molecular aberrations overlapped with MSC from de novo neoplasms, RNA sequencing 

analysis of t-MN-derived MSC revealed a distinct immunomodulatory signature on the 

molecular level, which was not found in equivalent de novo myeloid neoplasms, suggesting 

a therapy-related origin of these alterations. Further, substance-specific alterations of 

healthy MSC were induced by azacitidine and etoposide affecting MSC proliferation and 

differentiation capacity, thereby contributing to insufficient hematopoietic support.  

Overall, the findings in this thesis enhance our understanding of the role of MSC in the 

pathogenesis of de novo and therapy-related hematological neoplasms and highlight MSC 

as a potential, undesired target tissue of anticancer therapy. These insights could help to 

improve patient outcomes by targeting and managing of hematotoxicity during anticancer 

therapy more specifically in the future.  
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Zusammenfassung 
Hämatologische Neoplasien gehören zu den am häufigsten diagnostizierten Krebsarten und 

zeichnen sich durch insuffiziente Blutbildung aus. Auch ist Hämatotoxizität eine der 

schwerwiegendsten dosis-limitierenden Nebenwirkungen der Krebstherapie und trägt zu 

einer erhöhten Morbidität und Mortalität der Patienten bei, sowie zur potenziellen 

Entwicklung einer therapie-assoziierten myeloischen Neoplasie (t-MN). Trotz der 

wachsenden Anerkennung des Knochenmarkmikromilieus besonders der mesenchymalen 

Stromazellen (MSC), die normale Hämatopoiese zu unterstützen und zu regulieren, ist die 

Rolle der MSC in der Pathogenese von hämatologischen Neoplasien und von therapie-

assoziierten Nebenwirkungen bis heute nicht komplett verstanden.  

Diese Arbeit umfasst vier Manuskripte mit Resultaten, die das Verständnis der Rolle von 

MSC bei myeloischen und lymphoiden Neoplasien erweitern, und gegebenfalls 

Ansatzpunkte zur Vermeidung von Hämatotoxizität infolge von Krebstherapien liefern 

können. Die Manuskripte 2.1, 2.2 und 2.3 zeigen die funktionelle Beteiligung von MSC an 

der hämatopoietischen Insuffizienz bei de novo Erkrankungen von MDS, MPN, AML, NHL, 

ALL und im Krankheitsverlauf von MM, sowie bei therapie-assoziierten MDS und AML. Der 

TGFB Signalweg erwies sich als potenzieller zentraler Mechanismus stromaler 

Veränderungen, der sich bei myeloischen und lymphoiden Neoplasien durch kanonische 

bzw. nicht-kanonische Signalübertragung unterscheidet und möglicherweise einen neuen 

therapeutischen Ansatz in der Zukunft bietet. Die Hauptmanuskripte 2.3 und 2.4 befassen 

sich mit den Auswirkungen von verschiedenen Substanzen, die als Krebstherapie 

angewendet werden, auf MSC und ihrer Rolle bei therapie-bedingten Nebenwirkungen. 

Während funktionelle und molekulare Aberrationen mit den de novo Neoplasien überlappen, 

zeigten die Ergebnisse einer RNA-Sequenzierungsanalyse von t-MN MSC eine 

ausgeprägte immunmodulatorische Signatur auf molekularer Ebene, die bei äquivalenten 

de novo Neoplasien nicht gefunden wurde, und auf einen therapie-bedingten Ursprung 

dieser Veränderungen hindeutet. Darüber hinaus wurden durch Azacitidine und Etoposid 

substanzspezifische Veränderungen gesunder MSC hervorgerufen, die die Proliferations- 

und Differenzierungsfähigkeit von MSC beeinträchtigen und so zu einer unzureichenden 

hämatopoietischen Unterstützung beitragen. Diese Resultate hinsichtlich der Rolle der MSC 

in diesem Kontext könnten die derzeitigen Behandlungsmöglichkeiten zur Milderung von 

Nebenwirkungen während der Krebstherapie erweitern. 

Insgesamt verbessern die Ergebnisse dieser Arbeit unser Verständnis der Rolle von MSC 

in der Pathogenese von de novo und therapie-assoziierten, hämatologischen Neoplasien 
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und heben MSC als mögliches, unerwünschtes Zielgewebe von Krebstherapie hervor. Diese 

Erkenntnisse könnten durch eine gezieltere therapeutische Ausrichtung zu einem besseren 

Nebenwirkungsmanagement hinsichtlich der Hämatotoxizität während der Krebstherapie 

führen. 
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1. Introduction 
1.1. The Hematopoietic System 
The hematopoietic system guarantees a continuous supply of functional and mature blood 

and immune cells (Aust, 2017). The cells circulate through the bloodstream suspended in 

protein-rich plasma to all bodily tissues to exert their functions. Erythrocytes, the major 

cellular component of blood, are essential for gas exchange between lung and tissue and 

nutrient delivery. Leukocytes represent the cells of the innate and adaptive immune systems, 

while thrombocytes contribute to blood clotting (Hoffbrand & Moss, 2015). Due to their 

limited lifespan, over 1011 functional cells are replenished daily to maintain blood 

homeostasis (Ogawa, 1993).  

1.1.1. Hematopoietic Stem Cells 
Hematopoietic stem and progenitor cells (HSPC) are the origin of mature blood cells. The 

majority of the tissue-specific stem cells reside quiescently in the bone marrow (BM) 

(Bradford et. al., 1997; Pietras et. al., 2011) where their self-renewal capacity maintains a 

constant stem cell pool, and their differentiation capacity ensures a life-long supply of 

functional blood cells. This process is termed hematopoiesis (Wagers et. al., 2002). Initially, 

HSPC differentiate into multipotent progenitors with full lineage potential but limited self-

renewal capacity (Seita & Weissman, 2010). These early hematopoietic progenitor cells are 

characterized by their surface marker CD34, which is not found on lineage-committed 

progenitors (Simmons et. al., 1992). From these early CD34-positive cells, oligopotent 

common lymphoid progenitors (CLP) and common myeloid progenitors (CMP) emerge, with 

CLP further differentiating to natural killer cells, and B- and T-cells (Kondo et. al., 1997), and 

CMP giving rise to granulocyte-macrophage progenitors (GMP) and megakaryocyte-

erythroid progenitors (MEP). Finally, these cells differentiate into mature blood cells (Akashi 

et. al., 2000) that migrate into peripheral blood and tissues to exert their functions (Aust, 

2017).  

The balance between the proliferation and differentiation of HSPC is tightly regulated to 

adapt to the variable demands of the organism. This balance is controlled by a complex 

interplay of mechanisms, including genetically and epigenetically determined intrinsic 

factors and intercellular, bidirectional interaction between HSPC and the surrounding BM 

microenvironment. Together, these convoluted mechanisms govern the maintenance, 

survival, and activation of HSPC (Blank et. al., 2008; Warr et. al., 2011). 
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1.2. The Bone Marrow Microenvironment 
The concept of a so-called hematopoietic niche that regulates harboring stem cells was first 

suggested by Schofield in 1978. Since then, it has been revealed that the BM 

microenvironment is a complex and dynamic tissue, consisting of different cell types and 

non-cellular components interacting to regulate HSPC. The elucidation of these complex 

relationships and how they influence normal hematopoiesis helps to understand their role in 

pathological situations and may contribute to the development of novel therapeutic 

interventions. 

The BM microenvironment is functionally divided into two niches integral to HSPC 

regulation: the endosteal niche, located near the bone surface, and the vascular niche, 

surrounding the blood vessels. The endosteal niche harbors a dormant stem cell pool in a 

hypoxic and calcium-rich environment (Calvi et. al., 2003), while the vascular niche is more 

saturated with oxygen by the proximity of blood vessels and facilitates the mobilization of 

specialized effector cells into the bloodstream (Itkin et. al., 2016). Cell types within the niches 

interact with each other and HSPC to maintain this equilibrium of HSPC maintenance and 

differentiation (Xie et. al., 2009; Méndez-Ferrer et. al., 2010). Intercellular communication is 

largely governed by the extracellular matrix (ECM), a non-cellular, highly complex network 

of proteins and other macromolecules. Besides providing structural support, the ECM 

mediates the signaling for HSPC by functioning in cellular adhesion and building a reservoir 

for the signaling molecules, which are provided by the surrounding cells of the niches (Klein, 

1995; Zanetti & Krause, 2020). For example, bone-lining cells of the endosteal niche provide 

collagen I and II, or osteocalcin (OCN) and osteopontin (OPN), localizing HSPC by their 

adhesive properties and contributing to their survival, proliferation, and differentiation 

(Nilsson et. al., 2005; Celebi et. al., 2012; Zanetti & Krause, 2020). Endothelial and 

mesenchymal cells of the vascular niche build an ECM rich in collagen IV and laminin, 

facilitating the migration of HSPC (Gu et. al., 2003). Additionally, signaling molecules from 

cellular niche components like Fibroblast Growth Factors (FGFs), Interleukins (IL), and 

members of the WNT (named after Wg [wingless] gene in Drosophila and INT-1 in mice) 

and Transforming Growth Factor Beta (TGFB) family are embedded in the ECM and 

influence cell survival, proliferation, and the cell fate of HSPC (Bodo et. al., 2009; Gattazzo 

et. al., 2014; Domingues et. al., 2017; Zanetti & Krause, 2020). 

The cellular components providing signaling molecules to the ECM include non-

hematopoietic and hematopoietic cells. Mature immune cells, such as neutrophils 

(Casanova-Acebes et. al., 2013), macrophages (Winkler et. al., 2010; Chow et. al., 2011), 
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megakaryocytes, natural killer cells, and B- and T-cells (Slifka et. al., 1998; Geerman et. al., 

2018), reside transiently or permanently in the BM and modulate HSPC maintenance and 

mobilization by cytokine secretion. Residing immune cells also interact with non-

hematopoietic stromal cells (Schürch et. al., 2021), e.g. by expressing chemokines and 

receptors regulating the mobilization of HSPC in concert with endothelial cells that in turn 

facilitate vascular permeability to release mature blood cells to the periphery (Rafii et. al., 

1995; Itkin et. al., 2016; Zhang J et. al., 2019). Additionally, endothelial cells are source for 

angiogenic Notch ligands, and key regulatory factors such as E-selectin, stem cell factor 

(SCF, also known as KIT-ligand), CXC motif chemokine ligand 12 (CXCL12), or Jagged 1 

(JAG1, also known as CD339), additionally regulating HSPC quiescence and self-renewal 

(Butler et. al., 2010; Kobayashi et. al., 2010; Ding et. al., 2012; Poulos et. al., 2013).  

A further central cellular component of the BM microenvironment is represented by 

mesenchymal stromal cells (MSC). MSC are a heterogeneous group, consisting of 

pleiotropic subpopulations with distinct properties and functionalities (Baccin et. al., 2020; 

Xiao et. al., 2022), that are found in both, the endosteal and vascular niches and provide the 

main supply of regulatory factors. Subpopulations include MSC with a high expression level 

of Leptin receptor (LepR+ cells), CXCL12-abundant reticular (CAR) cells, NG2+ pericytes, 

and Nestin+ cells (Kunisaki et. al., 2013; Anthony & Link, 2014), each contributing to 

hematopoietic regulation by differential expression and secretion of regulatory factors. The 

understanding of MSC subpopulations and their functions remains incomplete, and a 

considerable overlap among the populations can be assumed (Baccin et. al., 2020). 

Therefore, the International Society for Cellular Therapy (ISCT) formulated minimal 

characteristics of MSC, including plastic adherence in vitro, the expression of specific 

surface antigens (CD105, CD73, and CD90) but absence of hematopoietic markers (CD45, 

CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR), and an in vitro trilineage potential 

to differentiate into the adipogenic, chondrogenic and osteogenic lineage (Dominici et. al., 

2006). Guided by this principle, coherent and comparable studies consider MSC to be one 

population despite their heterogeneity.  

MSC were originally termed “mesenchymal stem cells” due to their stem cell-like properties 

(Owen, 1988). However, their proliferative and multipotent capacity is lost after several 

divisions, distinguishing them from true stem cells (Horwitz EM & Keating, 2000). The 

heterogeneity within MSC populations further complicates the term "stem cells”. To address 

this, the ISCT recommended using the term “stromal cells”, reserving the term “stem cells” 

for cases where stem cell properties are explicitly demonstrated (Horwitz EM et. al., 2005). 
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Nevertheless, both terms are still used in the literature, but “stromal cell” is increasingly 

preferred to “stem cell” (Table 1) and is used in this thesis. Given the central role of MSC in 

the BM and the focus of this thesis, the following chapter provides a detailed introduction to 

their function in normal hematopoiesis. 

Table 1. PubMed search results for MSC terminology. The data is based on a search by 
Ankrum et. al. in 2013 (published 2014) and own search results from August 2024. 

PubMed search term Number of PubMed results 
2013 (Ankrum et. al., 2014) 2024 (own research) 

“mesenchymal stem cell” 18,284 96,327 
“mesenchymal stromal cell” 14,586 99,016 
“bone marrow stromal cell” 4,254 105,638 
“multipotent stromal cell” 183 5,308 

 

1.2.1. Mesenchymal Stromal Cells: Central Regulators of Normal 
Hematopoiesis 

Stromal cells of mesenchymal origin are a supporting cell tissue present throughout the body 

where they mainly offer structural and functional support, as well as play a crucial role in 

tissue regeneration. These cells can be isolated from multiple sources, including adipose 

tissue, placenta, cord blood, liver, kidney, and BM (Campagnoli et. al., 2001; Zuk et. al., 

2002; Bieback et. al., 2004; In 't Anker et. al., 2004; da Silva Meirelles et. al., 2006; Plotkin 

& Goligorsky, 2006). MSC were first identified in the BM by Friedenstein et. al. in 1968, and 

their multilineage differentiation potential was demonstrated two decades later (Caplan, 

1991). Since then, MSC have been recognized as key players in hematopoiesis during 

development and throughout adulthood. MSC were detected in direct proximity to HSPC 

(Méndez-Ferrer et. al., 2010) and identified as the main source of regulatory factors 

essential for hematopoietic support and regulation (Nakamura et. al., 2010; Omatsu et. al., 

2010; Stik et. al., 2017). 

The regulatory factors expressed and secreted by MSC can result in a variety of outcomes 

for HSPC. Cellular cross-talk, indirect by soluble factors or direct by ligand-receptor 

interaction, is essential to regulate hematopoiesis and maintain the micro milieu. For 

example, the glycoprotein Angiopoietin 1 (ANGPT1) is excreted by MSC, interacting with 

the tyrosine kinase receptor TIE2 on HSPC to regulate angiogenesis, hematopoiesis, 

adhesion, and self-renewal of HSPC (Arai et. al., 2004; Wu Y et. al., 2007). The chemokine 

CXCL12 (also stromal-derived factor 1, SDF1) is expressed by MSC and MSC-derived 

osteoblasts to regulate the chemotaxis, survival, and mobilization of HSPC via its interaction 
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with CXCR4 on HSPC (Aiuti et. al., 1997; Omatsu et. al., 2010). SCF (or Kit-ligand) is 

secreted as a cytokine or anchored to the membrane of MSC and interacts with the tyrosine 

kinase receptor C-Kit on HSPC to regulate the proliferative activity, localization, 

differentiation, and localization of HSPC (Kapur & Zhang, 2001; Kent et. al., 2008; Kimura 

et. al., 2011). Further, the Notch1 ligand JAG1 is expressed mainly by MSC and osteoblasts 

to support the survival and multilineage differentiation of HSPC (Jones P et. al., 1998; 

Karanu et. al., 2000). 

Besides supplying signaling molecules, BM-derived MSC have trilineage differentiation 

capacity and are the origin of other components that contribute to the regulation of HSPC. 

Upon distinct stimuli, MSC differentiate into adipogenic progenitors, maturing into 

adipocytes, or into osteogenic-chondrogenic progenitors, which further differentiate into 

either chondrocytes or osteoblasts (Muraglia et. al., 2000). In particular, osteoblasts offer a 

diverse and complex set of properties to build the BM niche and regulate hematopoiesis. 

Osteoblasts are bone-forming cells that, alongside myeloid-derived osteoclasts, line the 

surface of the endosteal niche. They supply endosteal-specific ECM components and 

contribute to the calcium gradient along the BM microenvironment by expressing calcium 

derivatives (Lerner, 2012). Further, MSC-derived osteoblasts are pivotal in the homing of 

dormant HSPC through their interaction with N-cadherin at the endosteum (Arai et. al., 

2004). The expression and secretion of cytokines such as ANGPT1, SCF, CXCL12, or JAG1 

by osteoblasts further support HSPC maintenance and mobilization (Calvi et. al., 2003; 

Zhang J et. al., 2003). Deriving from the same progenitor, chondrocytes embody the building 

blocks of cartilage. Chondrocytes offer mechanical support, especially in regions undergoing 

repair or remodeling, and offer another source for ECM proteins such as collagen and 

minerals (Michelacci et. al., 2023). Growth factors such as Indian Hedgehog or Bone 

Morphogenetic Protein (BMP) are secreted by chondrocytes and participate in 

hematopoiesis, although their direct role is less extensively studied (Muir, 1995; Domingues 

et. al., 2017). The role of adipocytes in hematopoiesis is still discussed, but they have been 

shown to exert inhibitory effects on hematopoiesis (Naveiras et. al., 2009). However, 

following BM injury, large amounts of SCF are secreted by adipocytes, significantly 

contributing to hematopoietic regeneration (Zhou BO et. al., 2017). 

Accumulating in vitro and in vivo data underscores the central role of MSC in hematopoietic 

support. Additionally, MSC are recognized for their immunomodulatory functions (Le Blanc 

& Davies, 2015; Huang et. al., 2022). MSC confer a dual role in tissue homeostasis as they 

exert immunosuppressive and inflammatory functions by modulating the innate and adaptive 
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immune response. MSC surveil the local milieu for signals from local immune cells to 

adequately respond to the dynamic immunological milieu (Le Blanc & Davies, 2015). MSC 

interact with natural killer cells, regulating their cytotoxicity and cytokine production, or 

macrophages, modulating their pro- and anti-inflammatory phenotypes. Further, T-cell 

proliferation and antibody production by B-cell-derived plasma cells are modulated by MSC 

(Di Nicola et. al., 2002; Glennie et. al., 2005; Rafei et. al., 2008; Luz-Crawford et. al., 2016). 

Thereby, MSC exert an important function in regulating an adequate immune response as 

well as regeneration and tissue repair. With a special focus on MSC to protect sensitive 

HSPC from inflammatory stress, they are primarily acknowledged for their 

immunosuppressive functions (Huang et. al., 2022). Therefore, MSC are more and more 

recognized as therapeutic tools for tissue regeneration, autoimmunity diseases, such as 

diabetes, lupus, rheumatoid arthritis, multiple sclerosis, or other immune-related conditions, 

e.g. Graft-versus-Host Disease (Horwitz E et. al., 2006; Ankrum et. al., 2014). 

While exact mechanisms need to be elucidated further, MSC and its descendants take on a 

central role in the orchestration of immunomodulation and hematopoietic support (Figure 1). 

The MSC population comprises distinct and interconnected parts that contribute to 

generating the balance of the BM microenvironment to regulate HSPC cell fate during 

ontogeny and adult hematopoiesis. With this growing acknowledgment of their physiological 

significance, MSC gain more focus as a contributing factor to age-related changes such as 

osteoporosis (Hu et. al., 2018) or hematological pathologies such as leukemia (Korn & 

Mendez-Ferrer, 2017; Asada, 2018). 
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Figure 1. The contribution of MSC in healthy hematopoiesis. Healthy MSC support and regulate 
healthy HSPC by various characteristics as indicated by the green arrow. MSC are in direct receptor-
ligand contact with HSPC and additionally mediate their supportive function indirectly by the 
expression and secretion of cytokines, chemokines, and growth factors. Further, MSC differentiate 
into other niche components, contributing to the microenvironments’ architecture and integrity, and 
further supplying non-cellular components to support hematopoiesis. Immunomodulatory functions 
are exerted by interaction with immune cells (lymphoid cells) within the BM. Graphics were designed 
using Biorender.com and MS PowerPoint 2013. 

 

1.3. Hematological Neoplasms: A Major Global Burden 
Hematological neoplasms are a heterogeneous group of blood and lymph cancers and 

represent one of the most commonly diagnosed neoplasms. Increasing incidences 

worldwide are mainly attributed to the increasing life expectancy of humans, while age-

standardized death rates are declining as a result of extensive research for a deeper 

understanding of hematological neoplasms and improved treatment strategies (Zhang N et. 

al., 2023). 

The World Health Organization (WHO) subcategorizes hematological neoplasms according 

to the affected blood cell and the maturity of the malignant clone (Arber et. al., 2016; 

Swerdlow et. al., 2016; Alaggio et. al., 2022; Khoury et. al., 2022). Neoplasms affecting the 

myeloid lineage of the hematopoietic system comprise myelodysplastic syndromes (MDS), 

which is represented by the dysplasia of one or more myeloid lineages, and 

myeloproliferative neoplasia (MPN), characterized by the overproduction of mature blood 

cells. MDS patients confer an increased risk of progressing to the third pillar of myeloid 
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neoplasms (MN): acute myeloid leukemia (AML). When leukemia is preceded by MDS this 

disease is referred to as AML with myelodysplasia-related changes (AML MRC). The 

characterization of AML is based on the excessive BM infiltration of myeloid blasts, where 

20 % blasts in the BM represent a threshold for the diagnosis of AML instead of MDS or 

MPN.  

When the lymphoid lineage is affected, neoplasms are referred to as lymphoid neoplasms 

and comprise a variety of entities. Besides Hodgkin lymphomas, Non-Hodgkin lymphoma 

(NHL) confers the highest incidences (103.62 cases per 100,000 population) and death 

rates (62.18 deaths per 100,000 population) among hematological neoplasms (Zhang N et. 

al., 2023). NHL is diagnosed in the absence of the distinctive morphology and 

immunophenotypic diagnostics of Hodgkin lymphomas and is further categorized depending 

on the cellular origin and disease progression. Hence, NHL comprises diseases such as T-

lymphoblastic leukemia/lymphoma (T-ALL), B-lymphoblastic leukemia/lymphoma (B-ALL), 

chronic lymphocytic leukemia (CLL), or multiple myeloma (MM) as plasma cell disease. 

Each of these hematological neoplasms is highly complex and can be further 

subcategorized based on recurrent genetic alterations, clinical features, cytology, 

histopathology, and immunophenotype, which gives clues on the etiology of the disease 

(Arber et. al., 2016; Swerdlow et. al., 2016).  

Hematological neoplasms are usually age-related, although ALL is predominantly 

diagnosed during childhood and displays a second incidence peak in older adults, most 

likely caused by individual etiologies (Roberts, 2018). Stochastically, or due to a genetic 

predisposition of a genetic syndrome, driver mutations occur and accumulate over time and 

lead to cancerous transformation of a hematological neoplasm (Wlodarski & Niemeyer, 

2017). Also, viral infections, e.g. the Epstein-Barr virus, Hepatitis, or Human 

Immunodeficiency Virus, can contribute to the development of neoplasms of the lymphoid 

lineage (Franceschi et. al., 2011; Chadburn et. al., 2013; Cesarman, 2014). The extrinsic 

exposure to environmental toxins, such as benzene, heavy metals, pesticides, or radiation 

was additionally correlated with an increased relative risk of developing a hematological 

neoplasm (Pasqualetti et. al., 1991; Rodriguez-Abreu et. al., 2007; Poynter et. al., 2017). As 

of that, medical exposure to genotoxic agents, e.g. during anticancer therapy, is also 

associated with an increased risk of secondary cancer, particularly MN. Due to the specific 

relevance of therapy-related neoplasms in this thesis, their etiology and characterization are 

specifically addressed in chapter 1.3.2. 
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The classification of hematological disorders has advanced over the years, with the latest 

WHO classification update in 2022. The updated version highlights the advancements in 

molecular and genetic research to understand hematological neoplasms and introduced 

several changes in terminology and criteria for diagnosis (Alaggio et. al., 2022; Khoury et. 

al., 2022). For instance, the term “myelodysplastic syndromes” has been updated to 

“myelodysplastic neoplasms”, although the abbreviation “MDS” remains unchanged and still 

in practical use. Additionally, a new battery for defining genetic alterations was established, 

as well as adjusted terminology for AML MRC, now referred to as AML, myelodysplasia-

related (AML MR). The term therapy-related myeloid neoplasm (t-MN) has been updated to 

MN-pCT (post-cytotoxic therapy) (Khoury et. al., 2022). In lymphoid neoplasms, a refined 

definition for diagnostics was introduced that more specifically incorporate molecular and 

genetic criteria (Alaggio et. al., 2022). As the majority of samples in this study were collected 

before 2022 and previously taken parameters are not always available for re-classification, 

the 2016 WHO classification was applied in this work. 

1.3.1. Hematopoietic Insufficiency in Hematological Neoplasms 
Hematological neoplasms are characterized by degrees of hematopoietic insufficiency that 

arise from the BM’s inability to produce sufficient numbers of mature and functional blood 

cells (Hoffbrand & Moss, 2015). As a result, patients commonly experience a range of 

symptoms. Fatigue is a frequent consequence of anemia, where low amounts of 

erythrocytes are available for oxygen transport across the body. Increased susceptibility to 

infections is due to leukopenia and the lack of functional immune cells. Lack of platelet 

production (thrombocytopenia), leads to increased bleeding tendencies and bruising 

(Manitta et. al., 2011). These symptoms vary depending on the specific neoplasm, but the 

root cause of these symptoms is found in the BM. 

Hematopoietic insufficiency in hematological neoplasms primarily results from malignant cell 

infiltration in the BM and disruption of its normal function to produce blood cells. Depending 

on the entity, the malignant cells are of distinct origin. MDS results from accumulating 

genetic alterations in HSPC leading to dysplasia affecting either single- or multi-lineages of 

myeloid blasts. In the disease progression, the proliferation of immature blasts and arrest in 

functional differentiation ultimately lead to a displacement of functional progenitors and a 

deficiency of mature blood cells. An AML is diagnosed, either overt or preceded by MDS 

when the proportion of blasts in the BM and peripheral blood exceeds 20 %. MPN on the 

other hand is characterized by an overproduction of mature blood cells due to genetic 

alterations (Visvader, 2011; Hoffbrand & Moss, 2015). NHL encompasses a diverse group 
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of lymphoid neoplasms where the malignant cells derive from lymphocytes (Jones RJ & 

Armstrong, 2008). In MM, malignant cells are aberrant plasma cells producing abnormal 

antibodies, additionally harming the body (Barwick et. al., 2019). The commonly resulting 

hematopoietic insufficiency is primarily attributed to the increasing infiltration of malignant 

cells in the BM, which physically replace normal hematopoietic progenitors and disrupt the 

BM microenvironment, leading to impaired differentiation and hematopoiesis (Greaves & 

Maley, 2012; van Nieuwenhuijzen et. al., 2018). Additionally, malignant cells inhibit 

remaining healthy HSPC and their potency by aberrant signaling of members of the TGFB 

signaling family (Jäger et. al., 2021) or mediating the intrinsic induction of transcriptional 

regulators (Cheng et. al., 2015). Moreover, there is growing evidence that malignant cell 

signaling further exerts altering effects on the BM microenvironment, impairing the 

functionality of stromal cells to support normal hematopoiesis and reprogramming them to 

enhance malignant cell growth (Colmone et. al., 2008; Raaijmakers et. al., 2010; Geyh et. 

al., 2013; Boyd et. al., 2014; Kode et. al., 2014; Pievani et. al., 2021).  

Together, the clonal expansion of malignant cells and their signaling towards HSPC and the 

BM stroma disrupt normal hematopoiesis, eventually leading to hematopoietic insufficiency 

(Warr et. al., 2011). Whether the BM microenvironment plays an initiating, contributing, or 

subordinate role in this process and whether this can be therapeutically modulated to 

counteract leukemia-induced alterations is subject to current research and this thesis.  

1.3.2. Therapy-Related Myeloid Neoplasms: Severe Late Complications of 
Anticancer Treatment 

Therapy-related neoplasms present a critical challenge in oncology as they emerge as a 

severe late-onset complication following the administration of genotoxic anticancer 

therapies (Travis, 2006). While the goal of anticancer treatment is the elimination of cancer 

cells, classical therapies induce unselective damage to all exposed proliferating cells, 

including healthy tissues (Sinkule, 1984; Friedmann et. al., 2000). The BM has a fast turn-

over rate and is particularly vulnerable to therapy-induced damage. The multicellular 

composition of the BM is crucial for the effective regulation of hematopoiesis and the immune 

response but consequently consists of cell types with varying proliferative capacities that 

are potentially damaged by unselective chemotherapy (McNerney et. al., 2017). Therefore, 

the BM is a primary site of adverse side effects from anticancer therapy, actually used to 

treat cancers like lymphoma and breast cancer, which most commonly precede t-MN (Allan 

& Travis, 2005; Nurgalieva et. al., 2011; McNerney et. al., 2017). The relative risk of 

developing a t-MN is significantly higher as compared to other tissues, presenting incidences 
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of t-MN diagnosis of approximately 0.06-2.6 per 100,000 cases (Allan & Travis, 2005; 

Lubeck et. al., 2016). The onset of t-MN can take several years after cytotoxic treatment 

(Godley & Larson, 2008) and is statistically correlated to the primary cancer, choice of agent, 

and therapeutic dose (Allan & Travis, 2005). Furthermore, the prognostic outlook for t-MN 

patients is worse compared to equivalent de novo MN due to the higher frequency of 

adverse-risk genetic aberrations and association with therapy resistance (Travis, 2006; 

Godley & Larson, 2008; Kuendgen et. al., 2021).  

All genotoxic agents potentially drive the development of t-MN. Most cases are linked to 

exposure to alkylating agents and topoisomerase inhibitors (Pedersen-Bjergaard et. al., 

2007; Godley & Larson, 2008). Alkylating agents cause unbalanced chromosomal 

translocations, particularly on chromosomes 5 and 7 leading to cancerous transformation 

through the inactivation of tumor suppressor genes typically within five to ten years. 

Topoisomerase inhibitors induce DNA double-strand breaks, frequently activating 

oncogenes through balanced translocations. In this case, leukemia manifests within one to 

four years post-treatment (Allan & Travis, 2005). These classical agents unselectively target 

proliferating cells, resulting in clonal mutations of the remaining healthy HSPC or 

surrounding tissue. The recognition of the potential role of the BM microenvironment in 

therapy-related leukemogenesis has grown within the last decades (McNerney et. al., 2017). 

Based on this, a novel potential therapeutic target to mitigate t-MN development or improve 

patient outcomes by implementing the relevance of the BM microenvironment might be 

offered. To achieve this, a deeper understanding of the BM microenvironment in t-MN 

development and potential therapy-induced damage is required. 

In addition to the long-term side effect of t-MN development, hematopoiesis is acutely 

impaired during anticancer therapy leading to hematotoxicity in treated patients. In severe 

cases, therapy-induced hematotoxicity is dose-limiting and leads to attenuation of therapy 

and consequently to increased morbidity and mortality (Crawford et. al., 2008). 

1.3.3. Hematopoietic Insufficiency as Dose-Limiting Side Effect of 
Anticancer Treatment 

Hematopoietic insufficiency is not only a shared characteristic of hematological neoplasms 

but also a major adverse side effect of anticancer treatment (Wang et. al., 2006). Anticancer 

therapy is especially relevant in diseases like hematological neoplasms, since here no 

surgery or radiation therapy alone can cure the disease, due to its systemic nature. However, 

the unselective targeting of proliferative cells leads to undesired side effects by targeting 
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non-cancerous tissues. Hematopoietic insufficiency, also known as BM failure or 

myelosuppression, is the most severe acute side effect of anticancer treatment and causes 

the additional need for supportive care treatment. Therefore, blood transfusions or 

hematopoietic growth factors, such as granulocyte colony-stimulating factor (G-CSF), 

erythropoietin (EPO), or thrombopoietin (TPO) are used to stimulate the production of blood 

cells during treatment (Wang et. al., 2006; Griffiths et. al., 2022). However, these 

interventions are limited, and in severe cases, the therapy needs to be interrupted to allow 

the BM to recover. Consequently, increased morbidity and mortality among patients are 

reported, making severe hematotoxicity a dose-limiting side effect of oncological therapy 

(Wang et. al., 2006; Crawford et. al., 2008). 

Dose-limiting myelosuppression is reported after various chemotherapeutics, especially 

unspecific alkylating agents like cyclophosphamide or temozolomide (TMZ) and 

topoisomerase inhibitors like doxorubicin or etoposide (ETO) (Gerson et. al., 1996; Barreto 

et. al., 2014), or radiation therapy (Green & Rubin, 2014). To mitigate therapy-related side 

effects, novel therapeutics were developed to more specifically target cancer cells and spare 

healthy tissues by their mode of action, which is not restricted to cellular proliferation. For 

instance, epigenetic regulation by azacitidine (AZA) or decitabine; as well as the selective 

inhibition of proteins that are specifically upregulated in cancer cells, like members of the 

BCL2 family (e.g. navitoclax or venetoclax (VEN)), present novel therapeutics. However, 

these particular agents are also associated with myelosuppression as an acute side effect, 

which is especially prominent when applied as a combination treatment (San Miguel Amigo 

et. al., 2011; DiNardo et. al., 2019).  

The main reason for therapy-related hematotoxicity is considered to be the damage to HSPC 

and mature hematopoietic cells. However, the BM microenvironment is equally targeted by 

cytotoxic therapy, and damage to MSC as central regulators of hematopoiesis might 

contribute to myelosuppression. Data on MSC damage characterization and functionality 

are limited. A review from 2018 summarized available data on MSC alteration by various 

antineoplastic agents, including platinum-based compounds, antibiotics, topoisomerase 

inhibitors, alkylating agents, and antimetabolites (Rühle et. al., 2018). The most prominent 

effects on MSC viability were shown by antibiotics such as bleomycin or anthracyclines, 

which have negative impacts on growth, differentiation, and cell death. On the other hand, 

MSC were reported to confer efficient DNA damage repair in response to alkylating agents 

or topoisomerase inhibitors, thereby escaping cell death (Nifontova et. al., 2008; Nicolay et. 

al., 2016), although being more prone to cellular senescence after exposure (Qi et. al., 
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2012). The effect of other antineoplastic agents on MSC are limited as well. For instance, 

epigenetic regulators affect differentiation capacity due to their expressional regulation; 

however, there are differential reports on whether differentiation potential is increased or 

inhibited (Rosca & Burlacu, 2011; Yan et. al., 2014; Bae et. al., 2017; Wenk et. al., 2018). 

Besides the fact that molecular and functional effects on MSC remain scarce and 

inconclusive, there is even less knowledge about a potential contribution to therapy-related 

myelosuppression.  

Both, classical chemotherapeutics and more targeted novel therapies are implicated in 

therapy-related complications. Therefore, two substances of each category were 

investigated in this thesis on their effects on BM stromal cells and their hematopoietic 

support function, and are introduced in the next chapter. 

1.4. Antineoplastic Substances Targeting the Bone Marrow 
1.4.1. Classical Chemotherapeutics 

1.4.1.1. Etoposide  
The classical chemotherapeutic etoposide ETO is a semi-synthetic derivate of 

podophyllotoxin first synthesized in 1970 by scientists at Sandoz Laboratories in Switzerland 

(Keller-Juslen et. al., 1971). Since 1973, its antineoplastic activity has been investigated in 

clinical trials, and until today, ETO is a commonly administered cytostatic for a range of solid 

tumors and cancer types (e.g. bronchial carcinoma, malignant lymphomas, leukemia, etc.) 

(Sinkule, 1984). ETO is either administered orally or by intravenous injection. Dosage 

depends on the type and severity of the cancer as well as patient characteristics. Broadly, 

a range of 50-1000 mg/m2 body surface is applied for 2-5 days (Kato et. al., 2003; Schroeder 

et. al., 2003; Duong et. al., 2018).  

ETO inhibits the ligation activity of the enzyme topoisomerase II, thereby introducing DNA 

double-strand breaks during replication or transcription (Nitiss, 2009). During the induced 

G2/M arrest, DNA damage can be repaired by homologous recombination, or cells enter 

apoptosis if the damage is too high. This unselective targeting of cells is the main reason for 

ETO being implicated in severe hematotoxic effects (Barreto et. al., 2014). Additionally, 

persisting DNA double-strand breaks allow chromosomal aberrations, such as MLL 

translocations, which are a common consequence of ETO-induced DNA damage and typical 

for t-MN (Super et. al., 1997; Aplan, 2006). 
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1.4.1.2. Temozolomide  

The alkylating agent TMZ is a pro-drug that is specifically applied for the treatment of 

glioblastomas due to its ability to pass the blood-brain barrier, but also for other diseases 

such as metastatic melanoma (Friedmann et. al., 2000; Cohen et. al., 2005). TMZ is 

administered orally or intravenously at an initiating dose of 75 mg/m2 body surface in 

combination with radiotherapy for 42 days. Afterward, a higher dose of 150-200 mg/m2 body 

surface is prescribed for five consecutive days, following a resting period of 23 days, which 

is repeated for six months (Friedmann et. al., 2000). TMZ generally exerts lower toxicity 

toward HSPC compared to other alkylating agents. However, a selection of patients, 

especially females and patients carrying distinct polymorphisms, carry an increased risk for 

dose-limiting hematotoxicity (Armstrong et. al., 2009; Lin et. al., 2018) as well as the severe 

delayed side effect of t-MN (Noronha et. al., 2006; Kim et. al., 2009).  

Under physiological pH, the pro-drug TMZ is hydrolyzed to MTIC (5-(3-N-methyltriazen-1-

yl)-imidazole-4-carboxamide), which introduces a methyl group at the DNA (Friedmann et. 

al., 2000). Initial repair of these lesions is achieved by single-step reversion repair through 

O6-methylguanine-DNA methyltransferase (MGMT), which contains a cytosine residue in its 

active core to which the methyl group from the alkylated guanosine is transferred. Thereby, 

the protein is inactivated irreversibly and subjected to proteasomal degradation (Christmann 

et. al., 2003). The sensitivity of cells to TMZ-induced damage is highly dependent on the 

presence of MGMT and the type of polymorphic variant, which differs significantly between 

cell types and patients (Altinoz et. al., 2017). Resistance against TMZ can be counteracted 

with the co-application of the MGMT inhibitor O6-benzyl guanine (O6BG). CD34+ myeloid 

precursors were shown to have comparably low levels of MGMT activity compared to other 

human tissues, making them particularly susceptible to TMZ (Gerson et. al., 1996). When 

MGMT is exhausted, the DNA mismatch repair machinery is activated after an initial 

mispairing and introduces a DNA single-strand break (Christmann et. al., 2003). 

Accumulating DNA nicks result in the eventual formation of DNA double-strand breaks, 

ultimately triggering apoptosis to circumvent initiating mutations (Wu J et. al., 1999). Cells 

deficient in mismatch repair capacity continue DNA replication, leading to transition 

mutations that contribute to the carcinogenicity of alkylating agents (Christmann et. al., 2003; 

Allan & Travis, 2005).  
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1.4.2. Novel Antineoplastic Substances  

1.4.2.1. Azacitidine  
AZA is a synthetic cytidine-analog first synthesized by Sorm and colleagues in 1964. Since 

its admission in 2004, AZA has been specifically used for the treatment of hematological 

neoplasms. Clinically, AZA is applied as a single treatment or combination treatment with 

other agents as a subcutaneous injection for six cycles of 75 mg/m2 body surface for seven 

days with treatment breaks of 21 days. Besides gastrointestinal events and mild side effects 

such as insomnia or headaches, a more severe side effect of AZA treatment is 

myelosuppression (U.S. Food and Drug Administration, 2004; Kaminskas et. al., 2005). 

As cytidine-analogs, AZA metabolites are incorporated into the DNA during replication or 

into RNA during transcription. RNA incorporation leads to the inhibition of protein synthesis, 

while integration into DNA leads to the covalent binding of DNA methyltransferase 1 

(DNMT1), which functions as “maintenance methyltransferase”, and copies the methylation 

pattern onto daughter strands during replication. Due to the additional nitrogen atom at the 

C5 position of AZA (Figure 2B), the covalent bond cannot be released, and DNMT1 remains 

bound to the DNA, leading to the inactivation and proteasomal degradation of the enzyme 

(Stresemann & Lyko, 2008). As a consequence, daughter cells do not carry the methylation 

pattern and therefore confer expressional changes. Due to the reported aberrant 

hypermethylation, especially in abnormal hematopoietic cells, AZA was shown to confer 

clinical specificity against such diseases by reactivating tumor suppressor genes 

(Christman, 2002). At higher doses, the cytotoxic effects of AZA predominate (Kaminskas 

et. al., 2005). 

1.4.2.2. Venetoclax  
VEN (also known as ABT-199) is a selective BCL2 inhibitor (BH3 mimetic) and is generally 

applied as a combination treatment with other agents to circumvent therapy resistance 

(Scheffold et. al., 2018). VEN has been approved by the Food and Drug Administration 

(FDA) since 2018 and is mainly used in the treatment of hematological neoplasms. By 

selectively inhibiting the anti-apoptotic protein BCL2, the small molecule specifically targets 

cells with increased BCL2 content and decreases their threshold to enter apoptosis, which 

is often the case for cancer cells (Hanahan & Weinberg, 2011). For example, chromosomal 

translocations in lymphomas frequently affect the BCL2 location on chromosome 18, leading 

to overexpression of the anti-apoptotic protein (Pollyea et. al., 2019). VEN also exerts 

activity against myeloid blasts of high-risk MDS and AML that also confer increased BCL2 

expression (Reidel et. al., 2018; Blum et. al., 2023). The high abundance of BCL2 in cancer 
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cells can cause resistance against conventional therapies (Guerra et. al., 2019). Therefore, 

VEN is used to overcome this challenge and is usually applied as a combination treatment 

with hypomethylating agents such as AZA or decitabine in MDS and AML. The 

recommended dose for an oral administration of the combination treatment is 400 mg 

(Koenig & Borate, 2022), while the maximal single agent dose is limited to 1200 mg for 

28 days as the first treatment cycle, following shorter treatment cycles of 21 days. Due to 

the selective targeting of BCL2, heavy thrombocytopenia as seen in the precursor navitoclax 

is not as frequent anymore. However, common side effects of VEN still include 

gastrointestinal toxicity, pneumonia, hypokalemia, and hematotoxicity (Scheffold et. al., 

2018; Pollyea et. al., 2019).  

1.4.3. Radiation Therapy 
Radiotherapy is one of the foundational treatments of contemporary anticancer therapy. 

Radiotherapy aims to shrink or eliminate solid tumors and cancer cells and can be applied 

in combination with other chemotherapeutic agents. Depending on cancer and patient 

characteristics, the accumulative dose varies between 20 and 80 Gray (Gy) over multiple 

weeks, with daily doses of around 2 Gy (Jaffray & Gospodarowicz, 2015). Irradiation-

induced DNA strand breaks and oxidative stress are not exclusive to tumorous tissue but 

damage all exposed cells, including neighboring healthy tissue and remaining healthy 

HSPC, leading to apoptosis, proliferation arrest, or even the development of t-MN (Allan & 

Travis, 2005; Eriksson & Stigbrand, 2010). 
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Figure 2. The structural formula of antineoplastic agents that are addressed in this thesis. A. 
The classical chemotherapeutic ETO is implicated in dose-limiting myelosuppression and the 
development of t-MN. The alkylating agent TMZ is assumed to be involved in therapy-induced 
myelosuppression and is often applied in combination treatment with radiotherapy. B. Novel 
therapeutics AZA and VEN are primarily applied in hematological neoplasms, the main reported side 
effect is hematotoxicity. Structural images were obtained from the National Center for Biotechnology 
Information using the database PubChem (National Center for Biotechnology Information, 2024a, 
2024b, 2024c, 2024d). Images were adapted in MS PowerPoint 2013.  
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1.5. Scope and Aim of this Thesis 
The BM niche harbors and regulates the hematopoietic system. Among the tightly controlled 

equilibrium, MSC play a central role in supporting HSPC survival, maintenance, migration, 

and differentiation. MSC interact with HSPC through ligand-receptor binding and paracrine 

signaling of cytokines and growth factors. Their multilineage differentiation supplies the 

niche with additional regulatory components. Given their crucial role, understanding MSC 

contributions to hematopoietic insufficiency in hematological neoplasms and therapy-related 

side effects is vital for elucidating the underlying mechanisms and improving therapeutic 

strategies. 

This thesis summarizes the recent findings from our group regarding the significance of MSC 

in hematological pathological situations. MSC from patients with de novo myeloid (MDS, 

MPN, and AML) and lymphoid (NHL and ALL) neoplasms, as well as of patients with MM 

and precursor states (MGUS to SMM to MM) were extensively characterized to identify 

distinct or overlapping mechanisms involved in the pathogenesis of these diseases (Figure 

3A). Furthermore, t-MN (t-MDS and t-AML), are myeloid neoplasms evolving due to previous 

antineoplastic treatment, also characterized by hematopoietic insufficiency, but with limited 

treatment options and poor clinical outcome. Still, the potential involvement of MSC is not 

clear so far. Therefore, MSC from patients suffering from t-MN were characterized 

functionally and molecularly, identifying similarities and differences to respective 

de novo MN. Additionally, the impact of pharmacological doses of common antineoplastic 

agents was investigated in healthy MSC to elucidate their potential direct damage to the BM 

and involvement in therapy-related side effects (Figure 3B). 

A closer understanding of the role of MSC in the pathogenesis of hematological neoplasms, 

as well as their involvement in therapy-related adverse side effects might reveal novel 

therapeutic approaches that consider the role of the BM microenvironment and preserve 

their functionality.  



Introduction 

- 19 - 

 

Figure 3. Schematic depiction of the research questions addressed in this thesis. A. 
Hematological neoplasms share the common characteristic of BM infiltration of malignant cells, 
accompanied by hematopoietic insufficiency. How malignant cells affect MSC in the BM, which 
potential alterations of MSC characteristics are induced, and whether this has an impact on the 
regulation of HSPC and hematopoietic insufficiency is investigated for myeloid and lymphoid 
neoplasms in manuscripts 2.1, 2.2 and 2.3. B. Anticancer therapies are associated with hematopoietic 
insufficiency and may contribute to the pathogenesis of t-MN. Whether direct effects of antineoplastic 
agents lead to molecular and functional alterations in BM-derived MSC resulting in hematopoietic 
insufficiency and t-MN development is investigated in manuscripts 2.3 and 2.4. Graphics were 
designed using Biorender.com and MS PowerPoint 2013.
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2. Manuscripts 
This thesis consists of four manuscripts. The first manuscript 2.1. “Overlapping stromal 

alterations in myeloid and lymphoid neoplasms” (Bogun et. al., 2024b) represents a 

comprehensive analysis of patient-derived MSC expanding the knowledge about the 

potential role of MSC in the pathogenesis of myeloid and lymphoid neoplasms, including 

MDS, MPN, AML, NHL, and ALL. Stromal alterations across these entities included 

decreased cellular growth and differentiation capacity towards the osteogenic-chondrogenic 

lineage and were inducible in healthy MSC by exposure to respective malignant cell 

supernatants. Molecular analyses showed overlapping dysregulation of signaling pathways 

involved in these cellular processes, namely BMP-, TGFB-, and WNT. Notably, alterations 

were mediated by SMAD-dependent TGFB signaling in myeloid neoplasms, while lymphoid 

neoplasms primarily involved non-canonical TGFB signaling. 

The second manuscript 2.2. “Stromal alterations in patients with monoclonal gammopathy 

of undetermined significance, smoldering myeloma, and multiple myeloma” (Bogun et. al., 

2024a) investigates MSC derived from premalignant MGUS over the course of 

asymptomatic SMM and progression to MM. Functional stromal alterations were already 

imprinted in MGUS and clearly progressed in SMM and MM. RNA sequencing analyses 

revealed BMP/TGFB-signaling as mediators of stromal alterations. 

In the third manuscript 2.3. “Functional and molecular effects on the bone marrow stroma in 

patients with therapy-related myeloid neoplasms” (submission planned), MSC derived from 

patients with de novo and therapy-related MN MSC were investigated and showed 

overlapping functional and molecular deficits, including signaling pathways TGFB and WNT. 

Additionally, t-MN MSC exhibited distinct dysregulation of immunomodulatory genes, mainly 

affecting immune checkpoint signaling involving CD274, CD47, and Tumor necrosis factor 

(TNF) signaling, highlighting specific alterations potentially induced by anticancer therapy. 

The last manuscript 2.4. “Antineoplastic therapy affects the in vitro phenotype and 

functionality of healthy human bone marrow-derived mesenchymal stromal cells” (Scherer 

et. al., 2024), summarizes the therapy-induced damage of healthy MSC by antineoplastic 

therapy potentially contributing to therapy-related hematotoxicity. Indeed, ETO and AZA 

induced functional alterations in healthy MSC, including cellular growth and differentiation 

capacity respectively, while TMZ and VEN rather affected hematopoietic cells and spared 

BM-derived MSC.  
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2.1. Overlapping Stromal Alterations in Myeloid and Lymphoid 
Neoplasms 

Lucienne Bogun, Annemarie Koch, Bo Scherer, Ulrich Germing, Roland Fenk, Uwe Maus, 
Felix Bormann, Karl Köhrer, Patrick Petzsch, Thorsten Wachtmeister, Guide Kobbe, Sascha 
Dietrich, Rainer Haas, Thomas Schroeder, Stefanie Geyh, and Paul Jäger  
 
Abstract 

Myeloid and lymphoid neoplasms share the characteristics of potential bone marrow 

infiltration as a primary or secondary effect, which readily leads to hematopoietic 

insufficiency. The mechanisms by which clonal malignant cells inhibit normal hematopoietic 

stem and progenitor cells (HSPCs) in the bone marrow (BM) have not been unraveled so 

far. Given the pivotal role of mesenchymal stromal cells (MSCs) in the regulation of 

hematopoiesis in the BM niche it is assumed that MSCs also play a relevant role in the 

pathogenesis of hematological neoplasms. We aimed to identify overlapping mechanisms 

in MSCs derived from myeloid and lymphoid neoplasms contributing to disease progression 

and suppression of HSPCs to develop interventions that target these mechanisms. MSCs 

derived from healthy donors (n = 44) and patients diagnosed with myeloproliferative 

neoplasia (n = 11), myelodysplastic syndromes (n = 16), or acute myeloid leukemia (n = 25) 

and B-Non-Hodgkin lymphoma (n = 9) with BM infiltration and acute lymphoblastic leukemia 

(n = 9) were analyzed for their functionality and by RNA sequencing. A reduced growth and 

differentiation capacity of MSCs was found in all entities. RNA sequencing distinguished 

both groups but clearly showed overlapping differentially expressed genes, including major 

players in the BMP/TGF and WNT-signaling pathway which are crucial for growth, 

osteogenesis, and hematopoiesis. Functional alterations in healthy MSCs were inducible by 

exposure to supernatants from malignant cells, implicating the involvement of these factors 

in disease progression. Overall, we were able to identify overlapping factors that pose 

potential future therapeutic targets. 
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Abstract 

The hallmark of multiple myeloma (MM) is a clonal plasma cell infiltration in the bone marrow 

accompanied by myelosuppression and osteolysis. Premalignant stages such as 

monoclonal gammopathy of undetermined significance (MGUS) and asymptomatic stages 

such as smoldering myeloma (SMM) can progress to MM. Mesenchymal stromal cells 

(MSCs) are an integral component of the bone marrow microenvironment and play an 

important role in osteoblast differentiation and hematopoietic support. Although stromal 

alterations have been reported in MM contributing to hematopoietic insufficiency and 

osteolysis, it is not clear whether alterations in MSC already occur in MGUS or SMM. In this 

study, we analyzed MSCs from MGUS, SMM, and MM regarding their properties and 

functionality and performed messenger RNA sequencing to find underlying molecular 

signatures in different disease stages. A high number of senescent cells and a reduced 

osteogenic differentiation capacity and hematopoietic support were already present in 

MGUS MSC. As shown by RNA sequencing, there was a broad spectrum of differentially 

expressed genes including genes of the BMP/TGF-signaling pathway, detected already in 

MGUS and that clearly increases in patients with SMM and MM. Our data may help to block 

these signaling pathways in the future to hinder progression to MM. 
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Abstract 

Therapy-related myeloid neoplasms (t-MN) are serious late complications of anticancer 

treatment and have been mainly attributed to genotoxic alterations of hematopoietic stem 

and progenitor cells (HSPC) in the bone marrow (BM). Mesenchymal stromal cells (MSC) 

are a key component of the BM niche and are recognized as key regulator of normal 

hematopoiesis and contributor in the pathogenesis of de novo MDS and AML. MSC are also 

exposed to genotoxic stress during anticancer therapy; however, their contribution to t-MN 

development has not been elucidated so far. For this purpose, we compared MSC from 

patients with t-MN and de novo myeloid neoplasm (MN). Phenotypical alterations along with 

an altered differentiation capacity and diminished hematopoietic supporting capacity was 

similar, but more pronounced in t-MN compared MN MSC. This was also confirmed by their 

genetic signature as mRNA sequencing revealed affected genes related to MSC 

development and extracellular matrix organization. A comparison of t-MN (t-MDS and t-

AML) with MN (de novo MDS and AML) samples revealed 91 overlapping genes in all 

groups, which clearly show a relevance regarding the skeletal system and hematopoiesis. 

Moreover, a specific molecular signature including de regulated pathways involved in 

inflammation and angiogenesis was determined only in t-MN MSC, hinting on distinct 

therapy-induced alterations in the stromal compartment.  
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Geyh 

 

Abstract 

While antineoplastic therapies aim to specifically target cancer cells, they may also exert 

adverse effects on healthy tissues, like healthy hematopoietic stem and progenitor cells 

(HSPC), leading to hematotoxicity as a common side effect. Mesenchymal stromal cells 

(MSC) are a major component of the bone marrow (BM) microenvironment, regulating 

normal hematopoiesis, while their susceptibility to anticancer therapies and contribution to 

therapy-related hematotoxicity remains largely unexplored. To address this, we investigated 

the effects of etoposide, temozolomide, 5-azacitidine, and venetoclax on healthy BM-derived 

MSC functionality. Doses below therapeutic effects of etoposide (0.1-0.25 µM) inhibited 

cellular growth and induced cellular senescence in healthy MSC, accompanied by an 

increased mRNA expression of CDKN1A, decreased trilineage differentiation capacity, and 

insufficient hematopoietic support. Pharmacological doses of 5-azacitidine (2.5 µM) shifted 

MSC differentiation capacity by inhibiting osteogenic capacity but enhancing the 

chondrogenic lineage, as demonstrated by histochemical staining and on mRNA level. At 

the highest clinically relevant dose, neither venetoclax (40 nM) nor temozolomide (100 µM) 

exerted any effects on MSC but clearly inhibited cellular growth of cancer cell lines and 

primary healthy HSPC, pointing to damage to hematopoietic cells as a major driver of 

hematotoxicity of these two compounds. Our findings show that besides HSPC, also MSC 

are sensitive to certain antineoplastic agents, resulting in molecular and functional 

alterations that may contribute to therapy-related myelosuppression. Understanding these 

interactions could be helpful for the development of strategies to preserve BM MSC 

functionality during different kinds of anticancer therapies. 
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3. Discussion 
Hematological neoplasms represent a significant global health burden with increasing 

incidences worldwide driven by increasing age (Zhang N et. al., 2023). A common hallmark 

of these diverse neoplasms is hematopoietic insufficiency, irrespective of their de novo or 

therapy-related etiology (Hoffbrand & Moss, 2015). The proportion of t-MN diagnoses 

among AML diagnoses makes up 10-20 %, with an upward trend due to the increase in 

cancer survivors (Leone et. al., 2007; Fianchi et. al., 2013; Zhang N et. al., 2023). This 

demonstrates the advancements in oncology on the one hand, but challenges like dose-

limiting myelosuppression and increased risk to develop t-MN persist (Allan & Travis, 2005; 

Barreto et. al., 2014). 

Clinically, t-MN patients present with more severe cytopenias and chromosomal 

abnormalities than equivalent de novo MN, and are usually less responsive to conventional 

anticancer therapy (Godley & Larson, 2008; Larson, 2009). For this reason, t-MN patients 

confer a worse clinical prognosis and overall outcome (Wang et. al., 2006; Larson, 2009). 

Increasing evidence, including the findings from manuscripts 2.1 and 2.2, underscore the 

relevance of the BM stroma in disease progression across both myeloid and lymphoid 

neoplasms (Geyh et. al., 2013; Geyh et. al., 2016; von der Heide et. al., 2016; Bhagat et. 

al., 2017; Wu Y et. al., 2017). Based on this, the main focus of this thesis is to expand this 

knowledge to a potential role of MSC in secondary hematological neoplasms following 

anticancer therapies. Further, the hematotoxic effects of oncological therapies were 

investigated in the context of therapy-related hematopoietic insufficiency. 

We showed that functional stromal alterations were not only overlapping in primary myeloid 

and lymphoid neoplasms (manuscript 2.1 and 2.2), but also found in t-MN MSC (manuscript 

2.3) with even more pronounced deficits regarding differentiation capacity and 

hematopoiesis support. On a molecular level, all hematological neoplasms displayed 

dysregulation of pleiotropic signaling pathways TGFB and WNT. Beyond that, t-MN MSC 

additionally conferred a unique immunomodulatory signature, possibly representing a 

therapy-related origin that could be utilized for novel therapeutic strategies.  

Insights into the direct stromal damage induction by oncological therapies are addressed in 

manuscript 2.4. Healthy MSC were exposed to pharmacological doses of four antineoplastic 

agents that present with hematotoxic effects in the clinic. Alkylating agent TMZ and BCL2 

inhibitor VEN spared MSC and rather affected hematopoietic cells. However, phenotypical 
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and functional alterations were induced in healthy MSC after exposure to ETO or AZA and 

impacted their hematopoietic support function. These findings demonstrate the potential of 

certain therapeutic agents to damage MSC and contribute to therapy-related hematotoxicity. 

Together, these studies provide a comprehensive characterization of the molecular and 

functional alterations in MSC following antineoplastic therapy and expand our knowledge of 

MSC as a contributor to therapy-related adverse side effects besides de novo pathogenesis 

of hematological neoplasms. 

3.1. Stromal Alterations in Therapy-related Myeloid Neoplasms 
Resemble de novo Hematological Neoplasms  

Primary (de novo) and secondary hematological neoplasms differ in their etiologies. 

De novo neoplasms develop as a consequence of aging, genetic predisposition, and/or 

exposure to environmental- or lifestyle toxins, such as tobacco smoke. In contrast, therapy-

related neoplasms arise from the preceding exposure to oncological therapies and are 

associated with higher frequencies of cytogenetic abnormalities and worse overall survival 

compared to equivalent MN patients (Godley & Larson, 2008).  

Our comprehensive characterization of t-MN-derived MSC revealed phenotypical and 

functional alterations of t-MN MSC compared to healthy MSC (manuscript 2.3). Remarkably, 

these alterations were similar to previous findings of BM-derived MSC from patients with 

de novo hematological neoplasms (manuscript 2.1 and 2.2) in terms of morphology, growth 

characteristics, cellular senescence, and differentiation capacity. This suggests a common 

dysregulation of underlying mechanisms in MSC from patients with differential hematological 

neoplasms and was investigated using RNA sequencing. Indeed, all MSC from de novo 

hematological neoplasms, as well as therapy-related neoplasms displayed a common 

dysregulation of pleiotropic pathways such as Notch, WNT, and BMP/TGFB signaling, 

confirming and expanding the previous data by others (Kitagawa et. al., 1997; Schepers et. 

al., 2013; Bhagat et. al., 2017). These pathways are implicated in the regulation and 

differentiation of MSC and other cell types (Jian et. al., 2006; Grafe et. al., 2018) and likely 

reflect the in vitro observed deficits. Constitutive WNT activation and aberrant Notch 

signaling have been already reported in the literature as potential mediators of stromal 

alterations (Kode et. al., 2014; Bowers et. al., 2015). However, we found that the gene 

TGFB1 was consistently upregulated across all sequenced entities in our cohorts, including 

t-MN MSC (Appendix Figure 1). In addition, Ingenuity Pathway Analysis (IPA) and Gene Set 

Enrichment Analysis (GSEA) confirmed TGFB signaling as a common potential mediator. 
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To confirm a functional relevance in patient-derived MSC, the small molecule inhibitor 

SD208 was used to block the TGFB cascade and restored insufficient osteogenesis in MSC 

derived from myeloid and lymphoid neoplasms. It has to be noted that this was not 

experimented in t-MN MSC and is therefore limited to de novo hematological neoplasms. 

Still, the indication is given by the similar regulation of TGFB1 on mRNA basis and offers an 

interesting possibility for future investigations. Nevertheless, the common molecular and 

functional relevance of TGFB1 in aberrant MSC suggests TGFB signaling as a potential 

central mediator of stromal alterations. Utilizing the TGFB pathway clinically remains 

challenging due to the diverse functions of TGFB in tumor suppression, tumor promotion, or 

chemotherapy resistance (Colak & Ten Dijke, 2017; Liu et. al., 2021). However, targeting 

downstream pathways of TGFB offers intriguing targets, as myeloid and lymphoid 

neoplasms can be differentiated by dysregulation of canonical and non-canonical TGFB 

signaling. Indeed, the inhibition of canonical SMAD2/3 signaling by novel agent luspatercept 

demonstrated effectiveness by enhancing erythropoiesis in MDS patients (Cappellini & 

Taher, 2021). Expanding on these studies and the effects on MSC could further contribute 

to minimizing the adverse side effects of conventional therapies.  

Concluding that stromal alterations are likely regulated by TGFB raises the question of the 

origin of dysregulations that mediate stromal alterations and ultimately lead to hematopoietic 

insufficiency. The findings of manuscripts 2.1 and 2.2, together with those of other groups 

(Vallet et. al., 2011; Schepers et. al., 2013; Arranz et. al., 2014; Huan et. al., 2015; Yang et. 

al., 2015; Cui et. al., 2019), suggest the instructive role of malignant cell signaling to 

transform BM-derived MSC to build a leukemia-endorsing niche. While this was not tested 

in t-MN MSC, a similar mechanism can be assumed due to the presence of t-MN blasts that 

seem to be similar to MN blasts (Godley & Larson, 2008). In addition to malignant cell 

signaling, the BM stroma of t-MN patients was exposed to oncological therapies. Whether 

additional aberrations are induced by this exposure was suggested by the identification of a 

unique molecular signature in t-MN MSC, beyond the similar regulation of TGFB, WNT, and 

Notch signaling.  
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3.2. Unique Alterations in Bone Marrow-derived MSC from 
Patients with Therapy-related Myeloid Neoplasms  

Ongoing advancements in the understanding of pathological situations have enabled more 

specific treatment strategies tailored to the cancer’s genetic and molecular features, as well 

as patient-specific characteristics, such as age, disease progression, and comorbidities 

(Koenig & Borate, 2022; Totiger et. al., 2023). However, many oncological therapies still rely 

on the application of genotoxic agents, accepting the undesired targeting of healthy 

surrounding tissue (Moon et. al., 2023; National Cancer Institute, 2024) and an increased 

relative risk of patients to develop a therapy-related neoplasm later in life (Allan & Travis, 

2005). The role of MSC in the pathogenesis and hematopoietic insufficiency of t-MN patients 

was investigated by focusing on the unique alterations of t-MN MSC in comparison to 

de novo neoplasms. 

Although MSC from de novo and therapy-related neoplasms show clear similarities, t-MN 

MSC exhibited more profound impairments regarding differentiation capacity and 

hematopoietic support in direct comparison to equivalent MN MSC. This possibly reflects 

the more severe clinical parameters of t-MN patients and could result from the additional 

induced stromal damage by preceding oncological therapy besides malignant cell signaling. 

Indeed, a unique immunomodulatory signature was identified in t-MN MSC. This 

transcriptomic signature involved the dysregulation of immune checkpoint genes, including 

CD274 (also known as Programmed Cell Death 1 Ligand 1, PD-L1), CD47 (leucocyte 

surface antigen, also known as integrin-associated protein), and immunomodulatory IL11. 

Additionally, it encompassed numerous genes from the TNF signaling family, which were 

not dysregulated in respective MN MSC. Particularly, CD274 and CD47 are involved in the 

inactivation of cytotoxic T-cells and macrophages respectively, rendering them unable to 

eliminate malignant transformed cells (Sharpe, 2017; Eladl et. al., 2020). Dysregulation of 

this tumor-suppressive immune function in MSC indicates that malignant cell evasion from 

the immune system might be actively supported by t-MN MSC. To investigate the functional 

relevance of this signature in t-MN MSC, the uniquely expressed immune checkpoint genes 

could be manipulated to derive a functional dependency between these genes or pathways 

and the t-MN phenotype. If the t-MN phenotype is correlated with dysregulation of 

immunomodulatory mechanisms, therapeutic agents targeting these mechanisms might 

enhance current therapy strategies for the poor outcome group of t-MN.  
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The targeting of immune checkpoints is a current subject of clinical research in 

hematological neoplasms and exhibits potential. However, current studies are primarily 

focused on the treatment of de novo malignancies (Salik et. al., 2020). Research on t-MN 

remains scarce, not at least because of its relatively low incidence, compared to other 

hematological neoplasms (Fianchi et. al., 2013). The presented findings here potentially 

offer new approaches for otherwise unsuccessful agents. For example, the inhibition of 

CD47 was already explored in clinical trials for MDS treatment (Koenig & Borate, 2022) but 

was discontinued prematurely due to lacking efficiency. In view of the apparent 

dysregulation of CD47 in stromal cells of t-MN patients, CD47 inhibition might come into a 

new light with potentially increased efficacy because of the additional targeting of the stroma. 

This however requires extensive research on both, the efficacy against t-MN blasts, as well 

as the stroma.  

3.3. Substance-specific Effects on Bone Marrow-derived MSC 
Contribute to Therapy-related Hematotoxicity 

In view of the observed distinct stromal alterations in t-MN-derived MSC, it would be 

interesting to discern whether these effects were distinctly induced by oncological therapies, 

or are a result of the aberrant signaling of t-MN cancer cells in the BM. Whether and how 

different antineoplastic agents might impact the molecular or functional characteristics of 

MSC, as well as their potential contribution to therapy-related hematotoxicity was 

investigated comprehensively in manuscript 2.4.  

The presented results indicated substance-specific sensitivity of MSC towards 

antineoplastic agents. The potential damage to healthy MSC during therapy was especially 

demonstrated by ETO, which as a single agent treatment induced persistent cellular 

senescence in healthy MSC, accompanied by the inhibition of their differentiation capacity 

and insufficient hematopoietic support. This implicates MSC as a contributor to therapy-

related myelosuppression in this case. Similar findings were found in preliminary data of 

MSC exposure to ionizing radiation (IR) (Appendix Figure 2), highlighting DNA double-strand 

breaks as the driving force of such alterations. Also, other groups reported the induction of 

cellular changes like cellular senescence by ETO and other DNA-damaging agents, while 

conferring resistance towards apoptosis (Qi et. al., 2012; Nicolay et. al., 2016; Lutzkendorf 

et. al., 2017). The substantial induction of cellular senescence, and possibly the 

senescence-associated secretory phenotype (SASP) in stromal cells thereby contributes to 

a pro-inflammatory environment that drives disease progression (Zhou P et. al., 2021). 
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These findings coincide with the dysregulated inflammatory processes in stromal cells from 

t-MN patients and suggests an involvement of ETO-induced stromal damage in the 

immunomodulatory transformation of the BM in t-MN patients. Indeed, ETO is one of the 

substances directly correlated to the development of t-MN by inducing DNA double-strand 

breaks and allowing chromosomal translocation, specifically in the MLL gene of HSPC (Allan 

& Travis, 2005; Libura et. al., 2005). Whether ETO induces genetic alterations also in MSC, 

in addition to cellular changes remains unclear but offers a possibility for further exploration 

to establish a connection between t-MN stromal alterations and ETO exposure. 

Another interesting substance-specific effect on MSC was found after AZA exposure. AZA 

is so far not implicated as a risk factor for t-MN development. However, the hypomethylating 

agent was reported to be associated with therapy-related myelosuppression (U.S. Food and 

Drug Administration, 2004; Kaminskas et. al., 2005). In vitro reports demonstrated that the 

epigenetic mode of action of AZA enhanced the differentiation capacity and hematopoietic 

support capacity of MDS-derived stromal cells (Bhagat et. al., 2017; Xu et. al., 2023), 

indicating a different origin of hematotoxic side effects besides MSC. To explore this in our 

model, the direct effects of AZA were examined on healthy MSC (manuscript 2.4), as well 

as MN- and t-MN-derived MSC (Appendix Figure 3, preliminary data). Interestingly, 

pharmacological doses of AZA resulted in a shift of differentiation potential in healthy MSC, 

inhibiting osteogenic potential, while enhancing chondrogenic differentiation. A shift in BM 

components potentially affects the structural integrity of the BM, as well as the cell type-

specific signaling within the micro milieu. The introduction of changes in the tightly regulated 

equilibrium indicates that AZA exposure could contribute to therapy-related 

myelosuppression by affecting the hematopoietic support function of the BM. Contrary to 

healthy MSC, the characteristics of patient-derived MSC were not considerably affected by 

AZA exposure (Appendix Figure 3), which might be partially contributed to the lower 

proliferative activity of patient-derived MSC, or the dose selection. Using a lower dose 

(0.5 µM AZA for five days), Bhagat et. al. (2017) reported enhanced osteogenic potential 

and hematopoietic support capacity of MDS-derived MSC. Our analyses confirmed the 

enhanced hematopoietic support of MN MSC after exposure, but no effects on their 

differentiation capacity. This discrepancy demonstrates the importance of exploring different 

treatment schemes to fully elucidate the effect of AZA on MSC and emphasizes the need 

for further investigations, comparing the drug response between healthy, de novo MN and 

t-MN MSC. 
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Interestingly, the induced deficits in healthy MSC by AZA or ETO were similar to the 

aberrations found in t-MN MSC regarding prolonged growth, increased cellular senescence, 

and decreased osteogenic capacity. It cannot be definitively established that anticancer 

therapy alone causes the observed stromal alterations. However, it is noteworthy that 

different stimuli, including antineoplastic exposure and the interaction with malignant cells, 

appear to affect similar processes in MSC that impair the stromal support for HSPC. 

Answering the question of the exact origin of stromal alterations in t-MN MSC remains 

difficult because both factors, antineoplastic exposure and/or malignant cell interaction might 

have led to the observed aberrations. A better understanding of the underlying mechanisms 

of MSC alterations specifically induced by anticancer therapy could result from 

transcriptome analysis of healthy MSC exposed to anticancer therapies and comparing them 

to the transcriptome of t-MN MSC in the future.  

Contrary to AZA and ETO, MSC proved highly resilient against the other antineoplastic 

agents, namely the BCL2 inhibitor VEN and alkylating agent TMZ. At the same time, both 

agents inhibited the growth of hematological cancer cell lines and primary healthy HSPC. 

This indicates that the therapy-related hematotoxicity in these cases is a result of 

hematopoietic cell damage and negates the involvement of MSC in therapy-related 

myelosuppression. In the case of TMZ, the activity of MGMT in MSC poses a possible 

explanation for the cell-specific resistance. This study did not comprise methylation or 

activity analyses and there is no clear information on this in the literature so far. Therefore, 

this reasoning can only be hypothesized. Interestingly, MSC were not sensitized towards 

the alkylating agent by inhibiting MGMT, in contrast to other resistant cell lines (Marrari et. 

al., 2011; Chen TC et. al., 2022; manuscript 2.4). To elucidate the mechanism of MSC 

resistance against TMZ, more studies regarding the DNA repair machinery and long-term 

effects should be conducted.  

In the case of VEN, the resistance of MSC is most likely attributed to the relatively low 

abundance of target protein BCL2 and alternative protein MCL1 in MSC, which determine 

the sensitivity of cells towards VEN (Warren et. al., 2019). This also explains the sensitivity 

of lymphoma cell lines and intermediate sensitivity of healthy HSPC as discussed in 

manuscript 2.4. Clinically, VEN is usually applied in a combination treatment. In the standard 

care treatment for AML patients, AZA and VEN presented with synergistic combination 

effects (Derissen et. al., 2013; DiNardo et. al., 2019). While this led to an increase in the 

response rates, it also presented an increased risk for acute therapy-related 

myelosuppression (Bogenberger et. al., 2015; DiNardo et. al., 2019). Synergistic effects in 
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this case are likely caused by the MCL1 inhibition through AZA that potentiates the efficacy 

of VEN (Tsao et. al., 2012). Further explanation is given in manuscript 2.4, which showed 

that the effects of AZA on MSC might contribute to myelosuppressive effects. In combination 

with the targeting of hematopoietic cells by VEN, this explains the increased risk for 

hematotoxicity in the combination treatment.  

Overall, manuscript 2.4 gives an overview of the substance-specific effects on healthy MSC. 

These were partly overlapping with observations made in t-MN MSC and demonstrated the 

potential of direct therapy-induced stromal damage contributing to therapy-related 

hematotoxicity. By taking the preservation of stromal functions in the BM into account, 

myelosuppressive effects during oncological therapy could be minimized in the future. 

3.4. Limitations of in vitro Cultured MSC as a Model to Study the 
Bone Marrow Microenvironment 

MSC as a model cannot recapitulate the whole BM niche with its complex cellular and non-

cellular interactions. This is one reason why the stromal alterations induced by antineoplastic 

agents in healthy MSC cannot be directly translated to the observed alterations in t-MN MSC 

of manuscript 2.3, although substantial overlaps were noted. T-MN MSC were exposed to 

both, antineoplastic agents during primary treatment, as well as the aberrant signaling of t-

MN blasts during disease onset and only afterward transferred into an in vitro setting. On 

the other hand, healthy MSC were directly exposed to the antineoplastic agents in cell 

culture and did not take the interaction with surrounding niche components, including 

malignant cells into account.  

Additionally, conventional therapy strategies almost always feature the application of drug 

combinations in order to maximize therapeutic efficacy. The effects of single substances can 

be enhanced by additive or synergistic effects, or be weakened by antagonistic effects when 

combined (Humphrey et. al., 2011; Foucquier & Guedj, 2015). Most of the patients of 

manuscript 2.3 were treated with more than four agents at the same time, making the 

observed stromal alterations a result of combination effects, rather than deriving from a 

single substance. In addition to that, the patient histories in terms of primary cancer and 

treatment regimen were vastly diverse. Therefore, we could not derive a relation between 

specific drug combinations and MSC effects, as visualized in Appendix Figure 4. To 

conclude how combinations of anticancer drugs specifically affect surrounding healthy 

tissue, a larger cohort with uniform patient histories and the consideration of malignant cell 

signaling should be tested. Additionally, comparative transcriptome analyses of t-MN MSC 
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and healthy MSC exposed to one or more substances used in the combination therapy of 

the respective t-MN patients could be performed. This might help to identify underlying 

therapy-induced mechanisms in the stromal alterations of MSC. Another possibility to study 

combination effects on the BM stroma offer animal models. In vivo models take the interplay 

of cells within a tissue and circulating factors into account. Additionally, the metabolism of 

substances is considered and combination therapy can be more easily recreated, although 

the human relevance might be a shortcoming of this approach (Chen et. al., 2012; 

Balderman et. al., 2016). In the end, the integration of both in vivo and in vitro models is 

required to draw clearer conclusions before clinical explorations can be initiated.  

When studying the in vitro BM stroma of patients conferring a hematological disease, 

healthy samples are analyzed in parallel as biological control. To represent a suitable 

control, the healthy samples must be sex- and age-matched. Control matching was 

performed in the cohort of each manuscript individually. Merely in the case of manuscript 

2.2, healthy controls were older by over ten years in median compared to the patient-derived 

samples. Despite the age difference, patient-derived MSC showed striking differences in 

phenotype, functionality, and transcriptome in each stage of disease progression from 

MGUS to SMM and MM when compared to healthy samples. This suggests the overall 

fitness of the healthy cohort in this case and their suitability for the study. 

To warrant age matching between healthy controls and patients with age-related diseases, 

the applicability of MSC from donors undergoing hip surgery is considered to be suitable 

due to the similar age. Although these donors did not exhibit any sign of an underlying 

hematological disorder, age-related and asymptomatic clonal hematopoiesis in the donor 

cohort may be present in some healthy controls and needs to be considered when 

interpreting these results (Genovese et. al., 2014; Jaiswal et. al., 2014; Hecker et. al., 2021; 

Hartmann et. al., 2022; Winter et. al., 2024). While this condition was not tested in our control 

groups, exclusively healthy controls that fulfilled the minimal criteria for MSC definition were 

used (Dominici et. al., 2006). These control MSC were characterized by a healthy phenotype 

and proliferative capacity, low cellular senescence (below 25 %), trilineage differentiation 

capacity, and hematopoietic support in vitro. The same criteria were applied for the 

antineoplastic exposure of healthy MSC in manuscript 2.4. Still, further investigations 

regarding the influence of clonal hematopoiesis on MSC characteristics are of high interest 

for future studies to enhance the informative value of this in vitro model. Until now, BM-

derived MSC represent a well-established and suitable model with human relevance that 
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contributes to the advancing knowledge about the relevance of the BM microenvironment in 

normal hematopoiesis.  

3.5. Conclusion and Perspective 
The collective findings of the four presented manuscripts emphasize the role of BM stroma 

in the pathogenesis of hematological neoplasms and in mediating the hematotoxic effects 

of oncological therapy. A simplified, visualized summary of the findings presented here is 

shown in Figure 4. Shortly, MSC from de novo (manuscripts 2.1 and 2.2) as well as therapy-

related hematological neoplasms (manuscript 2.3) display resembling phenotypical and 

functional alterations, which are mainly mediated by TGFB and WNT signaling. On top of 

that, t-MN-derived MSC confer a unique molecular immunomodulatory signature, possibly 

demonstrating anticancer therapy-induced stromal alterations. Similar functional alterations 

as observed in patient-derived MSC were induced in healthy MSC by ETO and AZA 

(manuscript 2.4), and possibly contribute to therapy-related side effects. Ultimately, the 

functional and molecular stromal alterations induced by malignant cell signaling and/or 

antineoplastic agents negatively impact the hematopoietic support function of MSC and 

contribute to clinically observed hematopoietic insufficiency. Understanding the overlapping 

and distinct mechanisms that lead to this inadequate hematopoietic support can pave the 

way for more targeted therapies that preserve normal BM function during oncological 

therapy. 

To achieve this goal, the application of appropriate and standardized models for 

investigating the BM microenvironment is helpful for data comparability across research 

groups. Still, animal models remain critical, especially when assessing the therapeutic 

effects of drug combinations, while single-cell in vitro models from human samples have 

proven adequate for human relevance. For example, the identification of mediating signaling 

pathways might offer novel therapeutic ideas to target MSC and preserve BM function to 

mitigate disease progression.  

The insights of this thesis further emphasize the necessity of both, the creation of targeted 

and efficient therapies as well as an ongoing investigation into the complex interactions 

within the BM microenvironment. By incorporating these discoveries into clinical practice in 

the future, the management of hematological neoplasms and patient outcomes can be 

enhanced, and therapy-related complications can be minimized.  
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Figure 4. Simplified summary of overall findings in the discussed manuscripts. The first two 
manuscripts 2.1 and 2.2 demonstrate significant overlapping alteration in MSC from myeloid and 
lymphoid neoplasms regarding growth and differentiation capacity with prominent molecular 
dysregulation of TGFB and WNT signaling. Alterations are induced by malignant cell signaling and 
result in insufficient hematopoietic support. Manuscript 2.3 finds overlapping MSC alteration of growth 
and differentiation in t-MN and MN patients, highlighting similar underlying mechanisms involving 
TGFB and WNT signaling. Additionally, a unique dysregulation of immune checkpoint molecules and 
TNF signaling was determined in t-MN MSC, suggesting distinct alterations induced by anticancer 
therapy. The last manuscript 2.4 shows direct stromal damage by ETO and AZA in healthy MSC, 
affecting cellular growth and differentiation as shown functionally and molecularly, and contributing 
to hematotoxicity. Functional and molecular alterations were partly overlapping with t-MN-derived 
MSC. Malignant cells and healthy HSPC are also targeted by distinct substances (TMZ and VEN). 
Overall, stromal alteration in different hematological neoplasms and as a consequence of cytotoxic 
exposure are partially overlapping and contribute to hematopoietic insufficiency. The schematic was 
designed by Biorender.com and MS PowerPoint 2013.
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5. Appendix 
 

 

Appendix Figure 1. Increased TGFB1 expression in MDS, AML, t-MDS, and t-AML versus 
healthy controls. Transcripts per million (TPM) of TGFB1 were determined from RNA sequencing 
data and compared for patient-derived MSC and healthy controls for at least four independent 
samples. Student’s unpaired t-test **p <0.01, ***p <0.001. 
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Appendix Figure 2. Exposure of healthy MSC to 10 Gy IR. Healthy MSC were exposed to 10 Gy, 
medium was exchanged after 24 hours and cells were harvested after another 24 hours. Population 
doublings were calculated and representative images are shown with scale bars indicating 100 µm 
(A.). Harvested cells were used for cellular senescence assay (B.), qPCR analysis (C.), and 
differentiation assessment (D.). A control was always handled in parallel without IR exposure. 
Independent experiments were repeated 2-4 times, significance was indicated at least with n=3 using 
Student’s paired t-test **p <0.01. NC= negative control. 
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Appendix Figure 3. Comparative analysis of AZA response on healthy and patient-derived 
MSC. MSC were exposed to 2.5 µM AZA for seven days and subsequently analyzed for their growth 
(A.), morphology (B.), cellular senescence (C.), differentiation capacity (D., E.), and hematopoietic 
support capacity (F., G.). Patient-derived MSC were less responsive towards AZA compared to 
healthy samples; however, MN MSC exhibited increased hematopoietic support capacity as shown 
by Colony Forming Units (CFU) assay. Experiments were conducted with at least three independent 
samples (except F. and G. for MN MSC), and statistical analysis was performed using Student’s 



Appendix 

- 135 - 
 

paired t-test comparing AZA vs. DMSO treatment, **p <0.01, ***p <0.001). Scale bars indicate 
100 µm. 

 
Appendix Figure 4. Phenotypical characterization and differentiation capacity of seven t-MN 
patients. Depicted are representative images of MSC morphology and histochemical stainings 
(Adipogenesis: Oil Red O, Osteogenesis: Alizarin Red, Chondrogenesis: Safranin-O/Fast Green) for 
individual patients. Patient selection for this figure was based on the complete availability of collected 
data. Abbreviations: B-ALL, B-lymphoblastic acute lymphocytic leukemia; BCL, B-cell lymphoma; NHL, non-
hodgkin lymphoma; CLL, chronic lymphocytic leukemia; #, number of therapeutic cycles; GMALL, German 
Multicenter Study Group for Adult Acute Lymphoblastic Leukemia (treatment protocol); PEI, cisplatin, etoposide, 
ifosfamide; R-CHOP, rituximab, cyclophosphamide, hydrocydaunorubicin, oncovin, prednisone; BEACOPPesc, 
bleomycin, etoposide, Adriamycin, cyclophosphamide, oncovin, procarbazin, prednisone, escalated; HD-BEAM, 
high dose carmustine, etoposide, cytarabine, melphalan; FC, fludarabine, cyclophosphamide; RJT 3.7GBq, 
radioactive iodine therapy with 3.7 gigabecquerels.
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