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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

Hamatologische Neoplasien gehdren zu den am haufigsten diagnostizierten Krebsarten und
zeichnen sich durch insuffiziente Blutbildung aus. Auch ist Hamatotoxizitat eine der
schwerwiegendsten dosis-limitierenden Nebenwirkungen der Krebstherapie und tragt zu
einer erhdhten Morbiditdt und Mortalitdt 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 Hamatopoiese zu unterstitzen und zu regulieren, ist die
Rolle der MSC in der Pathogenese von hamatologischen Neoplasien und von therapie-
assoziierten Nebenwirkungen bis heute nicht komplett verstanden.

Diese Arbeit umfasst vier Manuskripte mit Resultaten, die das Verstandnis der Rolle von
MSC bei myeloischen und lymphoiden Neoplasien erweitern, und gegebenfalls
Ansatzpunkte zur Vermeidung von Hamatotoxizitat infolge von Krebstherapien liefern
kénnen. Die Manuskripte 2.1, 2.2 und 2.3 zeigen die funktionelle Beteiligung von MSC an
der hamatopoietischen 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
Veranderungen, der sich bei myeloischen und lymphoiden Neoplasien durch kanonische
bzw. nicht-kanonische Signaltbertragung unterscheidet und mdéglicherweise 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.
Wahrend funktionelle und molekulare Aberrationen mit den de novo Neoplasien tberlappen,
zeigten die Ergebnisse einer RNA-Sequenzierungsanalyse von t-MN MSC eine
ausgepragte immunmodulatorische Signatur auf molekularer Ebene, die bei aquivalenten
de novo Neoplasien nicht gefunden wurde, und auf einen therapie-bedingten Ursprung
dieser Veranderungen hindeutet. DarUber hinaus wurden durch Azacitidine und Etoposid
substanzspezifische Veranderungen gesunder MSC hervorgerufen, die die Proliferations-
und Differenzierungsfahigkeit von MSC beeintrachtigen und so zu einer unzureichenden
hamatopoietischen Unterstitzung beitragen. Diese Resultate hinsichtlich der Rolle der MSC
in diesem Kontext konnten die derzeitigen Behandlungsmoglichkeiten zur Milderung von
Nebenwirkungen wahrend der Krebstherapie erweitern.

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

in der Pathogenese von de novo und therapie-assoziierten, hamatologischen Neoplasien
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und heben MSC als mégliches, unerwilinschtes Zielgewebe von Krebstherapie hervor. Diese
Erkenntnisse konnten durch eine gezieltere therapeutische Ausrichtung zu einem besseren
Nebenwirkungsmanagement hinsichtlich der Hamatotoxizitat wahrend der Krebstherapie

fihren.

VI



Introduction

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 (Hofforand & Moss, 2015). Due to their
limited lifespan, over 10" 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 (lItkin 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 | and I, 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 (Schirch 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; ltkin 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, CD79a 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).

-3-
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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.

Number of PubMed results

PubMed search term

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 ftrilineage 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).



Introduction

Healthy HSPC Myeloid
[ ]

)
Hematopolesis i’ . o/
:.’_\I (:—-\
L _/1
f Lymphoid

Osteogenesis Cytokines
ECM Adipogenesis Immunomodulatory
- effects
® Ligands &
Chondro- receptors
genesis
Healthy MSC

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 (Hofforand & 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 (Jager 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 +-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 (Ruhle 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/m? 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 Il, 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/m? body surface in
combination with radiotherapy for 42 days. Afterward, a higher dose of 150-200 mg/m? 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
0O6-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/m? 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 similarites 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.
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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.

-20-



Manuscripts

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 Kéhrer, Patrick Petzsch, Thorsten Wachtmeister, Guide Kobbe, Sascha
Dietrich, Rainer Haas, Thomas Schroeder, Stefanie Geyh, and Paul Jager

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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Simple Summary: Myeloid and lymphoid malignant cells can become the dominant population
in the bone marrow and thus inhibit healthy hematopoiesis. Patients suffer enormously as a result,
In addition to the directly mediated inhibition of healthy hematopoietic stem and progenitor cells,
indirect mechanisms via so-called mesenchymal stromal cells can also play a role, We are focusing our
research on the latter and would like to identify functional and molecular overlapping mechanisms
within the various myeloid and lymphoid neoplasms. In the future, it may be possible to block these
mechanisms and thus prevent disease progression or improve healthy hematopoiesis.

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 mes-
enchymal 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 (i = 44) and patients diagnosed with myeloproliferative neoplasia
(n = 11), myelodysplastic syndromes (n = 16), or acute myeloid leukemia (1 = 25) and B-Non-Hodgkin
Iymphoma (r = 9) with BM infiltration and acute lymphoblastic leukemia (n = 9) were analyzed for
their functionality and by ENA 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.

Cancers 2024, 16, 2071. https:/ /doi.org/ 10,3390/ cancers16112071
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1. Introduction

Myeloid neoplasms are mainly represented by myelodysplastic syndromes (MDSs),
myeloproliferative neoplasia (MPN), or acute myeloid leukemia (AML), while lymphoid
neoplasms comprise aggressive and indolent non-Hodgkin lymphoma (NHL) as well as
acute lymphoblastic leukemia (ALL) [1,2]. Independent of the underlying specific genetic
aberrations, these hematological neoplasms originate from hematopoietic cells at various
differentiation stages, such as hematopoietic stem and progenitor cells (HSPCs) or line-
determined progenitor cells. Irrespective of the molecular aberrations, in general, they
confer growth and survival advantages to those cells over normal HSPCs [3-5].

A common feature of these neoplasms is the infiltration of the bone marrow (BM)
by malignant cells, either primarily or secondarily, with a functional takeover resulting
in hematopoietic insufficiency of various degrees. Consequently, patients experience
cytopenia-related symptoms, including anemia, infections, and bleeding, which represent
the major causes of morbidity and mortality [6,7].

The detailed underlying mechanisms by which clonal malignant cells functionally
inhibit normal HSPCs in the BM are only partially understood. To some extent, the
suppression of normal hematopoiesis certainly results from direct interactions between
clonal malignant cells and healthy HSPCs [8]. The BM microenvironment, particularly
of mesenchymal stromal cells (M5Cs), plays a pivotal role in the regulation of normal
hematopoiesis and their immunomodulatory potential and contributes to extracellular
matrix formation. Recent work from our group, as well as other research groups, has shed
some light on the pathophysiological role of the BM microenvironment in the progression
and myelosuppression of hematological neoplasms [9-14].

For instance, MSCs derived from patients with AML and MDS show structural, func-
tional, and epigenetic alterations, along with specific gene expression signatures resulting
in inadequate stromal support for normal hematopoiesis [10,14-15].

Similar results have been reported in lymphoid malignancies. Indeed, MSCs derived
from patients with multiple myeloma exhibit structural and functicnal abnormalities com-
parable to those observed in MDS and AML [9] and significantly contribute to hematopoi-
etic insufficiency in these patients. Co-culture experiments of patient-derived ALL blasts
with healthy MSCs resulted in an inhibition of osteogenic differentiation and a reduced
number of osteoblastic cells [19].

In the light of potential overlaps in the phenotype, functionality, and molecular mecha-
nisms of M5Cs between myeloid and lymphoid neoplasms, we performed a comprehensive
analysis including functional assessments and RNA sequencing (RNAseq) of MSCs from
patients with both myeloid and lymphoid neoplasms. The identification of common patho-
logical pathways could help to design a targeted therapy in the future to restore adequate
stromal support of normal hematopoiesis.

2. Materials and Methods
2.1. Patients, Healthy Controls, and Cell Preparation

Bone marrow (BM) samples were obtained from 70 patients covering AML (n = 25),
MDS (n = 16), MPN (n = 11), ALL (n =9), and NHL (>10% BM infiltration) (n = 9) who
received their initial diagnosis between 2019 and 2023. A total of 44 age- and sex-matched
healthy donors served as a control group (HC, median age: 67 years, range: 33-86 years).
Detailed patient characteristics are given in Table 1.
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Table 1. Patient dcmog ra phics and clinical characteristics.

No. %
Patients No. 70
Sex

Male 42 60

Female 28 40
AML No. 25
Median age, years (Range) a6l (25-74)
Diagnosis WHO 2016 !

Median BM infiltration, % (Range) &9 (35-95)
Median ANC, =107 /L (Range) 16.50 (0.00-21.00)
Median platelets, = 10° / uL (Range) 60 (6-279)
Median HB, g/dL (Range) 94 (4.2-11.9)

MDS No. 16
Median age, years (Range) a8 (47-81)
Diagnosis WHO 2016 2

Median BM infiltration, % (Range)

Dysplasia 2, blasts = 5% in 6

Median ANC, x10°/uL (Range) 1.76 (0.20-6.89)
Median platelets, =1 0°/ul. (Range) 69 (27-467)
Median HB, g/dL (Range) 92 6.6-11.2
MPN Na. 11
Median age, years (Range) Al (22-75)
Diagnosis WHO 2016 o
Median BM infiltration, % (Range) Proliferation, blasts < 5%
Median ANC, x10°/uL (Range) 16,10 (5.40-47.20)
Median platelets, x 10° /ul (Range) 534 (34-1564)
Median HB, g/dL (Range) 13.6 (9.3-16.6)
ALL No. 9
Median age, years (Range) 47 (22-69)
Diagnosis e
Median BM infiltration, % (Range) 85 (40-95)
Median ANC, x10°/uL (Range) 2.35 (0.34-15.20)
Median platelets, x 107 /uL (Range) 53 (9-138)
Median HB, g/dL (Range) 11.8 (8.5-16.7)
NHL Na. 9
Median age, years (Range) a3 (35-76)
Diagnosis 5
Median BM infiltration, % (Range) 25 {10-90)
Median ANC, x10°/uL (Range) 3.40 (0.33-8.90)
Median platelets, x 107 /ul. (Range) 193 (6B-345)
Median HB, g/dL (Range) 125 (4.8-15.2)

T AML with rec. gen. abnormalities (n = 11), AML MRC (n = 7), AML NOS (n = 7). 2 MDS-MLD (n = 7), MDS-EB-I
{1 = 4), MDS-EB-II (1 = 2), MDS-RS-MLD {1 = 3). 3 PV (1 = 2), ET {1 = 2), PMF (1 = 2), atyp. CML (1 = 1), CML
{m=1), MPN-U (n = 1), post-P¥-MF {1 = 1), post-ET-MF (1 = 1). * precursar-B-ALL {1 = 6), precursor-T-ALL {r = 1),
mature=T-ALL {(# = 2). 7 LPL {# = 3), MCL (11 = 2), HCL (n = 2), B=CLL (1t = 1), MZL (11 = 1). Abbreviations: AML,
Acute Myeloid Leukemia; ANC, Absolute Neutrophil Count; ALL, Acute Lymphoblastic Leukemia; BM, Bone
Marrow; CLL, Chronic Lymphatic Leukemia; CML, Chronic Myeloid Leukemia; EB-1, with Excess Blasts 5-9%
in BM; EB-II, with Excess Blasts 10-19% in BM; ET, Essential Thrombocythemia; HE, Hemoglobin; HCL, Hairy
Cell Leukemia; LPL, Lymphoplasmacytic Lymphoma; MCL, Mantle Cell Lymphoma; MF, Myelofibrosis; MDS,
Myelodysplastic Syndrome; MLD, Multilineage Dysplasia; MRC, MDS Related Changes; MPN, Myeloproliferative
Neoplasia; MZL, Marginal Zone Lymphoma; NOS, Not Otherwise Specified; PMF, Primary Myelofibrosis; I'V,
Pn])'cythem ia Vera; RS, Ringsideroblasts; U, Unclassified.

MSCs were derived from the mononuclear cell (MNC) fraction of these specimens
and cultured as previously described [10]. All experiments were carried out using MSCs
derived from passages 3—4. Furthermore, in 19 cases of these patients, M5Cs as well as
MNCs for generations of conditioned media were available.
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2.2. Cell Culture Conditions and Reagents

MSCs were cultured as previously described [20]. MNC fractions were cultured in
RPMI + 20% FBS (Sigma Aldrich, St. Louis, MO, USA) and supplemented with [L-3, IL-6,
SCEF (all 10 ng/mL), and FLT-3Ligand {20 ng/mL}, all from Peprotech, Hamburg, Germany,
as previously described [5].

2.3. Growth Properties and Cellular Senescence

The colony-forming unit fibroblast (CFU-F) activity was determined in primary culture
under a light microscope. Cumulative population doublings (CPDs) were calculated after
each passage. 3-galactosidase activity, as an indicator for senescent cells was measured
using the Cellular Senescence Detection Kit (Biolabs, San Diego, CA, USA) in accordance
with the manufacturers’ instructions. Under a light microscope, visualization of senescent
cells, as reflected by their blue staining through B-galactosidase activity, was evaluated as
previously described [10].

2.4, Conditioned Media

To generate conditioned media (CM), 2.7 x 104 /em? cells of the cell lines NALM-6,
MAVER-1, MEC-1, HL-60, and K422 (all purchased from DSMZ, Braunschweig, Germany)
were cultivated in T75 em? culture flasks for 3 days following the manufacturers’ instruc-
tions. For patient-derived CM, 2 x 10° /cm? BM-derived MNCs from patients with myeloid
neoplasms (MPN, MDS, and AML) and lymphoid neoplasms (ALL and NHL) and MNCs
(1 = 16) from healthy controls (HC) were cultivated in RFMI + 20% FBS medium supple-
mented with IL-3, TL-6, SCF (10 ng,/mL), and FLT3-Ligand (20 ng/mL, all from Peprotech,
Hamburg, Germany). Cells were cultured under humidified conditions at 37 °C and 5%
CO;. After incubation time, cell-free CM was harvested by filtration (Minisart™ 0.45 um,
Sartorius AG, Gattingen, Germany) and stored at —80 “C for further experiments.

2.5. Differentiation Properties

Differentiation assays from native MSCs into adipocytes, chondroblasts, and os-
teoblasts were performed on Passage 3. For adipogenic differentiation, DMEM high glucose
was supplemented with Insulin (0.1 mg/mL), Indomethacin (0.2 mM), Isobutylmethylx-
anthane (1 mM), and Dexamethasone {10~% M) (all Sigma Aldrich), and differentiated for
21 days. Visualization of lipid vacuoles was performed using Oil Red O staining. Chondro-
genic differentiation was induced with DMEM high glucose supplemented with TGF-83
(10 ng/mL, PeproTech Inc., Rocky Hill, CT, USA), L-Proline (40 pg/mL), ascorbate-2-
phosphate (50 ug/mL), ITS+1 (1%) and Dexamethasone (10~7 M) (All from Sigma Aldrich).
After 21 days, chondrogenic pellets were cut on a cryostate, and proteoglycane was stained
with Safranin O. Alizarin Red staining was used to visualize osteogenic differentiation after
14 days of osteogenic induction in a medium consisting of DMEM low glucose ascorbic acid
(50 pg/mL}), B-glycerol-phosphate (10 mM) and dexamethasone (10 7 M). Differentiation
assays were performed as previously published [10,20]. Images were digitalized using
SPOT Software version 4.7 (Diagnostic Instruments Inc., Sterling Heights, MI, USA) as
previously described [10] and visualized using an Axiovert 23 microscope (Zeiss, Jena,
Germany). We used a 5 objective-Zeiss CP-Achromat 5 PhO for native and osteogenic
differentiated MSCs, a 10 objective-Zeiss CP-Achromat 10 Phi for adipogenic differentiated
MSCs, and a 2.5 objective-Zeiss CP Achromat for chondrogenic differentiation.

2.6. Hematopoietic Support—Long-Term Culture-Initiating Cells (LTC-IC Assay)

A total of 0.8 > 10°-1.0 x 10° MSCs were cultivated on 96-well plates (Costar, Corning,
KS, USA) and irradiated with 30 Gray using Gulmay RS225 X-ray equipment. Subsequently,
6 % 10° healthy CD34+ cells were plated on these MSC feeder layers and then further
processed using the same conditions and reagents as in our previous work [10,15].
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2.7. Co-Culture with Conditioned Media and Blocking of TGFBI

To investigate which properties are mostly affected on healthy MSCs due to the
malignant compartment, 1.4 % 10% /em? healthy MSCs were cultivated with primary MDS,
MPN, AML, ALL or MM-derived MNCs, or cell line-derived CM (generated as described
in 2.4) from INA-6, RPMI-8226, NALM-6, MEC-1, MAVER-1, SU-DHL-6, and K-422 on a
t-well plate. After 72 h (at 37 °C, 5% CO; under humidified conditions), viable cells were
counted under a light microscope and were included in the following experiments.

Using SD208, an active ATP-competitive transforming growth factor-33 receptor 1
(TGF-ARI) (ALKS5) inhibitor (0.5 uM diluted in 10 mM DMSO, Biotechne / R&D systems,
Minneapolis, Minnesota) to investigate the effects on TGFB1 signaling, healthy MSCs and
MSCs derived from myeloid and lymphoid neoplasms were induced towards osteogenic
differentiation and 50208 or DMSO (as control) was added to each medium change during
the 14 days of osteogenic induction.

2.8, Quantitative Realtime-Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated using the RNeasy Micro Kit or Mini Kit (Qiagen, Hilden, Ger-
many) with the optional DNase digestion, following the manufacturer’s instructions. Using
a StepOne Plus Realtime PCR cycler and Power SYBR Green PCR Mastermix (Applied
Biosystem, Life Technologies, Carlsbad, CA, USA), gRT-PCR was performed in duplicate.
GAPDH was used as reference control and differences in mRNA expression level were
evaluated with the AACT method. Primer sequences can be provided on request.

2.9. RNA-Sequencing

For transcriptome analysis, total RNA was DNase digested and quality controlled
before further use by quantifying them fluorometrically (Qubit RNA HS Assay, Thermo
Fisher Scientific Inc., Waltham, MA, USA) and checking their integrity by capillary gel
electrophoresis on the FragmentAnalyzer system using the “Total RNA Standard Sensitivity
Assay” (Agilent Technologies, Inc., Santa Clara, CA, USA). Libraries were prepared using
the VAHTS universal V6 RNA-seq library prep kit (Illumina, San Diego, CA, USA). Briefly,
500 ng total RN A was used for poly(A) RNA selection, fragmentation, cDNA generation,
adapter ligation, strand selection, and library amplification. Bead-purified libraries were
normalized and finally sequenced on the NextSeq 2000 system (Illumina Inc. San Diego,
CA, USA) with a read setup of 1 x 151 bp. The bel2fastq tool was used to convert the bel
files to fastq files and for adapter trimming and demultiplexing as previously described [£].

2.10. Bioinformatical Analysis

Bioinformatical analysis A: The fastq files were analyzed with CLC Genomics Work-
bench (version 20.0.3, QIAGEN, Venlo, The Netherlands). The reads of the samples were
both adapter and quality trimmed. The default settings were used (bases < Q13 were
trimmed from the end of the reads, ambiguous nucleotides max. 2). The reads were
mapped against the human reference genome (hg38, GRCH38.103) (14 April 2021). Multi-
group comparisons of the individual conditions (3 replicates each) were performed and
statistically analyzed. The Empirical Analysis of DGE (version 1.1, cutoff = 5) algorithm
implemented in CLC was used for this purpose. A p-value < (.05 was considered significant
after multiple test corrections for FDR. Using the Ingenuity Pathway Analysis software (Qi-
agen Inc., 2020, Venlo, The Netherlands), the data were further analyzed while maintaining
the standard parameters (1FC| = 1.5, p < 0.01, P [FDE] < 0.05).

Bioinformatical analysis B: Raw sequencing reads were cropped at their 5 position
by 12 bases using the Trimmomatic function “headcrop”. The following analyses were
initiated in the first quarter of 2023 using the online resources listed below. Alignment
was then performed in a two-pass approach with STAR v2.7.2 [18] (adapted from hitps:
/ fdocs gdecancergov/ Data/Bioinformatics_Pipelines/ Expression_mRNA_Pipeline and
described previously) [8]. New splice junctions were detected in the first pass and added to
the reference human genome GRCh38.97 (hg38) to complement the second pass alignment.

- 26 -



Manuscripts

Cancers 2024, 16, 2071 6of 21

Subsequently, featureCounts (1.6.5) and DESeq2 were applied to the aligned reads to identify
differentially expressed genes. An FDR g-value of below (.05 was used as the criterion to
assign significance. Additionally, StringTie (2.0.3) [19] was applied to calculate fragments
per kilobase of transcript per million mapped reads (FPKM-values). Further downstream
analyses contained principal component analysis using the R package FactoMineR (1.42)
and heatmaps created with pheatmap (1.0.12). Gene set enrichment analysis (GSEA, Broad
Institute, Boston, MA, USA) was tested with FPKM values on custom gene sets or gene sets
within the Molecular Signature Database (https://www.gsea-msigdb.org/gsea /msigdb).
Gene Ontology analysis was conducted using a Panther over-representation test (https:
/ /amigo.gencontology.org /amigo) using the significantly differentially expressed genes as
input. Significance was addressed by a Fisher's exact test followed by a Bonferroni correction.

2.11. Data Access
RNA sequencing expression data are currently being deposited in the NCBI Sequence
Read Archive (SRA) with BioProject ID PRINA1091937.

2.12. Statistical Analysis

GraphPad Prism 8.4.3 (GraphPad Software Inc., La Jolla, CA, USA) was used for
statistical analyses. The Wilcoxon signed-rank test was used for intraindividual analysis,
while a two-sided unpaired Student’s t-test was performed for interindividual comparison.
SEM and means are provided for every experiment and a statistically significant level of
p = 005 was determined (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Results
3.1. MSCs from Myeloid and Lymphoid Neoplasms Showed Similar Alterations in Growth
Capacity and Cellular Senescence

MSCs are usually characterized in vitro by a spindle-type morphology, their colony-
forming unit fibroblast (CFU-F) activity, and plastic adherence, which results in the for-
mation of a parallel growing feeder layer reaching 80% confluence after a few days in
culture. Our group and others have previously reported deficits in morphology, which
were accompanied by a diminished growth capacity as well as a higher percentage of
cellular senescence, especially for MDS and AML-derived MSCs [10,15]. In contrast, MSCs
derived from MPN, ALL, and NHL displayed a less atypical phenotype when compared to
the disturbed morphology observed in MDS and AML-derived MSCs from new samples
obtained for this comprehensive study (Figure 1A). Moreover, MDS and AML-derived
MS5Cs were more prone to cellular senescence, as reflected by active -galactosidase in
contrast to the relatively lower incidence observed in MPN, ALL, or NHL-derived MSCs
(Figure 1B).
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Figure 1. Growth capacity and cellular senescence of M5Cs from myeloid and lymphoid neoplasms.
(A) Representative micrographs of phenotype from Healthy-, MPN-, MDS-, AML-, ALL-, and NHL-
derived MSCs with scale bars indicating 100 pm are shown. Bar charts of the CFU-F activity of MSCs
from Healthy-, MPN-, MD5-, AML-, ALL-, and NHL-derived MSCs. (B) Representative micrographs
of number of cellular senescence visualized in blue from native Healthy-, MPN-, MDS-, AML-, ALL-,
and NHL-derived M5Cs in Passage 3 after the B-galactosidase staining. Scale bars indicating 100 pm
are shown, Asterisks display p-values * p < 0,05, **** p < 0.0001.

3.2. MSCs from Myeloid and Lymphoid Neoplasms Showed Similar Reduced
Chondrogenic-Osteogenic Differentiation Capacity

Patient-derived MSCs from all groups showed a reduced chondrogenic differentiation
capacity, as evidenced by the pellet size and safranin O staining. In detail, MDS-derived
MSCs showed the most severely reduced chondrogenic differentiation capacity, visualized
by Safranin O and a very rough and cracking surface. MPN and AML-derived MSCs
displayed a rather normal smooth chondrogenic surface structure, albeit with an uneven
distribution of proteoglycan (Figure 2A). Conversely, ALL-derived MSCs exhibit the highest
amount of proteoglycan despite their reduced pellet size, while NHL-derived M5Cs showed
a similar reduced chondrogenic differentiation capacity to that of MDS-derived MSCs
(Figure 2A).
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Figure 2. Chondrogenic and osteogenic differentiation capacity of MSCs derived from patients with
myeloid and lymphoid neoplasms. (A) Representative micrographs of proteoglycan after Safranin
O staining of chondrogenic-induced MSCs after 21 days. Scale bars indicating 100 pum are shown.
Right side: area size in pm of chondrogenic pellets after 21 days of induction was measured and
presented as bar charts of the respective MSC group in comparison to healthy MSCs (white bar).
(B) Osteogenic differentiation was induced for 14 days and stained with Alizarin Red. Representative
micrographs of the osteogenic potential of MSCs. Scale bars indicating 100 pum are shown. Right
side: Bar charts represent staining intensity of observed osteogenic differentiation. Osteogenic
differentiation capacity was graded according to the microscope as previously described [10]. Bar
charts of the mRNA expression level of osteogenic factors OSTERIX (C), OSTEOCALCIN (D), and
(E) TPM values from our sequencing data of Integrin Binding Sialoprotein (IBSP). For all other
experiments, results are expressed as Mean + SEM. Asterisks display p-values * p < 0.05, ** p < 0.01,
*** p < 0,001, **** p < 0.0001.

MSCs derived from MDS and AML showed a 1.4-fold reduced osteogenic differen-
tiation capacity (MDS: 1.8; AML: 1.75 vs. HC: 2.6, p value: <0.05), as already published.
However, a significantly greater reduction of 2-fold with regard to osteogenic differen-
tiation capacity was seen in MSCs derived from MPN patients (MPN: 1.3 vs. HC: 2.6
p-value < 0.01). Even more pronounced, ALL-derived MSCs showed a 2.6-fold reduced
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osteogenic capacity in comparison to M5Cs derived from healthy individuals, while NHL-
derived MSCs showed the greatest osteogenic impairment with a 3.2-fold diminished
differentiation capacity (ALL: 1 and NHL: 0.8 vs. HC: 2.6, p-values < 0.01) (Figure 2B).
Molecular analysis revealed a correlation with decreased expression levels of osteogenic fac-
tors such as OSTERIX or OSTEOCALCIN in gRT-PCR analysis. A significantly decreased
expression of OSTERIX was measured in all patient-derived MSCs (Figure 2C), while
OSTEOCALCIN was strongly reduced in MPN, ALL, and NHL-derived M5Cs, and signifi-
cantly reduced in MDS and AML-derived MSCs (Figure 2D). Furthermore, TPM values of
IBSP from our sequencing data were strongly decreased in derived MSCs (Figure 2E).
Using Oil Red O staining, no significant differences in adipogenic differentiation
capacity could be observed in adipogenic-induced MSCs after 21 days of culture.

3.3. Insufficient Hematopoietic Support in Myeloid and Lymphoid Neoplasms

Crucial interactions governing the homing, proliferation, or differentiation of HSPCs
with MSCs are well established. Stem Cell Factor (SCF), also known as KITLG, plays a
pivotal role in the differentiation, proliferation, and survival of hematopoietic stem cells.
Notably, SCF was found to be strongly downregulated in MSCs over all hematological
neoplasms, and MSCs derived from myeloid neoplasms exhibited the most pronounced
reduced mRNA expression of SCF (Figure 3A). The stromal cell-derived factor-1 (SDF-
1, also known as CXCL12) is another key player in hematopoiesis, directing migrating
HSPCs or activating lymphocytes, SDF-1 mRNA expression was striking diminished in
all MSCs from patients with hematological neoplasms, encompassing both myeloid and
lymphoid (Figure 3B). In terms of functionality assessed in a long-term culture initiating
cell (LTC-IC) assay, decreased expression of SCF and SDF-1 was associated with decreased
hematopoietic supporting capacity. In detail, MDS and AML MSCs exhibited a 9.2-fold and
a 7.6-fold reduced hematopoietic supporting capacity, while MPN M5Cs showed a 1.2-fold,
ALL-derived MSCs a 2.1-fold, and NHL-derived MSCs a 2.4-fold reduced hematopoietic
supporting capacity (Figure 3C, LTC-IC frequency in %, HC: (.55%; MPN: 0.31%, MDS:
0.05% p-value: <0.05; AML: 0.12% p-value: <0.05; ALL: 0.238; NHL: 0.19% p-values: <0.05).

—1.0
>0.8
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Figure 3. Hematopoietic supporting capacity of M5Cs from myeloid and lymphoid neoplasms. Box
plots of mRNA expression of hematopoietic factors SCF (A) and SDF-1 (CXCL12) (B) in healthy-,
MPN-, MDS-, AML-, ALL-, and NHL-derived MSCs. mRNA expression was measured by qRT-PCR
in healthy MSCs (1 = 22), MPIN MSCs (i = 14), MDS MSCs (i = 10), AML MS5Cs (1 = 10), ALL MSCs
(n=7),and NHL M5Cs (n = 4). {C) Box plots of long-term initiating cell (LTC-IC) assay frequency.
Hematopoietic supporting capacity of MS5Cs derived from healthy and hematological neoplasms.
Asterisks display p-values * p < 0.05, ** p < 0.01, ™* p < 0.001, *** p < 0.0001.
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3.4. Patient-Derived and Cell Line-Derived Conditioned Media-Induced Deficits in M5Cs

Previous data from our group and others have indicated that conditioned media
from AML cell lines could induce various alterations in M5Cs related to growth and
differentiation [4,20]. Building upon the hypothesis that soluble factors contribute to
stromal alterations, we exposed healthy MSCs to conditioned Media (CM) derived from
MNCs of healthy controls and patients with MDS, AML, ALL, and NHL. Additionally, we
use CM from commercial cell lines covering AML HL-60, ALL NALM-6, and NHL cell
lines MEC-1, MAVER-1, and K422,

After 3 days of cultivation, CM of the two NHL cell lines MAVER-1 and K422 induced
phenotypical disorganization and reduced growth capacity in healthy MSCs. In contrast,
CM from the MEC-1 NHL cell line and the NALM-6 ALL cell line did not induce these
alterations in healthy MSCs (Figure 4A,B). Interestingly, CM derived from all cell lines
induced a significantly reduced expression of O5TEOCALCIN in M5Cs (Figure 4C).
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Figure 4. Exposure of healthy M5Cs to conditioned media (CM) derived from cell lines and BM-MNCs
from patients with myeloid and lymphoid neoplasms. (A) Representative micrographs of phenotype
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of ‘r'n:,‘allhj,r MSCs after co-culture with CM from cell line HL-60 (AML), cell line NALM-6 (ALL),
MEC-1, MAVER-1, and K422 (all three NHL). Scale bars indicating 100 pm are shown, (B) Box
plots present cell numbers of healthy MSCs after 3 days of co-culture with CM derived from cell
lines. (C) Box plots demonstrate mRNA expression of osteogenic factor OSTEOCALCIN measured
by qRT-PCR. (D) Representative micrographs of phenotype of healthy MSCs after co-culture with
patient-derived CM from BM-derived MNCs for 3 days. Scale bars indicating 100 um are shown.
Caleulated cell numbers of manipulated healthy MSCs after 3 days of co-culture are given in box plots.
(E) Box plots present cell numbers of healthy M5Cs after 3 days of co-culture with CM derived from
patients’ BM MNCs. (F) mRENA expression of OSTEOCALCIN was measured in healthy MSCs after
co-culture with respective patients BM-MNC CM by qRT-PCR. Asterisks display p-values * p < 0.05,
g < 0,001

Conditioned media (CM) derived from the MNCs of patients with myeloid neoplasms
lead to significantly reduced growth capacity of MSCs (cell number: +CM MNC Healthy:
2.7 x 10%; +CM MNC Myeloid: 2.2 x 10°) after three days. A 2.2-fold reduced cell
number of healthy MSCs after co-culture with CM derived from the MNCs from ALL and
NHL patients was found and accompanied by a dramatically altered broad and flattened
morphology (Figure 4D,E).

Consistent with experiments using cell line derived CM, the mRNA expression for
OSTEOCALCIN was 22-fold significantly diminished after co-culture with CM derived
from MNCs from patients with myeloid neoplasms, and 63-fold diminished after co-culture
with CM derived from MNCs from patients with lymphoid neoplasms (Figure 4F).

3.5. RNA Sequencing Distinguish MSCs from Myeloid and Lymphoid Neoplastis

In order to obtain a better understanding of the observed functional and morphological
alterations in MSCs across all entities at the molecular level and to identify common
mechanisms, we performed RNA sequencing. As the respective entities are heterogeneous,
we selected some representative samples from patients with B-cell neoplasims. In the case
of myeloid neoplasms in AML, we concentrated on those with blasts, whereas in patients
with MDS or MPN, we concentrated on those without blast proliferation. As a result,
RNA sequencing data were available for MSCs from five healthy donors, four MDS, five
MPN, four AML, four B-NHL, and five B-ALL. A detailed patient characteristic of the
selected samples is shown in Figure 5A. In myeloid neoplasms (MDS, MPN, and AML),
RNA sequencing revealed, in comparison to normal donors, 606 exclusively differentially
expressed genes in MPN M5Cs, 303 in MDS, and 413 in AML (FDR: q < 0.05). The greatest
overlap, with 261 differential genes in MSCs, was noted between the pathophysiologically
closely related myeloid stem cell diseases MDS and AML. This is reflected to some extent in
the result of the Principal Component Analysis (PCA), which grouped the samples of MDS
and AML closer to each other than to those of the other entities (Figure 5B). In contrast, the
number of differentially expressed genes overlapping between MDS and MPN was 123,
while the comparison of MPN and AML MSCs reveals a total overlap of 176 differentially
expressed genes. Looking at the intersection of genes differentially expressed in all three
entities, 263 overlapping differentially expressed genes were found. In lymphoid neoplasms
of B-cell origin (B-ALL, B-NHL), RNA sequencing showed 972 differentially expressed
genes exclusively in B-ALL derived MSCs and far fewer (193) exclusively differentially
expressed in B-NHL-derived MSCs in comparison to healthy controls (FDR: q < 0.05).
Meanwhile, there was an overlap of 196 differentially expressed genes in the MSCs of
patients from both lymphoid entities.
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Figure 5. RNA Sequencing. (A) Clinical parameters of patients’ characteristics, which were included
in RNA sequencing. (B) Principal Component Analysis (PCA) of MSCs from Healthy (n = 5, black),
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MPMN MSCs (n = 5, purple), MDS (1 = 4, brown), AML (n = 4, yellow), B-ALL (n = 5, orange), and
B-NHL (n =4, green). (C,D) Venn diagrams of differentially expressed genes (FDR g-value < (1L05)
for MSCs from myeloid (left: MPN, MDS, and AML) and for MSCs from lymphoid (right: B-ALL
and B-NHL) neoplasms with tables of overlapping differentially expressed genes of 263 in M5Cs of
myeloid neoplasms (MPN, MDS, and AML MSCs; left) and 196 in M5Cs of lymphoid (B-ALL and
B-NHL; right) neoplasms. Green highlighted genes indicate overlapping genes in all hematological
neoplasms and. black highlighted genes were exclusively found in the respective group (myeloid or
lymphoid) (TGFB1*, was significant in p-value 0.005, FDR g-value 0.1, B-ALL sample 2 exhibited a
lower Transcript per million (TPM) expression of TGFB1 than all other samples).

In the next step, we focused on differences and similarities between MSCs from
myeloid and lymphoid neoplasms to unravel overlapping genes and pathways that may
contribute to hematopoietic insufficiency. For that purpose, we performed a detailed
examination of the differentially expressed genes (FC = 1.5, FDR q = 0.05) across all
hematological neoplasms, encompassing 263 genes for the myeloid and 196 genes for the
Iymphoid entities. First, we concentrated on the subset of differentially expressed genes
that we only found in the myeloid neoplasms. Among those are key players such as
TGFBR3L, Integrin Binding Sialoprotein (IBSP), Frizzled-2 (FZD-2), and Frizzled-9 (FZD-9),
which are essential for governing osteogenesis (Figure 5C,D). On the other hand, there
were differentially expressed genes which we only overserved in patients with lymphoid
neoplasms. Among them are BMP8B, WNT5B, TLR3, and TNFRSF19, which are pivotal
for proliferation or apoptosis. This subset of genes also contained a substantial number of
genes encoding collagens (COL9A2, COL8AL, COL21A1, COL4A4, and COL4A2), which
are crucial for tissue development, osteogenesis, and cartilage formation (Figure 5C,D).

3.6. RNA Sequencing Revealed Owerlapping Genetic Signatures Associated with
Chondrogenic-Osteogenic Differentiation and Hematopoietic Supporting Capacily in MSCs from
Muyeloid and Lymphoid Neoplasms

Looking at the group of “overlapping genes” that were differentially expressed in
all hematological neoplasms, we found candidates crucially involved in osteogenesis and
hematopoiesis, such as BMP5 (Bone morphogenetic protein 5). This is a member of the TGF
superfamily and a key player in osteogenesis, regulating several downstream processes
including downregulated genes such as HANDZ, the T-Box transcription factor TBX15, and
PITXZ, which are crucial for skeletal formation. The Dickkopf WNT signaling pathway
inhibitor 2 (DKK-2) is another crucial factor for osteogenesis, with cross-talking to the
BMP /TGF signaling pathway including PITX2 [21-23]. Furthermore, in MSCs from all
hematological neoplasms, we observed an overexpression of HOXA2 and HOXA3 as well
as HOXB2-8 genes, which are crucial for hematopoietic cell fates and skeletal development.
The group of overlapping genes also included proteins participating in the formation
of extracellular matrix (ECM) such as EMILINZ or TIMP4 (Metalloproteinase Inhibitor
4) (Figure 6A,B). Gene set enrichment analysis (GSEA) reveals a strong enrichment of
genes for osteogenesis and hematopoiesis in M5Cs derived from patients with myeloid
and lymphoid neoplasms (Figure 6C). The differentially expressed genes were further
corroborated through Reactome and Gene ontology (GO) analysis, encompassing processes
as outlined in more detail in Supplementary Figure 51. Interestingly, looking for differences
among the entities, Reactome analysis indicated a strong enrichment of genes involved in
cell cycle regulation, particularly in the patients with MDS and AML. On the other hand,
genes governing ECM processes were particularly affected in MSCs derived from lymphoid
neoplasms. In line with this, GO analysis provides a similar tableau with a significant
enrichment of genes involved in growth and cell death processes that were most affected
in MD5- and AML-derived MSCs, and a strong enrichment of genes involved in skeletal
system formation in MSCs from all groups (Supplementary Figure 52).
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Figure 6. Overlapping differentially expressed genes in all hematological neoplasms affect cell
processes. (A) Left side: Graphical overview of representative overlapping differentially expressed
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genes that were found in MSCs from all hemalologica] ncop]asms from ovcr]apping genes in the
respective group from green highlighted in Figure 5D, A total of 74 differentially overlapping genes
were identified in all hematological neoplasms. Right side: Transcript per million (TPM) values of
TGFBI in MS5Cs from our RNA sequencing data. Asterisks display adjusted p-values *** p < 0.001,
< 0.0001. (B) A total of 14 of these 74 genes are directly linked and form a potential theoretical
protein network to TGFB signaling as visualized by using the STRING database (B, right side). A
protein network was generated with the STRING database (Version 12.0) and adapted. Blue-circled
genes indicate downregulation and red-circled genes indicate upregulation of these genes in our
RMA sequencing. Visualization of further genes from the “overlap all neoplasms” group, that
are regulators or related to the WNT and BMP/TGFB signaling pathways as well as downstream
targets of these signaling pathways such as PITX2, HAND2, or TBXI5, that were found in all
hematological neoplasms, were contrasted with healthy M5Cs. These genes play crucial roles in
ECM, differentiation, or hematopoiesis (TGFB1*, was significant in p-value 0.005, FDR g-value 0.1,
B-ALL sample 2 exhibited a lower Transcript per million (TPM}) expression of TGFB1 than all other
samples). (C) Strong enrichment in genes related to osteogenesis or hematopoiesis in all MSC groups
reflected by gene set enrichment analysis (GSEA). Normalized enrichment score (NES), p-value, and
false discovery rate (FDR) are given.

3.7. TGFBI as Potential Overlapping Upstream Regulator

Ingenuity Pathway Analysis (IPA) predicted TNF or TGFB1 as potential upstream
regulators in all patient-derived M5Cs (Figure 7). Gene set enrichment analysis (GSEA)
confirmed a strong enrichment for a TGFB signature but not for a TNFA signature in all
patient-derived MSCs contrasted to healthy MSCs, except for B-NHL-derived MSCs. The
latter showed a strong enrichment of an interferon signature (Figure 7).
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Figure 7. Ingenuity Pathway Analysis (IPA) and gene set enrichment analysis (GSEA) of native MSCs
from Healthy, MFN, MDS, AML, ALL, and NHL MSCs. Tables of Ingenuity Pathway Analysis (IPA)
and the prediction of potential upstream regulators from native MSCs from MPN, MDS, AML, B-ALL,
and B-NHL contrasted to healthy and waterfall Plots from GSEA of native M5Cs from Healthy, MPN,
MDS, AML, B-ALL, and B-NHL MSCs. p-value, FDR g-value, and normalized enrichment score
(NES) are included.
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3.8. RNA Sequencing Revealed SMAD-Dependent and SMAD-Independent
BMP/TGFB-5ignaling in Myeloid and Lymphoid Neoplasms, Which Can Both Be Blocked as
Potential Therapeutic Targets

We were able to detect overlapping differentially expressed genes in the myeloid and
lymphoid groups that are related to growth, differentiation, and hematopoiesis. BMPs, IN-
HBA, or DKK2 could be clearly assigned to the WNT and BMP/TGFB signaling pathways.
Exclusively differentially expressed genes related to the BMP/TGFE signaling pathway
in the respective group indicated a shift in the regulated signaling pathways. In the next
step, we were interested in other genes related to these signaling pathways and whether
we could find a group-specific signature. In the myeloid samples, a considerable number
of genes integrated into or regulated by the canonical BMP'/TGFB and WNT signaling
pathways, as well as TGFB1, Frizzled, or GSK3A, were directly cross-talking and regulating
downstream targets by SMAD- and beta-catenin signaling (Figure 8A,B). In comparison,
the lymphoid group showed an impressive number of specifically differentially expressed
collagens regulated by inflammatory programs, such as the MAPK pathway induced
by TGFBE (Figure 8A,B). A detailed view into our DESeq2 Data revealed a clear shift to
canonical BMP /TGFB-signaling in M5Cs from myeloid neoplasms, especially for MDS
and AML, reflected by a respective number of genes such as TGFB1, TGFB3L, and a low
number of detected genes for MAPK-signaling (via JNK and ERK). The heterogeneous
MPN group exhibited a high number of both genes involved in SMAD-dependent and
SMAD-independent BMP /TGFB signaling. A clear increase in differentially expressed
genes involved in TGFB-inducible MAPK-signaling was detected in ALL and a higher
number in NHL MSCs, as reflected by MAPK11 or MAPK10 (Figure 8C). Assuming that
TGF/BMP-signaling acts as an overarching regulator of the canonical and non-canonical
signaling pathway in varying degrees in the individual entities and is deregulated here, we
wondered whether a blockade could reverse the observed effects. Since we saw overlapping
impairments in the MSCs of various entities, particularly in osteogenic differentiation, we
induced osteogenic differentiation in healthy M5Cs and in MSCs derived from myeloid
and lymphoid neoplasms, and added the active ATP-competitive transforming growth
factor-p receptor 1 (TGF-BRI) (ALK5) inhibitor SD208 to each medium change within the
osteogenic differentiation period. Interestingly, the addition of SD208 during the osteogenic
differentiation period led to a significant restoration of osteogenic differentiation capacity
(Figure 8D).
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Figure 8. Graphical overview of representative exclusively differentially expressed genes from our
RNA sequencing data in the myeloid and lymphoid group that are clearly assigned to the BMP/TGFB
signaling pathway. (A) Illustration of representative and exclusively differentially expressed genes
only in the “all myeloid group” (MPN, MDS, AML) and the exclusively overlapping differentially
expressed genes only in the “all lymphoid group” (B-ALL, B-NHL) (from Figure 5D, black highlighted
genes). Translation of differentially expressed genes from our mENA sequencing data (FDR g-value
< (.05) from ow:rlapping genes in all m}reioid and scpamtely in all ]}'mphnid groups to a correlation
and potential protein network of these genes as generated with STRING database (Version 12.0),
STRING visualization was adapted starting from TGFB1 as is highlighted with a circle. In the “all
myeloid group”, 52 out of 192 exclusively differentially expressed genes in this group clearly show
a direct correlation to the TGFB-signaling cascade based on current data in STRING (Version 12.0)
(B, left side). In the “all lymphoid group”, 26 out of 123 exclusively differentially expressed genes in
this group clearly show a direct correlation to the TGFB-signaling cascade based on current data in
STRING ({Version 12.0) (B, right side). Overrepresented genes are red-circled, and underrepresented
genes are blue-circled. (B) Graphical overview of further exclusively differentially expressed genes in
the respective group, myeloid or lymphoid group (contrasted to healthy) that are regulators or related
to the WNT and BMP/TGFB signaling pathways as well as downstream targets of these signaling
pathways exclusively in the respective group. (TGFB1*, was significant in p-value 0.005, FDR g-value
0.1, B-ALL sample 2 exhibited a lower Transcript per million (TPM) expression of TGFB1 than all
other samples). (C) Ulustration of representative and exclusively overlapping differentially expressed
genes in the “all myeloid group” and the “all lymphoid group” and the relationship to the canonical
and non-canonical BMP/TGFB signaling pathway. llustration of DESeq2 Data (p-adjusted < 0.05)
reveals a clear shift to SMAD-dependent BMP/TGFB signaling in MDS and AML MSCs, while B-
ALL, B-NHL, and the MFN group exhibit an increase and notable number of differentially expressed
genes related to SMAD independent MAPK-signaling. (D) Representative pictures of MSCs from
healthy, myeloid, and lymphoid groups after 14 days of osteogenic differentiation together with
SD208. DMSO serves as an internal control. M5Cs were induced for osteogenic differentiation and
SD208 was added to each medium change within the osteogenic differentiation period. After 14 days
of induction, M5Cs were stained with Alizarin Red. Scale bars indicating 100 wm are shown,
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4, Discussion

The major finding of this comprehensive study on the alterations inferred from the
mesenchymal stromal cells of the bone marrow by infiltrating malignant cells of hematolog-
ical neoplasms is diverse and dependent on the type of neoplasm. This is true with regard
to the phenotypical changes as well as the molecular signature as reflected by the results of
RNA sequencing of MSCs from myeloid and lymphoid neoplasms.

For instance, in MSCs derived from the myeloid neoplasms, a remarkable number
of genes belonging to the TGF superfamily genes, such as TGFB-1, various BMPs, and
INHBA as well as genes of the WNT signaling pathway, were differentially expressed.
MPN-derived M5Cs were the most heterogeneous group, showing a high number of addi-
tional differentially expressed genes related to inflammation or extracellular matrix (ECM)
formation. In particular, the genes from the BMP /TGF signaling pathway are crucial for the
regulation of proliferation, cell cycle, or differentiation of bone marrow MSCs. This finding
may explain the profound functional deficits—significantly greater in comparison to the
MSCs derived from the lymphoid group—such as structural integrity, cellular senescence,
osteogenic differentiation capacity, and long-term culture initiating cell capacity. The latter
deficit is characterized by a lack of SDF-1 and CXCL12 expression. These stroma-derived
growth factors are essential for the maintenance of normal hematopoietic stem cells within
their bone marrow niche. In accordance with these findings, it was shown by another group
in myeloproliferative neoplasms that the hematopoietic cells induced a downregulation
of the HSPC retention marker CXCL12 [12]. The architecture of this particular niche also
greatly depends on osteoblast and on a finely tuned osteogenic differentiation of MSCs
which is significantly hampered in the myeloid-derived MSCs. These findings provide
a reasonable explanation of the hematopoietic insufficiency observed with the strongest
impairment encountered in patients with MDS and AML. On the other hand, in MSCs de-
rived from lymphoid neoplasms, a remarkable number of genes involved in inflammatory
processes like the TNF signaling pathway or the NFKB signaling pathway were observed.
Different from the myeloid group, we found a high number of differentially expressed
genes encoding proteins involved in the formation of the extracellular matrix (ECM), in
particular members of the collagen family. Some studies have shown that MSCs from
B-ALL patients have a pro-inflammatory genetic signature. The authors also found that
MSCs from these patients were more prone to senescence and had a reduced osteogenic
differentiation capacity, while their adipogenic and chondrogenic differentiation capacity
was normal or increased [24-26]. In comparison, we found that the molecular disturbance
with regard to growth and differentiation along the osteogenic and chondrogenic lineage
was similar to ALL patients. In this context, other studies such as Medina et al. interestingly
showed that MSCs from patients with mantle cell lymphoma protect the malignant cells
from spontaneous and drug-induced apoptosis through the secretion of B-cell activating
factor and activation of the canonical and non-canonical NFkB pathways [27]. Approaching
the group of “overlap genes” which were in comparison to the healthy controls differen-
tially expressed in all hematological neoplasms, we found candidates, such as DKK2, PITX2,
and TBX15, various HOXA2/3, HOXB2-B8 genes, and BMP5, that are crucially involved in
the regulation of cell growth, osteogenesis, and hematopoiesis. For instance, BMP5 as a
member of the TGF superfamily plays a pivotal role in the regulation of various processes,
and is crucial for the stimulation of chondrogenesis and osteogenesis. Downstream targets
such as PITX2 or osteogenic transcription factors such as OSTERIX play an essential role in
osteogenic differentiation. In addition, BMPs are known to regulate the expression of other
factors such as SERPINE? involved in ECM formation, while, for example, HOXAZ2 inhibits
BMP5 expression in murine palatal MSCs. Altogether, alterations in gene expression and
signaling pathways reflect a dysregulated osteogenesis contributing to a dysfunctional
stem cell niche, irrespective of the underlying hematological disease [23,28,29].

Again, these molecular data are in accordance with the results of our in vitro cul-
tures, demonstrating that MSCs derived from all hematologic neoplasms exhibit reduced
osteogenic differentiation capacity, in particular going along with a reduced mRNA expres-
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sion of the osteogenic marker OSTEOCALCIN. Assuming soluble factors have the potential
to induce the observed functional alterations, we could show that exposure of healthy
MSCs to patient-derived conditioned media led to a phenotypical disorganization and
reduced growth capacity, and induced a reduced expression of OSTEOCALCIN in these
MSCs. What are the mechanisms by which the BM-infiltrating cells confer their malignant
imprint on the normal stroma cells? Based on the mRNA sequencing and functional data,
we consider genes of the TGF family as dominant players in the pathophysiological net-
work for hematopoietic insufficiency in all hematological neoplasm. In that respect, the
findings of our comprehensive study confirm our previous findings of mRNA sequencing
data from the MSCs of patients with MDS, AML, or multiple myeloma, and are in line
with the results from other groups. These published data show that the structural and
functional deficits greatly result from the secretion of soluble factors TGFB or CCL-3. They
exert direct inhibitory and indirect effects resulting in the molecular reprogramming of
the MSCs in myeloid and lymphoid neoplasms [9,10,13-18,30-32]. Accordingly, upon
exposure to TGFB1, healthy MSCs developed functional deficits and adopted a phenotype
reminiscent of that observed in patient-derived stromal cells, which could be reverted by
the TGFB1 inhibitor SD208, especially towards their osteogenic differentiation capacity
(Figure 4C,E) [9,16]. Despite the involvement of genes and pathways common for both
groups of hematological malignancies, it appears that disturbances along the canonical
signaling pathway are predominant in myeloid neoplasms, whereas alterations along the
non-canonical signaling pathway are more prominent in lymphoid neoplasms as reviewed
by other groups [33-36]. It was therefore not surprising that blocking TGFB signaling
with SD208, which inhibits both the canonical and non-canonical pathways, led to an
improvement in functionality, especially osteogenic differentiation in both groups.

5. Conclusions

In summary, mesenchymal stromal cells (MSCs) derived from patients with myeloid
neoplasms (MPN, MDS, and AML) as well as lymphoid neoplasms (B-ALL and B-NHL)
exhibit structural and functional alterations. Consequently, they play a crucial role in the
pathophysiology of these conditions, significantly contributing to inadequate hematopoiesis.
Our findings suggest the presence of overlapping mechanisms not only in the phenotype
and functionality of M5Cs but also in the underlying molecular pathways. Commonly
involved factors, such as members of the TGF superfamily, have been identified across all
neoplasms. Therefore, effectively blocking these pathways represents a promising strategy
for improving hematopoiesis in affected patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/S www.mdpi.com/farticle /10.3390 / cancers16112071 /51, Figure 51: Reactome analysis of M5Cs
derived from MPN, MDS, AML, ALL, and NHL; Figure 52: Gene ontology (GO) analysis of MSCs
derived from myeloid and lymphoid neoplasms contrasted to healthy M5Cs.
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Supplementary Figure S1. Reactome analysis of MSCs derived from MPN, MDS, AML, ALL, and

NHL. A strong enrichment of cell cycle was detected in MD5- and AML-derived M5Cs from the
myeloid group, while MPN, B-ALL, and B-NHL-derived MSCs exhibited a strong enrichment for
extracellular matrix (ECM).
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Supplementary Figure 52. Gene ontology (GO) analysis of MSCs derived from myeloid and lym-
phoid neoplasms contrasted to healthy MSCs. (A) Representative GO analysis for enriched cell
processes such as overrepresented negative regulation of growth/positive regulation of cell death
(GO:0043068 regulation of cell death; GOW0030308 negative regulation of cell growth; GOD045926
negative regulation of growth) were strongly enriched in all patient groups, with the highest fold-
change in MDS and AML M5Cs. (B) Representative GO analysis for underrepresented skeletal sys-
tem morphogenesis/development (GO:048705 skeletal system morphogenesis; GO:0001501 skele-
tal system development). M5Cs from both myeloid and lymphoid patient groups exhibit a signifi-
cant strong enrichment in the skeletal system.
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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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Stromal alterations in patients with monoclonal gammopathy of
undetermined significance, smoldering myeloma, and multiple
myeloma
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Thorsten Wachtmeister,” Romans Zukovs,' Sascha Dietrich,' Rainer Haas,” Thomas Schroeder,’ Paul Jager," and Stefanie Geyh'**
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Germany; and “Institute of Medical Microbiology and Hospital Hygiene, University of Duesseldart, Medical Faculty, Duesseldorf, Germany

+ Stromal alterations are
already imprinted in
patients with
asymptomatic stages
that further progress in
patients with MM.

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
(MS5Cs) 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

2 T_ha E;MP.-‘T?;F— study, we analyzed MSCs from MGUS, SMM, and MM regarding their properties and
::g:aa:n&:?n ARy Cam functionality and performed messenger RNA sequencing to find underlying molecular

- signatures in different disease stages. A high number of senescent cells and a reduced
progression and may 8 2 i

become a potential
therapeutic target to
prevent end-organ
damage.

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.

Introduction

Multiple myeloma (MM) is characterized by an infiltration of clonal plasma cells in the bone marmrow (BM)
accompanied by end-organ damage such as hematopoietic insufficiency and/or osteolysis. The latter is
a result of increased osteoclast and impaired osteablast function.' ™ MM with indication for treatment is
present when either end-organ damage is present, and thus, at least 1 of the CRAB (calcium elevation,
renal insufficiency, anemia, and bone lesions) criteria is met, or clinical predictive biomarkers like 60%
bone marrow plasma cells, involved:uninvolved serum free light chain ratio =100 or >1 focal lesions on
MR studies (SLiIM-CRAB) are present that make progression of the disease highly likely.

Submitted 12 September 2023; pted 9 January 2024, prepublished online on Data are available upon reasonable request from corresponding authors, Paul Jiger
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Smoldering myeloma (SMM) does not clinically show CRAB or
SLIM CRAB criteria and therefore does not need to be treated
initially, but it can, with a significant probability of 10% per year,
progress into a full blown MM.

This also applies to monoclonal gammopathie of undetermined

significance (MGUS), which is present in ~3% of those aged >50

years and has a probability of transformation into MM of ~1% per
45

year.

The underlying mechanisms of how these asymptomatic or pre-
malignant stages evolve to MM await further clarification, particu-
larly because there are limited valid biomarkers reliably predicting
the likelihood of progression.”™" In the BM microenvironment,
mesenchymal stromal cells (MSCs) are important components and
are characterized by their capacity to differentiate into adipocytes,
chondroblasts, and ostecblasts.” MSCs are particularly relevant for
the support of hematopoietic stem and progenitor cells with regard
to proliferation, migration, and differentiation. These processes are
governed and mediated via cross talk by direct cell-cell contact or
secretion of a great variety of cytokines.™"”

Based on earlier findings of alterations in MSC in MM,'" we were
interested in a better understanding of the mechanisms underlying
disease progression from premalignant and asymptomatic stages
to the final stage of MM. In addition, it is of major clinical interest to
identify possible factors involved in progression, for example, the
development of osteolysis, which can be blocked with already
available drugs that are applied in other hematological diseases. To
address this, we investigated for the first time MSCs from healthy
donors (HD) and patients with MGUS, SMM, and MM toward
functionality and performed RNA sequencing.

Material and methods
Patients, healthy controls, and cell preparation

BM samples were obtained from a total of 40 patients (MGUS, n=
11; SMM, n = 7; MM, n = 22). Healthy BM samples were derived
from 41 healthy individuals (median age, 78 years; range, 33-90
years) undergoing orthopedic surgery. Detailed patient character-
istics with typical features of the respective disease entity docu-
mented progression or pre-phase, fluorescence in situ hybridization
data; high risk was defined according to revised international
staging score'” and International Myeloma Working Group'® and
C-reactive protein values, which could indicate inflammatory pro-
cesses as potential confounders (Table 1).

MSCs were derived from the mononuclear cell (MNC) fraction,
after density gradient centrifugation of BM aspirates of these
specimens, and were directly cultured as previously described.’*'®
All experiments were carried out using MSC derived from pas-
sages 3 to 4. The study was approved by our local institutional
review board (approval number: 4777) and all patients gave written
informed consent.

Cell culture conditions and reagents

Healthy MSCs were cultured in Dulbecco's modified eagle medium
low glucose supplemented with 30% fetal bovine serum and 1%
penicillin/streptomycin/L-glutamine (PSG; all from Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany), given in the legends of
the respective figures.

2576 BOGUN et al

CM and coculture

To generate cell line-derived conditioned media (CM), 2.7 x 10%/cm?
cells of the MM cell line INA-6 {purchased DSMZ) were cultivated in
RPMI with 10% fetal bovine serum and 1% PSG (all from Sigma
Aldrich, Taufkirchen Germany) as previously described. To generate
patient-derived CM, 2 x 10%/cm? BM-derived MNC from patients with
MGUS, SMM, or MM and from healthy controls were used freshly or
from short time frozen storage in liquid nitrogen and thawed afterward.
Cell number and cell viability were measured by CASY cell counter
system and showed no differences in viability. Cells were then culti-
vated and further cocultivated with healthy MSCs as previously
described.'™'® To investigate effects on the transforming growth
factor beta 1 (TGFB1) signaling, we used the active adenosine
triphosphate (ATP)-competitive transforming growth factor beta
receptor 1 (TGF-pRI) (ALKS) inhibitor SD208 (0.5 pM; Biotechne/
R&D systems, Minneapolis, MN), diluted in DMSO (10 mM). Healthy
MSC were cocultured with respective CM with and without SD208
(DMSO served as control) for 3 days and subsequently after 14 days
of osteogenic induction, Alizarin Red staining visualized osteogenic
differentiation. DMSO served as control.

Phenotypic characterization of MGUS-, SMM- and
MM-derived MSCs

Primarily patients-derived MSCs were characterized regarding their
morphology and growth properties by light microscopy. Quantifi-
cation of growth was determined as described elsewhere.' """
Differentiation properties

Differentiation assays into ostecblasts, chondroblasts, and adipo-
cytes were performed on Passage 3. Adipogenic and chondrogenic
differentiation were induced as previously described.'” For osteo-
genic differentiation, Dulbecco’s modified eagle medium low glucose
were supplemented with dexamethasone (107 M), ascorbic acid
(50 pg/mL), and p-glycerolphosphate (10 mM; all Sigma-Aldrich) and,
after 14 days of differentiation, visualized by Alizarin Red staining. All
images were visualized using Axiovert 25 microscope (Zeiss, Jena,
Germany; 5 objective Zeiss CP-Achromat 5 PhO, for native and
osteogenic differentiated MSC or a 10 objective-Zeiss CP-Achromat
10 Ph1, for adipogenic differentiation, Zeiss EC Plan-Neofluar, 2.5x/
0.075, for chondrogenic differentiation) and digitalized with the
SPOT Software (Diagnostic Instruments Inc, Sterling Heights, MI).

Long-term culture-initiating cells assay

A total of 0.8 x 10° to 1.2 x 10° MSCs were cultivated on 96-well
plates (Costar, Corning) and irradiated with 30 Gray using Gulmay
RS225 X-ray equipment. Subsequently, 8 x 10 healthy CD34™ cells
were plated on these MSC feeder layers and then further proceeded
using the same conditions and reagents as in our previous work.'*'*

Cellular senescence assay by fi-galactosidase staining

p-galactosidase activity is an indicator for cellular senescence and
was determined by using the Cellular Senescence Detection Kit
(Biolabs, San Diego, CA), following manufacturer’s instructions. Cells
were visualized under light microscope and senescent cells reflected
blue staining through p-galactosidase activity were assessed.

Enzyme-linked Immunosorbent Assay

Filtered conditioned media from MSC were harvested in pas-
sage 3 and frozen at -20°C. Human CXCL12/SDF-1 alpha

€ blood advances
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Table 1. Patients demographics and clinical characteristics Table 1 (¢ i
No. *® No. %
Patients no. 40 Mean CRP, mg/dL (range) 056 0.1-3.7)
Sex Docurnented SMM or MGUS pre-phase k] 38
Mak: 0 55 Seatter Plot for Infiltration [%], Scatter Plot for hemoglobn (HB) [g/dl] of MGUS, SMM and
Femnale 18 45 MM patients included in this study at time of diagnosis shown on the right side.
— MGUS, of ined signif ; SNM, i
MGUS no. 11 a7 myeloma; MM, multiple myeloma; CRP, C-reactive protein; FISH, fluorescence in situ
’ hybridization.
Median age, y (range) 65 (44-78) *'IgG kappa n = 7, IgG lambda n = 2, IgM lambda n=1.
Type *’LC kappa n=1.
*gG kappa n = 3, IgG lambda n = 2, lgA kappa n = 1.
Heavy chain leading*' 10 91 “*LC kappan=1.
Light chain leading®® : 5 . :I?G kappa n =9, lgG lambda n = 4, IgA kappa n = 3, lgA lambda n = 1, IgG lambda
FISH *"LC kappa n = 3, LC lambda n = 1.
*Plot ehows the HB values of the individual patients.
Standard risk 3 27 1Plot shows the infiltration rate by plasma cells of the individual patients.
h rigkt 2 8 Shccording fo revised-international staging score and International Myeloma Working
High ricie3 Group: dal{17p), t{4;14), t{14:16), +1q21.
Missing [ 55
Mean CRP, mgfdL (range} 0.65 (0.1-2.8)
Documented SMM progression o 18 Enzyme-Linked Immunosorbent Assay-Quantikine was per-
SMM no. 7 18 formed according to the manufacturers’ instructions (R&D sys-
(T = S tems, Minneapolis, Minnesota).
Type Quantitative real-time PCR
Heayy chein loecing”® g L RNA was isolated using the RNeasy Micro Kit or Mini Kit (Qiagen,
Light chain leading"* 1 1% Hilden, Germany) with the optional DNase digestion, according the
FISH manufacturer's instruction.
Slandr riek 4 ek All quantitative realtime PCR were performed in duplicates on a
High risk 3 43 StepOne Plus Realtime PCR Cycler using SYBR Green PCR
Missing [ o Master Mix (Applied Biosystems, Life Technologies, Carlsbad, CA).
Mean CRP, mg/dL (range) 04 (0.1-1.0) All primer sequences can be provided on request. GAPDH serves
Documented MGUS pre-pt g == as reference control, and dr!ferences' in the expression on
; messenger RNA level were calculated with the ACT method.
Documentad MM progression B il
MM no. 22 55 RNA-sequencing
Median age, y {range) 58 (50-76) DNase digested total RNA samples used for transcriptome analyses
Type/Paraprotein were quantified (Qubit RNA HS Assay, Thermo Fisher Scientific Inc,
Heavy chain leading*® 18 a2 Waltham, MA) and quality measured by capillary electrophoresis
Light chain leading"® i 18 using the fragmgnt analyzer and the “Total RNA Standa@ Sensit.ivily
Assay” or the bioanalyzer assay "Eukaryote Total RNA Pico” (Agilent
CRAB (see below) i : i
. Technologies, Inc, Santa Clara, CA). The library preparation was
Hype calcasisa 1 b performed according to the manufacturer's protocol using the
Renal failure 3 14 VAHTS universal V& RMA-seq library prep kit (llumina, San Diego,
Anasmia® 8 38 CA). Briefly, 10 ng total RNA was used for poly(A) RNA selection,
B s 1 77 fragmentation, complementary DNA generation, adapter ligation,
strand selection, and library amplification. Bead purified libraries were
SLiM CRAB (see below) 5 :

. it normalized and finally sequenced on the NextSeq 2000 system
Sidypercent bona memow plooma cells: n L (llumina Inc, San Diego, CA) with a read setup of 1 x 150bp. The
Light chein radio 2100 8 hid bel2faste tool was used to convert the bl files to fastq files as well
>1 focal lasions on MRI studies 1 5 for adapter trimming and demultiplexing as previously described.'”

FISH s i .
Bioinformatical analysis
Standard risk 1 50
igh risk = . Data analyses on fastq files were conducted with CLC Genomics
" z g Workbench (version 20.0.3, QIAGEN, Venlo, The Netherlands).
Missing
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Reads of all probes were adapter trimmed and quality trimmed
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(using the default parameters: bases below Q13 were trimmed
from the end of the reads, ambiguous nuclectides maximal 2).
Mapping was done against the Homo sapiens (hg38) (Mai 25,
2017) genome sequence. After grouping of samples (3 biological
replicates each) according to their respective experimental condi-
tion, multigroup comparisons were made and statistically deter-
mined using the empirical analysis of differential gene expression
(version 1.1, cutoff = 5). The resulting P values were corrected for
multiple testing by false discovery rate (FOR) correction. A P value
< .05 was considered significant. The data were further evaluated
with the Ingenuity-Pathway analysis software (Qiagen Inc 2020,
Venlo, The Netherlands) using the core analysis with default
parameters (FCj = 1.5; P < .01; P [FDR] < .05).

After quality control, the sequencing raw data were trimmed by
removing the first 12 bases from each read. Alignment was per-
formed using the program STAR v2.7.2a'" against the reference
human genome GRCh38.97 (hg38). Alignment was performed as a
2-pass experiment, which means that in a first step new splice
junctions were detected, which were added in the second step to
the initial reference. The analysis pipeline was adapted from an NIH
protocol.

After applying the program featureCounts (1.6.5) to the aligned
reads, DESeq2 (1.24.0) was used to calculate the differential
expression of patients-derived samples in contrast to healthy indi-
viduals. Genes with an FDR g-value <0.05 were considered differ-
entially expressed. StringTie (2.0.3)'" was applied to calculate
fragments per kilobase of transcript per milion mapped reads
(FPKM values). Principal component analysis plots were created in R
using the FactoMineR (2.3) and pheatmap (1.0.12) packages. For
gene set enrichment analysis (GSEA) (Broad Institute, Boston, MA),
the fragments per kilobase of transcript per milion mapped reads
values obtained from StringTie (2.0.3) for the different samples and
the healthy controls were compared either with the gene sets con-
tained in the Molecular Signature database or with self-made gene
lists. The parameter metric was set to Signal2Noise, and 1000 gene
set-based permutations were applied to all analyses.

Gene Ontology analysis was performed with differentially expressed
genes using the panther ovemepresentation test, which is accessible
via the AmiGO 2 webpage (https://amigo.geneontology.org/amigo).
A Fisher's exact test was performed, and the results were
Bonferroni-comected as previously reported.’”

Statistical analysis

Statistical analyses were performed using Prism 8.4.3 (GraphPad
Software Inc, La Jolla, CA). For interindividual comparison, the 2-
sided unpaired Student ¢ test was used, whereas for intra-
individual analysis, the Wilcoxon signed rank test was used. For all
experiments, means and standard error of the mean (SEM) are
given. Statistical significance was established at P < .05 (* P <
0.05; ** P < .01; *** P < .001; ** P < .0001).

Results

MSC transition from MGUS to SMM to MM - RNA-
sequencing revealed a genetic signature

RNA-sequencing data were obtained for MSC from 5 healthy
donors, 4 patients with MGUS, 4 patients with SMM, and 5 patients

2578 BOGUN et al

with MM (median age in years: HC, 72; MGUS, 65; SMM, 58; and
MM, 57). Detailed patient characteristics of the samples we used for
RMNA sequencing with additional information such as documented
progression or documented preliminary phase are shown in
Figure 1A. Principal component analysis illustrated the distribution of
the groups we analyzed, showing a closer relationship between
MGUS and SMM MSC (Principal components 1 vs 3, Figure 1B,
blue and dark blue dots). In comparison to MSC from normal donors,
RNA-sequencing data r led 1539 diff ially expressed genes
in MGUS-derived MSCs, 1613 in SMM-derived MSCs, and 4696 in
MM-derived MSCs (FDR gvalue < 0.05). The most overlapping
differentially expressed genes of 747 were found between MGUS
and SMM MSC (Figure 1C).

By contrasting MGUS and MM or SMM and MM MSCs, 505 and
549 genes were revealed differentially expressed, respectively
(Figure 1C).

Subtracting the 296 genes that were ovedapping differentially
expressed by all 3 groups, MGUS and SMM MSCs have the highest
number of an overlapping signature, with 451 differentially expressed
genes only detected in this comparison. These genes include, for
example, TGFBR3L, CD274, DKK2, MMPI, or S100A8 (Figure 1D;
supplemental Figure 1). An overlap of 253 differentially expressed
genes were found only between SMM and MM MSC (Figure 1D;
supplemental Figure 1), which includes TGFBR1, WINT2, 510046,
510044, or TNFRSF25 (Death Receptor3). Moreover, the lowest
number of 209 ovedapping differentially expressed genes were found
by comparing only MGUS and MM MSC, with, for example, the cell
cycle markers COKN2A and CDKN2B or NOTCH1, which were only
detected in this comparnison (Figure 1D; supplemental Figure 1). The
aforementioned 296 differentially expressed genes that were over-
lapping in all 3 MSC groups, includes genes from the BMP/TGF
(BMP8B, TGFB1) or WNT-signaling Pathway (WNT5B, FZD8) and
downstream targets of these pathways that are involved in skeletal
development (Integrin Binding Sialopratein; IBSP, Msh Homeobox 2;
MSX2), prolferation (TNF receptor superfamily member 19;
TNFRSF19), or extracellular matrix (ELN; Elastin) (Figure 1D). This
was confirmed by gene ontology analysis, demonstrating enriched cell
processes such as proliferation, skeletal system, or apoptosis in all 3
groups contrasted to the healthy samples. Moreover, cell processes
such as mesenchymal differentiation or mesenchymal development
arises in SMM and remain to the progression in myeloma (Figure 2).

RNA-sequencing revealed a unique genetic signature
in MSC transition from MGUS to SMM to MM

Apart from that overlapping signature of all 3 MSC groups, we also
focused on genes that were uniquely expressed in the MSC for
that entity alone. MGUS MSCs exhibit a unique signature of 583
differentially expressed genes such as MAPK7, FZD9, FZD7,
TFGB1!1, and TGFB2 and downstream targets such as SPP1
(Secreted Phosphoprotein 1, Osteopontin)  (Figure  3A,
supplemental Table 1). A unique signature of 513 differentially
expressed genes in SMM MSC revealed CCND2 (Cyclin D2),
CDK15 (Cyclin dependent kinase 15), or WNT7B, EMILINT, or
CXCL2 (Figure 3A; supplemental Table 1).

MM MSCs exhibit the highest number of unique differentially
expressed genes of 3938. Here, MAPK14 (p38), SMADS, SMADS,
TGFA, TGFB3, TGFBR3, WINTYA, or several genes involved in cell
cycle such as cyclin dependent kinases (CDKs) (4, 6,7, 10, 12, and
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Figure 1. RNA sequencing analysis of MSCs derived from patients with MGUS, SMM, and MM a geneti in the resp ly stages. (A) Patient
characteristics of included samples in RNA sequencing analysis. Table shows clinical p Huding p and/or prog: status of MGUS (n = 4), SMM (n = 4),

and MM {n = 5) samples in comparison to healthy (n = 5) samples. (B) Principal component analysis of MGUS, SMM and MM MSC. PC1 vs PC3 is shown. Green squares: daplcl
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P

19) were detected (Figure 3A; supplemental Table 1). For additional
information regarding ribosomal, mitochondrial and apoptotic pro-
cesses see GSEA results in supplemental Figure 3.

Ingenuity pathway analysis predicted TGFB71 (Transforming
Growth Factor-f1) or CG (Calycosin-7-O-f-d-glucopyranoside} in
MGUS and SMM derived MSC and DAP3 (death associated
protein 3) or ESR1 (estrogen receptor 1) in MM derived MSCs as
potential top 5 upstream regulators (Figure 3B).
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BMP/TGF-signaling as potential key pathway
contributing to MSC transition from MGUS to SMM
to MM

As predicted by Ingenuity pathway analysis, gene set enrichment
analysis (GSEA) confirmed a clear transition to affected BMP/TGF-
signaling in all 3 MSC groups. The bone morphogenetic protein 2
(BMP2) is a major regulator for osteogenesis and can be
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Figure 1 (continued)

stimulated by estrogen signaling. We observed a significantly
shifted enrichment score of signatures describing BMP2 and
TGFB1 signaling and target genes already in the analysis with
MGUS-derived MSC contrasted to healthy samples, while the
gene set for TNFA/NFKB signaling was not affected in GSEA. The
BMP2 signature was clearly conserved when contrasting healthy
and SMM MSC while WNT signature was not strongly affected.
GSEA results from MM MSC contrasted to healthy revealed a

2580 BOGUN et al

strong enrichment of genes related to TGFB1 signaling signature
and expanded with a strong enriched TNF/p38 and Estrogen-
signature (Figure 3C). BMP's, TGF und ESR are known to be
involved in several cell processes such as osteogenesis and mul-
tiple myeloma progression and we already have seen in MGUS
MSC a marked enrichment of genes that could be assigned to
multiple myeloma in the later course of progression. This was
confirmed by a strong enrichment of processes such as
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Figure 2. Gene Ontology (GO) of MGUS, SMM and MM MSC contrasted to healthy individuals revealed contributed cell processes Representative overview of
GO rep g P such as system, cell apoptotic p in MGUS MSC. (A) Developmental processes, cell
death, or mesenchymal cell differentiation were enriched in SMM (B) and in MM MSC processes such as DNA repair, mesenchyme development, or regulation of cell-matrix
adhesion (C) were strongly ennched. For all GO terms, fold enrichment and Pvalues of are given.

p ted and F

hematopoiesis, osteogenesis or cell cycle regulation by GSEA
analysis in all 3 groups (supplemental Figure 2).

Differential gene expression translates to functional
alterations

To address the question whether programmatic alterations detec-
ted on molecular level underlying the transition from MGUS to MM
are also seen in MSCs concerning their functionality, we performed
different in vitro assays.

€ blood advances  2a may 2024 - VOLUME 8, NUMBER 10

Typical characteristics of in vitro MSCs are a spindle type morphology
and the formation of fibroblast colonies (Colony Forming Unit-
Fibroblast; CFU-F). We already found a significantly reduced CFU-F
activity of MGUS-derived MSC (mean, MGUS: 31.94; HC: 91.2, P-
value: 0.002). SMM-derived MSC showed a 2.6-fold reduced CFU-F
activity (mean, SMM: 34.8; HC: 91.2, Pvalue: 0.01) and MM-derived
MSC showed the most reduced CFU-F activity (mean, MM: 22.7;
HC: 91.2 Pwalue: <0.0001). We observed a heterogeneous
morphology in MGUS-derived MSC, ranging from no relevant to
single alterations, while a more disorganized and broad shaping
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Figure 4. in P gy and growth plated BM-MNC
mdwemmtmmmamphdmphsmtrpeofMGUSaMandMM-dsmmdMSCmﬁmhbwaMaImwn(&]ﬂmchmdmmmofWWerhn
native MGUS-, SMM- and MM-derived MSC in passage 3 cells after the fi-galactosidase staining and reg icrographs to visualize senescent cells in blue (scale bars
indicating 100 pm). For all experi results are ex; d as mean + SEM. Asterisks indicate Pvalues *P < 06, **P < 01, ***P < 001. (C) Box plot of the TPM (Transcripts

per Kilobase Million) values for COKN2A (p16) from our RNA sequencing data of healthy (n = 5), MGUS (n = 4), SMM (n = 4) and MM (n = 5) MSC. Significances were included
from the DESeq2 results of CDKN2A of MGUS, SMM and MM MSC contrasted to healthy MSC. Asterisks indicate Pvalues *P < .05, **F < 01, ***P <001, ****P < .0001.
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Figure 5. diff and h upport of MGUS, SMM and MM MSC. (4) R v i hics of lipid les after Ol Red
Ommrlgoladlpognncddhmmmdmus—Mwmmmﬂmﬂdﬁumm Scale bars indicating 100 um are shown. (B) Bar charts of measured
rtilage area of chondrog diffe iated MGUS-, SMM- and MM-derived MSC after 21 days of differentiation, stained with Safranin O and representative micrographics of
memumwmmmwﬂwnwdmmChW&bNMWWymwmmghﬂnmdenwmw

ding to mi ic analysis. (C) Osteogenic differentiation was induced for 14 days and stained with Alizarin Red. Differences of the osteogenic potential between healthy
Mscmu@usrmmmmu&cMmawuummnmmmmmmmmdmus—M and MM-derived MSC
with scale bars indi g 100 pm. For ificarti di ic, chondrogenic and ic: diff iation capacity was graded according to microscopic analysis of staining
intensity as: O = absent; 1 = weak; 2 = moderate; 3 = intensive as previously ' (D) mRMA expression level of osteogenic factors as OSTERIX and OSTEOCALCIN
were by quanti Realtime-PCR in healthy MSC and MGUS-, SMM- and MM-derived MSC. (E) Hematopoietic Support of MGUS, SMM and MM MSC. Left side: Bar
charts showing LTC-IC frequency of healthy CD34+ HSPC cultured on healthy-, MGUS-, SMM- or MM-derived MSC. Colonies were calculated under light mi pe and
visualized in graph. Right side: mRNA expression level of CXCL 12 was measured by quantitative Realtime-PCR in healthy MSC, MGUS-, SMM- and MM-derived MSC. CXCL12
protein level in conditioned media (CM) from healthy (n = 5), MGUS (n = 5), SMM (n = 6), MM (n = 4) were assessed by Enzyme-Linked Immunosorbent Assay. For all
results are exp as mean +SEM. Asterisks display Pvalues *P < .05; ** P < .01; "™ P < 001,

structure in SMM-derived MSC was observed which was even more  increased in MM-derived MSC compared to healthy MSC (mean,
apparent in MM derived MSC (Figure 4A). Cellular senescence was MM: 51.8%, HC: B.7%, P < .0001, Figure 4B} and in line with this,
up to 1.7-fold increased in MGUS- and SMM-derived MSC (mean,  RNA sequencing data show an upregulation of CDKN2A (p16), as a
MGUS: 15.2%, SMM 13,29, HC: B.79%), whereas it was 59-old  marker for senescent cells (Figure 4C).
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MGUS, SMM and MM derived MSC show a diminished
osteogenic-chondrogenic differentiation capacity

In the next step, we investigated patients-derived MSC in their
capacity to differentiate into the osteogenic, chondogenic, or adi-
pogenic lineage. No relevant differences could be observed in
adipogenic  differentiation in MGUS, SMM or in MM MSC
(Figure 5A), but the chondrogenic differentiation was reduced in all
3 groups, indicated by reduced area size of cartilage pellets and
Safranin O staining (Figure 5B). Since we know about the clinical
relevance of osteoblast impairment in MM, we were interested in
the question whether osteogenic differentiation is already impaired
in MGUS and SMM. We observed a significantly reduced osteo-
genic differentiation capacity already in MGUS and SMM derived
MSC as well as in MM derived MSC in comparison to healthy MSC
(mean, HC: 2.28, MGUS: 1.33, P-value: .02 SMM: 1.25, P-value:
03; MM: 1.3, Pvalue: .009, Figure 5C). The early osteogenic
marker OSTERIX was significantly reduced in all groups and the
late osteogenic factor OSTEOCALCIN was significantly reduced
in MGUS and MM MSC, but not in SMM MSC. For the latter the
limited size of the samples analyzed must be noted.

Impaired hematopoietic support is already
diminished in MGUS- and SMM-derived MSC and
progresses in MM-derived MSC

To investigate hematopoietic supporting capacity of MGUS-,
SMM- and MM-derived MSC we performed Long Term Culture
Initiating Cell (LTC-IC) assays. Already MGUS and SMM-derived
MSC exhibited a twofold reduced hematopoietic supporting
capacity and in line with the clinical presentation we observed a 12-
fold reduced hematopoietic supporting capacity in MM-derived
MSC. On a molecular level, the expression of CXCL72, also
known as Stromal-derived factor-1 (SDF-1), a crucial player for
several cell processes such as migration of stem cells, bone for-
mation, inflammation, or cancer association, was significantly
downregulated in MGUS, SMM and MM derived MSC (Figure 5E).
This was validated on protein level by measuring SDF-1 (CXCL12)
in supernatants of cultured MGUS, SMM, MM MSC (Figure SE).

Soluble factors from TGF beta family as potential
candidates to induce the observed alterations

Finally we wanted to test whether these observed MSC alterations
are inducible and whether this could be responsible due to soluble
factors. For this we co-cultured healthy MSC with supernatants
from MGUS, SMM, and MM patients. Inducible effects on
morphology and growth properties of healthy MSC after exposure

to supemnatants from MGUS, SMM, and MM patients could be
observed, similar to those observed in patients-derived MSC from
our aforementioned functional analysis (Figure 6A). Previous data
from our group '" show, that TGF could be a potential candidate
for inducing alterations in healthy MSC as representative shown in
Figure 6B. Furthermore, the database OncoDB shows, that a
dysregulated expression of TGFB1, BMP8B and BMP2 is noted in
other mature B-cell neoplasia like diffuse large B-cell lymphoma
(DLBC, 48 samples), comparable to those expression data in our
Multiple Myeloma MSC (Figure 6C) and may suggest a potential
contribution to disease progression to multiple myeloma. Assuming
TGFp1 as a soluble factor in CM derived from patients’ cells have
the potential to induce the observed alterations in healthy MSC we
wondered whether blocking by the active ATP-competitive trans-
forming growth factor-p receptor 1 (TGF-BRI) (ALKS5) inhibitor
SD208 can revert the effects.

Therefore, we incubated healthy MSC with CM from patients-
derived MNCs (MGUS, SMM, or MM) and blocked TGFB1
signaling by SD208 (Figure 8D). In line with our previous findings,
coculture with patient derived MNC lead to a dysregulated
phenotype, reduced cell number, and diminished osteogenic dif-
ferentiation capacity of healthy MSCs. The addition of SD208
restores the phenotype and osteogenic differentiation capacity
(Figure 6D).

Discussion

The hallmark of MM is a clonal plasma cell infiltration in the BM
accompanied by end-organ damage such as hematopoietic insuf-
ficiency and/or osteolysis. MM is often considered to be preceded
by a sequence of premalignant stages such as MGUS and
asymptomatic stages such as SMM. Although there are studies
showing this sequence within the malignant cell itself, it is unclear
whether this sequence is also found in MSC.”” Some studies have
addressed the pathophysiological contribution in disease devel-
opment of MSC within the BM microenvironment but mainly
focused on MM.'"*'

In this study, we could show that alterations of MSC are already
imprinted in MGUS and further progresses in SMM and finally in
MM. Within this sequence, we were able to show both structural
and functional alterations of MSC, with reduced osteogenic dif-
ferentiation capacity and impaired hematopoietic support. In part,
these alterations showed a significant progression to full blown
MM. In line with this, PCR analyses showed reduced expression of
CXCL12, which is known as a crucial player for several cell pro-
cesses, for example, for migration of stem cells, bone formation,

TGFEB in

Figure 6. Blocking of the p

derived from MGUS, SMM and MM diff

pacity of co healthy

MSC. (A} Study design for coculiure of healthy MSC with conditioned media (CM) from MGUS, SMM, and MM patients. MSC were cultured with CM from healthy, MGUS, SMM,

ar MM MNC for 3 days. Repi of the ph

of healthy MSC after exposure to supematants from MGUS-, SMM-, and MM-derived MNC for 3 days with

scale bars indicating 100 pm. Bar charts of cell number after exposure to supematants from MGUS, SMM, and MM MNC as well as the MM cell line INA-6. (B) Healthy MSC were
treated 3 days with TGFB1 and rep pictures show pt ype of | healthy control and after exposure to TGFB1. Scale bars indicating 100 pm. (C) Expression
TPM-values (transcripts per kilobase million) from our RNA sequencing data for TGFB1, BMP8B, and BMP2 from our MGUS, SMM, and MM MSC samples in comparison to 48
patients samples with diffuse large B-cell lymphoma from the database OncoDE. (D) Coculture of healthy MSC with CM from healthy, MGUS, SMM, and MM MNC. To analyze
and inhibit potential TGFB1 inducing effects, the potent ATP-competitive TGF-{iR| inhibitor SD208 was added to CM from healthy, MGUS, SMM, and MM-derived MNC. DMSO
containing CM served as control group. Healthy MSC were co-cultured with respective CM for 3 days. Representative micrographs of the morphology of healthy MSC cocultured
with CM supplemented with DMSO or SD208 are shown. Inner pictures show Alizarin Red staining of 14 days ostecgenic induced healthy MSC after the period of 3 days of
exposure lo respective condition (CM MGUS, SMM, MM + DMSQ, or +50208), Scale bars indicating 100 pm,
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and inflammation.”™”' The deletion of CXCL12 in murine MSC
leads to a dysregulated bone formation in the number of osteo-
clasts and osteoblasts and increased adipocytes.”

Physiologically TGF/BMP signaling plays a crucial role in several
cell processes,'”**" and it has been shown to play a role in MM
progression.' ' Although the role of BMPs in the development of
osteolysis in myeloma is controversial, blocking these signaling
pathways has already been considered.”*”*

RMNA sequencing revealed that MSC from all 3 groups exhibited
activation of BMP/TGF signaling. This may lead to dysregulation of
downstream targets such as the osteogenic-chondrogenic tran-
scription factor RUNX2, which in turn led to dysregulation of
induction factors for osteogenesis such as OSTERIX or IBSP.*®
With the knowledge of the osteoblast's crucial role in normal BM
and MM, it has been reported that osteoblasts directly inhibit MM
cells in vitro.”” We and other groups consistently show over-
represented TGFB-1, which was described in correlation with
bone lesions in patients with MM and other WNT-regulators or
reduced osteogenic differentiation.’’”"***" Blacking of TGB1-
signaling by SD208 restores functionality of MSC as shown by
our group and others for other entities.’ "'

Surprisingly, osteogenic capacity of MGUS MSC was already
diminished and reflected by a reduced OSTERIX and OSTEO-
CALCIN level.

This imbalance, with impaired osteoblastic differentiation as shown
in this study and the clinically known activation of osteoclasts, may
contribute to defective bone remodeling that is implicated in early
disease stages.

In addition, immunologic dysfunction of MSCs became a greater
focus of interest and has been reported by other groups, because
activation of an immunosuppressive microenvironment by MSCs
may contribute to the transition from MGUS to MM.”*" Further-
more, TGFB plays a role here, which can create an immunosup-
pressive milieu and lead to drug resistance of modern
immunotherapeutics.”” In addition, our group has already shown
that extrinsic TGF-f# is capable of generating functional deficits in
MSC.'® In conclusion, our data lead to a broader understanding of
the impact of the microenvironment on the progression of MGUS
and SMM to MM, and MSCs are a potential therapeutic target. This
would provide a treatment that not only targets the malignant clone
and tumor-associated immunosuppression but also addresses the
remodeling of the microenvironment by altered MSCs as a third
pillar. We, therefore, consider blocking the BMP/TGF signaling

pathway as a future approach to prevent end-organ damage and to
avoid progression to MM.

Acknowledgments

The authors thank Dennis Sohn from the Laboratory of Molecular
Radio-Oncology for technical assistance regarding LTC-IC assay.

This work was supported by the Leuk&mie Lymphom Liga e. V.,
Duesseldorf, Germany and a grant (2019-21) from the Research
Committee of the Medical Faculty, Heinrich-Heine-University,
Duesseldof (S.G), and the German Research Foundation
(417677437/GRK2578).

The funders had no role in the design of the study, the collec-
tion, analyses, or interpretation of data, the writing of the manu-
script, or in the decision to publish the results.

Authorship

Contribution: L.B., T.S., PJ.,, and §.G. contributed to conception
and design, provision of study material or patients, collection and/
or assembly of data, data analysis and interpretation, manuscript
writing, and final approval of the manuscript; RF. contributed to
provision of study material or patients, collection and/or assembly
of data, data analysis and interpretation, manuscript writing, and
final approval of the manuscript; UM. and RZ. contributed to
provision of study material or patients, collection and/or assembly
of data, and final approval of the manuscript; AK., B.S, PP, TW,,
K.K., and F.B. contributed to collection and/or assembly of data,
data analysis and interpretation, and final approval of the manu-
script; and 5.D. and R.H. contributed to data analysis and inter-
pretation, manuscript writing, and final approval of the manuscript.

Conflict-of-interest dislosure: The authors declare no competing
financial interests.

ORCID profiles: B.S., 0000-0003-3738-4979; F.B, 0000-
0002-5919-3375; K.K,, 0000-0003-3644-2022; P.P., 0000-0002-
B355-5524; T.W. 0000-0002-6760-2458; R.Z, 0000-0002-
3721-6820; P.J,, 0000-0001-9250-2064.

Correspondence: Paul Jiger, Department of Hematology,
Oncology and Clinical Immunology, University of Duesseldor, Medical
Faculty, Moorenstr. 5, 40225 Disseldorf, Germany; email: paulse-
bastian jaeger@med uni-duesseldorf.de; and Stefanie Geyh, Depart-
ment of Hematology, Oncology and Clinical Immunology, University of
Duesseldorf, Medical Faculty, Moorenstr. 5, 40225 Disseldorf, Ger-
many; email: Stefanie.geyh@med.uni-duesseldorf.de.

References

1. Kyle RA. Multiple myeloma. N Engl J Med. 2004;351(18):1860-1873.

2. Kyle RA. Multiple myeloma. Blood. 2007;111(6):2862-2972.

3. Medical Masterclass, e.b.).F, Haematology: multiple myeloma, Clin Med {Lond). 2019;19(1):58-60,
4,

Dispenzieri A, Katzmann JA, Kyle RA, et al. Prevalence and risk of progression of light-chain monoclonal gammopathy of undetermined significance: a

retrospective population-based cohort study. Lancet. 2010;375(9727):1721-1728.

o o

Kyle RA, Prevalence of monoclonal gammopathy of undetermined significance. N Engl J Med. 2006;354(13):1362-1369,
Rodriguez-Otero P, Paiva B, San-Miguel JF. Roadmap to cure multiple myeloma. Cancer Treat Rev. 2021;100:102284,

7.  Michels T, Petersen KE. Multiple myeloma: diagnosis and treatment. Am Fam Physician. 2017,;95(6):373-383.

€ blood advances  2a may 2024 - VOLUME 8, NUMBER 10

MSC IN MGUS, SMM, AND MM 2587

- 58 -



Manuscripts

8.  Dominici M, Le Blanc K, Mueller |, et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy
position statement. Cytotherapy. 2008;8(4):315-317.

9.  Anthony BA, Link DC. Regulation of hematopoietic stem cells by bone marrow stromal cells. Trends Immunel. 2014;35(1):32-37.
10. Momison SJ, Scadden DT. The bone marrow niche for haematopoietic stem cells. Mature. 2014;5606(7483):327-334.

11. Bruns |, Cadeddu RP, Brueckmann |, et al. Multiple myeloma-related deregulation of bone marrow-derived CD34(+) hematopoietic stem and progenitor
cells. Blood. 2012;120(13):2620-2630.

12. Palumbo A, Avet-Loiseau H, Oliva S, et al. Revised Intemational staging system for multiple myeloma: a report from International Myeloma Working
Group. J Clin Oncol. 2015;33(26):2863-2869.

13. Chng W J, Dispenzieri A, Chim C-S, et al. IMWG consensus on risk stratification in multiple myeloma. Leukemia. 2014;28(2):269-277.
14, Geyh S, Oz S, Cadeddu RP, et al. Insufficient stromal support in MDS results from molecular and functional deficits of mesenchymal stromal cells.
Leukemia. 2013;27(9):1841-1851.

16. Geyh 5, Rodriguez-Paredes M, Jiiger P, et al. Functional inhibition of mesenchymal stromal cells in acute myeloid leukemia. Leukemia. 2016;30(3):
683-601.

16. Jager P, Geyh S, Twarock S, et al. Acute myeloid leukemia-induced functional inhibition of healthy CD34+ her poietic stem and prog cells.
Stem Cells. 2021;39(9):1270-1284.

17. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 2013;29(1):15-21,

18. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables improved reconstruction of a franscriptome from RNA-seq
reads. Nat Biotechnol. 2015;33(3):290-295,

19. Geyh S, Rodriguez-Paredes M, Jiger P, et al. Transforming growth factor betal-mediated functional inhibition of mesenchymal stromal cells in
myelodysplastic syndromes and acute myeloid leukemia. Haematologica. 2018;103(9):1462-1471.

20. van Nieuwenhuizen N, Spaan |, Raymakers R, Peperzak V. From MGUS to multiple myeloma, a paradigm for clonal evolution of premalignant cells.
Cancer Res. 2018;78(10):2449-2456,

21. Jurczyszyn A, Zebzda A, Czepiel J, et al. The analysis of the relationship between multiple myeloma cells and their microenvironment. J Cancer. 2015;
6(2):160-168.

22. Chen G, Deng C, Li YP. TGF-beta and BMP signaling in osteoblast differentiation and bone formation. Int J Biol Sci. 2012;8(2):272-288,
23. Batlle E, Massague J. Transforming growth factor-beta signaling in immunity and cancer. Immunity. 2019;50(4):824-940.

24. Ghosh-Choudhury N, Windle 1), Koop BA, et al. Immortalized murine osteoblasts derived from BMP 2-T-antigen expressing transgenic mice.
Endocrinology. 1996;137(1):331-339,

25. Gooding S, Olechnowicz SWZ, Morris EV, et al. Transcriptomic profiling of the myeloma bone-lining niche reveals BMP signalling inhibition to improve
bone disease. Nat Commun, 2019;10(1):4533,

26. Bruderer M, Richards RG, Alini M, Stoddart MJ. Role and regulation of Runx2 in osteogenesis. Eur Cell Mater. 2014;28:269-286,

27. Reagan MR, Ghobrial IM. Multiple myeloma mesenchymal stem cells: charactenzation, origin, and tumor-promoting effects. Clin Cancer Res. 2012,
18(2):342-349,

28. Todoerti K, Lisignoli G, Storti P, et al. Distinct transcriptional profiles characterize bone microenvironment mesenchymal cells rather than osteoblasts in
relationship with multiple myeloma bone disease. Exp Hematol. 2010;38(2):141-153,

29. Garcia-Gomez A, De Las Rivas J, Ocio EM, et al. Transcriptomic profile induced in bone marrow mesenchymal stromal cells after interaction with
multiple myeloma cells: implications in myeloma progression and myeloma bone disease. Oncotarget. 2014;5(18):8284-8305.

30. Tian E, Zhan F, Walker R, et al. The role of the Wnt-signaling antagonist DKK1 in the development of osteolytic lesions in multiple myeloma. N Engl J
Med. 2003;349(26):2483-2404,

31. Giallongo C, Tibullo D, Camiolo G, et al. TLR4 signaling drives mesenchymal stromal cells commitment to promote tumor microenvironment
transformation in multiple myeloma. Cell Death Dis. 2019;10(10):704.

32. Rana PS, Soler DC, Kort J, Driscoll 1). Targeting TGF-beta signaling in the multiple myeloma microenvironment: steering CARs and T cells in the right
direction. Front Cell Dev Biel. 2022;10:1069715.

2568 BOGUN et al 28 MAY 2024 - vOLUME 8, humBer 10 ® blood advances

Supplementary Material can be accessed using the following URLSs:
1) https://pmc.ncbi.nim.nih.gov/articles/instance/11145751/bin/BLOODA_ADV-2023-
011632-mmc1.xIsx
2) https://pmc.ncbi.nim.nih.gov/articles/instance/11145751/bin/BLOODA_ADV-2023-
011632-mmc2.pdf

-50-



Manuscripts

2.3. Functional and Molecular Effects on the Bone Marrow Stroma

in Patients with Therapy-Related Myeloid Neoplasms
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Abstract

Therapy-related myeloid neoplasms (&-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 +~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 -MN (-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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Abstract

Therapy-related myeloid neoplasms (+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 regulators of normal hematopoiesis and contributors
to the pathogenesis of de novo MDS and AML. MSC are also exposed to genotoxic stress during
anticancer therapy; however, their contribution to +-MN development has not been elucidated so
far. For this purpose, we compared MSC from patients with MN and de novo myeloid neoplasm
(MN). Phenotypical alterations along with an altered differentiation capacity and diminished
hematopoietic supporting capacity were similar, but more pronounced in t-MN compared to 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 +AML) with MN (de novo MDS and AML) samples revealed 91 overlapping genes in
all groups, which clearly show relevance regarding the skeletal system and hematopoiesis.
Moreover, a specific molecular signature including deregulated pathways involved in inflammation
and angiogenesis was determined only in +MN MSC, hinting at distinct therapy-induced

alterations in the stromal compartment.

Introduction

Therapy-related cancers are a long-term side effect of major concern following modern anti-cancer
treatment. Especially hematological malignancies in the form of myelodysplastic syndromes
(MDS) or acute myeloid leukemia (AML) are recurrently diagnosed as therapy-related myeloid
neoplasm (t+MN) [1]. Depending on the primary tumor and its treatment, the cumulative incidence
of +MN varies broadly, with most cases establishing up to ten years after breast cancer [2].
Patients with primitive lymphoma and Hodgkin- or non-Hodgkin disease carry a particular high risk

to develop +MN eventually [3]. Unlike de novo malignancies, which develop inherently due to
3

-063 -



Manuscripts

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

83

germline predisposition or a consecutive series of mutations leading to blast transformation, -MN
incidence directly correlates to the exposure to cytotoxic or genotoxic agents in the course of anti-
cancer therapy [4]. Therapies especially correlated with an increased relative risk of +-MN are
radiation therapy, alkylating agents and topoisomerase Il inhibitors. These treatments cause DNA
damage and allow balanced or unbalanced chromosomal translocations, driving leukemic
transformation [5-7]. Although presenting similar clinical features, de novo and therapy-related
malignancies differ particularly in their clinical outcome highlighted by the considerably shorter
overall survival for +MN patients and lack of treatment strategies [8, 9].

Genetic predisposition and clonal selection of mutated blasts are well-established drivers for the
development of +MN after cytotoxic exposure [2]. Recognized as key hematopoietic regulator in
healthy individuals, and relevant in the pathogenesis of de novo MDS and AML [10-14], the bone
marrow microenvironment may also have arole in the development of -MN. Mesenchymal stromal
cells (MSC) originate from the mesenchyme and play a regulatory role in immunomodulation and
hematopoiesis through their functional properties and differentiation potential. Expression and
secretion of several factors are essential to form a unigue niche for homing and activating
hematopoietic cells [15, 16]. With this knowledge, it was of high interest during the last years to
analyze the role of MSC in the pathogenesis of hematological neoplasms by our group and others
[14, 17-19] and open a new view to the effects on bone marrow stroma and their probable
contribution to disease progression. On the one hand, +-MN has been suggested a result of DNA
damage induced in normal hematopoietic cells by exposure to cytotoxic therapy [20, 21]. MSC
from +MN are functionally and molecularly affected and the underlying mechanisms which might
contribute to hematopoietic insufficiency and leukemogenesis are not clarified conclusively.
Moreover, it opens the question of an overlapping molecular signature to de novo MDS and AML
or distinct features of i-MN due to cancer etiology. The unraveling of potentially common or distinct
signaling pathways may help to establish more targeted therapy strategies in the future. Therefore,

we characterized MSC from the bone marrow of +MN patients and found phenotypical and

4
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84  functional similarities to de nove myeloid neoplasms (MN, MDS or AML) MSC in contrast to
85  healthy MSC. Additionally, transcriptome analysis revealed overlapping regulation of cell cycle,
86  extracellular matrix (ECM) organization, differentiation and hematopoiesis in MN and t-MN MSC.
87  Strikingly, a distinct molecular signature of t-MN MSC was found. A notable number of genes
88  involved in blood vessel development and inflammatory response were only dysregulated in t-MN,
89  but not MN MSC, indicating distinct alterations in the bone marrow stroma following genotoxic
90  exposure in anti-cancer therapy, favoring the development of an inflammatory environment in the

91  etiology of the disease.

92 Materials and Methods

93 Patients characteristics

94  Bone marrow samples were obtained from patients with +-MN (-MDS n=5; AML n=8) and
95  patients with MN (MDS n=12, AML n=11). Healthy bone marrow samples were derived from
96 28 healthy age and sex matched donors undergoing orthopedic hip replacement. Detailed patient
97 characteristics are given in Table 1. The primary cancer diagnosis with corresponding anti-cancer
98  therapy applied and time to diagnosis of a -MN are shown in Supplementary Figure 1. The study
99 was approved by local institutional review board (approval number 4777) and all patients and

100  donors gave written informed consent.

101
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Table 1. Patient characteristics and clinical parameters of included patients. Abbreviations

are found below.

Patients de novo MN (MDS and AML)
No. 23
Sex

Male 14

Female 9
Median age, years (Range) 64 (44-83)
Median BM infiltration, % (Range) 30 (1-85)
Median Leukocytes/uL (Range) 3800 (1100-48700)
Median Hemoglobin g/dL (Range) 9.5 (6.6-11.3)
Median Thrombocytes/uL (Range) 66000 (2300-483000)
MDS No. 12
Median age, years (Range) 65 (44-73)
Median BM infittration, % (Range) 5 (1-15)
Diagnosis WHO 2016

MDS MLD 8

MDSEBI/EBII 6
Karyotype

Normal 3

Aberrant 6

Missing 3

Genetic abnormalities, No. B
AML No. 1
Median age, years (Range) &0 (48-83)
Median BM infiltration, % (Range) 79 (30-85)
Diagnosis WHO 2016

AML with rec. gen. abnormalities 2

AML MRC i

AML NOS 8
Karyotype

Normal 3

Aberrant 6

Missing 2

Genetic abnormalities, No. 5

Abbreviations: No, number; MN, myeloid neoplasms; t-MN, therapy-related myeloid neoplasms; MDS,
myelodysplastic syndromes; AML, acute myeloid leukemia; MLD, multilineage dysplasia; EB, excessive blasts; rec.
gen., recurrent genetic; MRC, myelodysplasia-related changes; NOS, not otherwise specified; BM, bone marrow;
WHO, world health organization; EB, excess blasts; MLD, multilineage dysplasia
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114  Isolation and cultivation of bone marrow derived MSC
115

116 The mononuclear cell (MNC) fraction was isolated from bone marrow aspirates using density-
117  gradient centrifugation. Mesenchymal stromal cells (MSC) were thereafter derived and cultivated
118 as described previously [11] in Dulbecco's Modified Eagle Medium (DMEM) low glucose
119  supplemented with 25 % FBS and 1 % penicillin/streptomycin/L-glutamine (Sigma-Aldrich Chemie
120 GmbH, Darmstadt, Germany). Growth characteristics were assessed by colony-forming unit
121 fibroblast (CFU-F) activity and cumulative population doublings (CPD). All experiments were

122  performed with MSC in passage 3-4.

123  Cellular senescence measured by B-galactosidase activity
124

125 B-galactosidase activity was determined by Cellular Senescence Detection Kit (Merck KGaA,
126  Darmstadt, Germany). Stained cells were enumerated using the Axiovert 25 light microscope

127  (Zeiss, Jena, Germany) and the proportion of positive cells was calculated.
128

129  Differentiation of MSC
130

131 Trilineage differentiation capacity of patient-derived and healthy MSC was performed as
132  previously described [11, 22]. Shortly, adipogenic differentiation was induced for 21 days in DMEM
133  high glucose (10 % FBS; 1 % penicillin/streptomycin/L-glutamine) supplemented with 0.1 mg/mL
134  insulin, 0.1 uM dexamethasone, 0.2 mM indomethacine and 1 mM IBMX, or alternating with
135 0.01 mg/mL insulin only. Lipid vacuoles were histochemically stained with Oil-Red O.
136  Osteogenesis was induced for 14 days supplemented with 50 pg/mL ascorbic acid, 10 mM B-
137  glycerolphosphate and 0.1 pM dexamethasone and afterwards stained with Alizarin Red.
138 Chondrogenesis was performed as three dimensional culture in DMEM high glucose (1 %
139  penicillin/streptomycin/L-glutamine, 1% ITS+1, 1 uM dexamethasone, 50 ug/mL ascorbate-2-

140  phosphate, 40 pg/mL L-prolin and 10 ng/mL TGFB3) for 21 days. 6 um slices were prepared at
7
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141  the Leica Cryostat CM3050 (Leica, Wetzlar, Germany) and stained with Safranin O. All stainings
142  were microscopically documented using Axiovert 25 light microscope (Zeiss, Jena, Germany) and

143  SPOT Software (Diagnostic Instruments Inc., Sterling Heights, MI, USA).
144

145 Isolation and culture conditions of CD34+ cells from bone marrow
146

147  CD34+ cells were isolated from MNC fraction of bone marrow aspirates using the Midi Magnetic
148  Cell Separation (MACS) technology (Miltenyi, Bergisch Gladbach, Germany). Cell number and
149  viability was determined using CASY® Cell Counter TTC (Roche, Mannheim, Germany) or by
150  Trypan Blue staining. CD34+ cells were immediately cryoconserved in equal parts of 80 % FBS

151 and 20 % DMSO. Frozen vials were stored at minus 196 °C and freshly thawed for use.

152

153  Co-Culture experiments with MSC and CD34+ cells
154

155  MSC were plated at a density of 3x10* per cm? on tissue culture-treated plates. 1.5x10* CD34+
156  cells per cm? were added 24 hours afterwards as direct culture and co-cultivated for three days.
157 A monoculture of CD34+ cells was prepared under equal conditions with medium containing
158 10 ng/mL IL3, IL6 and SCF and 20 ng/mL FLT3-L (all Peprotech Inc., London, UK). Afterwards,
159 1000 CD34+ cells were plated in semi-solid clonogenic medium containing erythropoietin
160  (MethoCult™ H4434 Classic, Stem Cell Technologies, Vancouver, Canada) for colony forming
161  units (CFU) assay. After 14 days, differentiated colonies were enumerated and distinguished

162  between CFU-GM, CFU-G, CFU-M, and CFU-E, BFU-E, and CFU-GEMM.

163  For Long-Term Culture-Initiating Cell (LTC-IC) assay, MSC were plated as a feeder layer on a 96-
164  well tissue-culture cell culture plate and irradiated with 30 Gray with Gulmay RS225. 6000 CD34+
165  cells were added in a dilution series in MyeloCult H15000 medium containing 1 M Hydrocortisone

166  (all from Stem Cell Technologies, Vancouver, Canada). Medium was refreshed weekly. After five
8
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167  weeks, the medium was replaced by clonogenic methylcellulose (MethoCult™ H4534 Classic,
168  Stem Cell Technologies, Vancouver, Canada) supplemented with 10 U/mL Epoietin and cultivated
169  for 14 days. Enumeration of colonies for both assays was performed microscopically (Axiovert 25
170  light microscope, Zeiss, Jena, Germany).

171 RNA Sequencing
172

173  Total RNA was quantified using the Qubit RNA HS Assay (Thermo Fisher Scientific Inc., Waltham
174  Massachusetts) and quality control was performed by capillary electrophoresis using the
175  Fragment Analyzer and the “Total RNA Standard Sensitivity Assay” (Agilent Technologies, Inc.,
176  Santa Clara, California). The library preparation was performed according to the manufacturer's
177  protocol using the VAHTS Universal V6 RNA-seq Library Prep Kit for lllumina (lllumina, San Diego,
178  CA, USA). 500 ng total RNA were prepared as previously described [22] and sequenced on the
179  NextSeq2000 system (lllumina Inc. San Diego, California) with a read setup of 1 x 100 bp. The
180  bcl2fastq tool was used to convert the bel files to fastq files as well for adapter trimming and

181  demultiplexing as previously described [17].

182  Bioinformatical analysis of transcriptome data
183

184  After quality control, the sequencing raw data was trimmed by removing the first 12 bases from
185 each read. Alignment was performed using the program STAR v2.7.2a [23] against the reference
186  human genome GRCh38.97 (hg38). Alignment was performed as a two-pass experiment, which
187  means that in a first step new splice junctions were detected, which were added in the second
188  step to the initial reference. After applying the program featureCounts (1.6.5) to the aligned reads,
189 DEseqg?2 (1.24.0) was used to calculate differential expression. Genes with an FDR g-value <0.05
190  were considered differentially expressed. StringTie (2.0.3) [24] was applied to calculate fragments
191  per kilobase of transcript per million mapped reads (FPKM-values). Principal component analysis

192  plots were created in R using the FactoMineR (1.42) and pheatmap (1.0.12) packages,
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193  respectively. For gene set enrichment analysis (GSEA, Broad Institute, Boston, MA, USA), the
194  FPKM values obtained from StringTie (2.0.3) for the different samples were compared either with
195  the gene sets contained in the Molecular Signature Database or with self-made gene lists. The

196  Signal2Noise metric and 1000 gene set-based permutations were applied to all analyses.

197  Gene Ontology (GO) analysis was performed with differentially expressed genes using the panther
198 over-representation test, which is accessible via the amigo 2 webpage
199  (https://famigo.geneontology.org/amigo). A Fisher's exact test was performed and the results were
200 Bonferroni-corrected. The analysis pipeline was adapted from an NIH-protocoll
201  (https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/Expression._mRNA_Pipeline.

202  Analyses strategies were carried out as previously described [25]. Additionally, the open source
203  online platform https://www.metascape.org [26] was used to identify enriched GO from gene term

204  lists from DESeq2 data.

205
206 Data access

207
208 RNA sequencing expression data will be deposited in NCBI Sequence Read Archive (SRA). RNA

209  sequencing data from de novo MDS and AML samples for a new bioinformatic analysis were used

210  from the NCBI Sequence Read Archive (SRA) with BioProject ID PRJNA1091937 [17].

211  Statistical analysis
212

213  All statistical analyses were performed using Prism 8.4.3 (GraphPad Software Inc., La Jolla, USA)
214  using the two-sided unpaired student’s t-test for parametric data, or Mann-Whitney test for non-
215  parametric data. Data graphs show mean and SEM unless stated otherwise. Significance was

216  determined at P <0.05 and is indicated by asterisks.

10
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217 Results

218  MSC derived from therapy-related myeloid neoplasms show alteration in

219  growth capacity

220  Mesenchymal stromal cells (MSC) display a spindle-like phenotype and plastic adherence in vitro.
221  We characterized MSC from therapy-related MN (-MN, +MDS and t-AML) according to their
222  phenotypically properties and growth kinetics in comparison to MSC derived from de novo myeloid
223  neoplasms (MN, MDS and AML). Compared to healthy controls, MN- and +MN derived MSC share
224  pronounced deficits as reflected by their broad morphology and disorganized structure (Figure 1A)
225  and equal diminished proliferation capacity as represented by colony forming unit-fibroblast (CFU-
226 F) activity (mean CFU-F/1x107 MNC, HC: 106, MN: 22, t-MN: 22, P <0.001). This was
227  accompanied by a prolonged culture duration to reach similar cumulative population doublings
228 (CPD) as healthy MSC until passage 3 (mean days, HC: 23, MN: 31, +-MN: 30, P <0.007).
229  Accompanied, an increased proportion of senescent cells as shown by B-galactosidase staining
230 (mean % positive cells, HC: 9, MN: 26, t-MN: 23) and an increased expression of senescence-
231 associated marker CDOKNZ2A on mRNA level was determined in both, MN and t-MN MSC (Figure

232 1B).

11
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Figure 1. Comparative analysis of growth properties in -MN derived MSC and MN MSC vs.
healthy MSC. (A.) Left: Representative micrographs of phenotype from healthy MSC and MSC
derived from MN and -MN patients. Middle: CFU-F activity in MN (n=23) and -MN (n=13) MSC
contrasted to healthy controls (n=22). Right: CPD and respective days in culture (shaded bars)
were calculated for healthy (n=21), MN (n=21) and t+MN (n=13) MSC in passage 3. (B.)
Left‘Middle: Representative micrographs of blue stained senescent cells after B-galactosidase
staining in MSC derived from healthy (n=10), MN (n=7) and -MN (n=8) MSC in passage 3 and
graphical depiction of the calculated mean percentage of B-galactosidase positive cells. Right:
TPM (Transcripts per million) values from RNA sequencing data for the senescent-associated
marker CDKNZ2A (p16) in healthy (n=4), MN (n=8) and t-MN (n=8) MSC are given. For all
micrographs, scale bars indicate 100 um. For all graphs, asterisks indicate statistical significance
after student’s t-test versus healthy controls *P <0.05, **P <0.01, ***P <0.001. MN versus t-MN
MSC was not significant.
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248 MSC derived from therapy-related myeloid neoplasms exhibit deficits in

249 ftrilineage differentiation capacity

250 MSC are further characterized by their triineage differentiation capacity into adipogenic,
251  chondrogenic and osteogenic lineage in vitro. Previous work from our group and others [14, 17,
252 18] showed deficits in MN derived MSC, especially regarding the differentiation capacity towards
253  the chondrogenic-osteogenic lineage. This was confirmed in an independent cohort in this study
254  and a direct comparison to +-MN MSC exhibited similar results with a trend to a pronounced
255  impairment of the trilineage differentiation capacity. This was underlined by a more consistently
256  decreased adipogenic differentiation in -MN MSC in comparison to MN, as reflected by Oil-Red O
257  staining (mean Qil-Red O staining intensity; HC: 2.3, MN: 1.9, t-MN: 1.7) and accompanied by a
258  stringent underrepresented mRNA expression level of adipogenic marker PPARy (Figure 2A).
259  Chondrogenic differentiation capacity of {-MN MSC was diminished in contrast to healthy MSC but
260 not as dramatically as in MN MSC, as indicated by reduced pellet area (mean pellet area pm?,
261  HC: 1.1x10% MN: 0.46x108, +-MN: 0.81x10%) and proteoglycan staining, together with a significant
262 downregulation of Aggrecan (ACAN) on mRNA level (Figure 2B). Moreover, osteogenic
263 differentiation capacity was diminished in both, +-MN MSC and MN MSC (mean Alizarin Red
264  staining intensity; HC: 2.3, MN: 1.5, t-MN: 1.8) accompanied with decreased mRNA level of

265  Integrin Binding Sialoprotein (/BSF), mostly underrepresented in +-MN MSC (Figure 2C).
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267 Figure 2. Trilineage differentiation capacity of f-MN derived MSC. (A.) Adipogenic
268  differentiation capacity of MSC after 21 days of differentiation lipid vacuoles were stained with Oil-
269 Red O (Healthy n=10, MN n=10, t-MN n=9). TPM expression values from RNA sequencing data
270  of adipogenic marker PPARy are shown. (B.) Safranin O staining of chondrogenic induced MSC.
271 Pellets were cryosectioned and proteoglycan was visualized by Safranin O staining (Healthy n=8,
272  MNn=7,t-MN n=7). TPM expression values for chondrogenic marker Aggrecan (ACAN) are given.
273  (C.) Osteogenic differentiation was induced for 14 days and visualized with Alizarin Red staining
274  (Healthy n=20, MN n=14, t-MN n=9). TPM (transcripts per million) expression values from our
275 RNA sequencing data for the osteogenic marker Integrin-binding sialoprotein (/BSP) are shown.
276  Representative images are given with scale bars indicating 100 um, NC= negative control.
277  Asterisks indicate statistical significance after student's t-test vs healthy MSC P <0.05, **P <0.01.
278  MN versus t-MN MSC was not significant.

279

280 Therapy-related myeloid neoplasm derived MSC confer decreased

281 hematopoiesis support

282 MSC play a crucial role in regulating hematopoietic cell fate. To investigate whether the
283  hematopoietic support capacity of t-MN MSC was affected, as already observed in MN MSC [17],
284 we conducted long-term and short-term functional assays (Figure 3A). In long-term culture
285  initiating cell (LTC-IC) assay, MSC derived from {-MN showed a similar diminished supporting
286  capacity comparable to those observed in MN derived MSC (mean LTC-IC frequency %, HC: 0.44,
287  MN:0.14, t-MN: 0.22), as reflected here in an independent group (Figure 3B). Short-term
288  supporting capacity after three days of co-culture with healthy CD34+ HSPC was investigated by
289  colony forming unit (CFU) assay to determine CD34+ differentiation potential. Cell numbers of
290 CD34+ cells after co-culture with -MN MSC or MN derived was not notably altered compared to
291  healthy MSC (mean cell number % to mono-culture, HC: 70.3 , MN: 88.9, t+-MN: 75.0). However,
292 CFU of these co-cultured healthy hematopoietic CD34+ cells revealed decreased number of
293 lineage differentiated cells towards the erythroid progenitors, granulocyte-macrophage progenitor
294  cells and the multipotential (GEMM) progenitor cells in both MN- and ¢-MN derived MSC. But, a
295 clear and more dramatically, significant diminished differentiation capacity towards all blood
296 lineages were evaluated after co-culture with t-MN derived MSC as reflected in Figure 3C (mean
297  number of total colonies, HC: 167.1, MN: 105.8, :tMN: 41.1).
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Figure 3. Hematopoietic support capacity of +-MN derived MSC. (A.) Graphical study design. MSC
from healthy, MN and t-MN were co-cultured with healthy CD34+ cells for five weeks for long-term
analysis (LTC-IC assay) or for three days for short-term analysis (CFU assay) and afterwards
cultured in methylcellulose for 14 days to evaluate hematopoietic supporting capacity. (B.) LTC-
IC frequency was calculated for healthy (n=9), MN (n=5) and +MN (n=9) MSC (C.) Left. Cell
number of CD34+ cells after three days co-culture with healthy (n=7), MN (n=6) and t-MN (n=7)
MSC relative to mono-cultured CD34+ cells. Right. CFU assay of co-cultured healthy CD34+ cells
was performed and colonies were enumerated differentially between white (CFU-GM, CFU-G,
CFU-M), red (CFU-E, BFU-E) and multipotential (CFU-GEMM) colonies. Asterisks indicate
statistical significance of total CFU using student's t-test versus healthy MSC "P <0.05. MN and t-
MN MSC were significantly different regarding white colonies only (P =0.048).
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311 RNA sequencing revealed molecular alterations in therapy-related myeloid

312  neoplasms that reflect functional deficits in vitro

313 In our in vitro analysis, -MN MSC showed alterations along phenotypical and functional deficits,
314  partially comparable to those in de novo MN MSC. We were interested whether these in vitro
315  observations resulted from molecular dysregulation of genes and signaling pathways and, if there
316  are potentially overlapping underlying mechanisms to MN derived MSC, or whether -MN derived
317  MSC exhibited a distinct molecular signature. Therefore, we performed RNA sequencing to
318  unravel transcriptomic alterations for four +-MDS- and four t-AML derived MSC in comparison to
319  four healthy controls. As first step in our comprehensive data analysis, principal component
320 analysis (PCA) of healthy, +-MDS and t-AML derived MSC showed a familiar relationship between
321  +MDS and t-AML as depicted by the comparison in PC1 vs PC2 and in second level PC2 vs PC3
322  (Figure 4A). Differential expression analysis revealed 617 genes in {-MDS and respectively 324
323  exclusively differentially expressed in this group, that were primarily involved in cell cycle, cell
324  response or ECM such as CDK15 (cyclin dependent kinase 15), Collagens or CXCL1 (FDR g-
325 value = 0.05). 824 differentially expressed genes were detected in t-AML derived MSC, whereby
326  anumber of 531 differentially expressed genes were exclusively found in this group. This includes
327  a notable number of genes related to inflammation or ECM such as MMP2 or S100P or collagens
328  (Figure 4B). The comparison of +-MDS and -AML derived MSC revealed an overlap of 293
329 differentially expressed genes including several HOX genes and genes related to growth,
330 differentiation or ECM and signaling pathways such as inflammation via MAPK/NFKB or WNT
331  (Figure 4B). Reactome analysis identified a strong enrichment of these differentially expressed
332  genes related to cell processes such as ECM, manifested already in +-MDS MSC and progressing
333  more dramatically in -AML MSC (Figure 4C). Moreover, gene ontology (GO) confirmed a strong
334  enrichment in cell processes such as mesenchymal differentiation and skeletal system in both, t-

335 MDS and -AML derived MSC (Figure 4D).
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Figure 4. RNA sequencing analysis of t+-MDS and f-AML derived MSC. (A.) Principal
component analysis (PCA) of MSC from healthy controls (black), +MDS (blue) and t-AML (red)
patients. PC1 vs PC2 and PC2 vs PC3 are shown. (B.) Venn diagram of differentially expressed
genes in +-MDS and {-AML (FDR g-value 0.05). (C.) Reactome analysis revealed a strong
enrichment of the detected genes for ECM organization, with an increased enrichment from t-MDS
to t-AML. (D.) Representative overview of GO identified with significant enrichment in MSC related
processes in -MDS and t-AML. Fold enrichment is given, asterisks indicate statistical significance
(***P <0.001).
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346 MSC from therapy-related myeloid neoplasms share overlapping molecular

347  signatures to de novo MN neoplasms

348  As next step, we wanted to compare -MN MSC directly to de novo MN MSC, due to the results in
349  our in vitro assays as both MSC groups (MN and t-MN) showed similar phenotypical and functional
350  deficits. Overall, these assays alone do not reflect the etiology of exogenous stimuli or trigger
351  factors, like therapies, to induce -MN. However, notable differences between both groups are
352  reflected by more pronounced deficits in +-MN MSC. This opened the question, whether there is a
353  molecular signature exclusively found in +-MN MSC but not in MN MSC and whether there are
354  overlapping mechanisms, potentially explaining similarities and differences in MN and t-MN we

355  found in our in vitro analyses.

356  Following the question of an overlapping signature, analyses of four healthy, four +-MDS and four
357  -AML-derived MSC were compared to available RNA sequencing data from four MDS and four
358 AML derived MSC at first diagnosis (project ID PRJNA1015628 [17]) to compare expressional
359  signatures of de novo and therapy-related myeloid neoplasms. Details on patients characteristics

360 included in RNA sequencing are given in Suppl. Table 2.

361  PCA revealed clusters, neighboring MN and t-MN towards healthy MSC (PC1 vs PC2). A more
362  detailed comparison of PC2 vs PC3 clearly showed a familiar relationship of MN (MDS, AML) and
363  t+MN (-MDS, +-AML) in comparison to healthy MSC (Figure 5A). DESeq2 analysis revealed 91
364  differentially expressed genes that overlap in all, MN and +-MN MSC (FDR g-value<0.05; Figure
365 5B). These included a notable number of genes related to growth and cell cycle, hematopoiesis
366  regulation, differentiation and ECM organization, such as Cyclin D2 (CCND2), EMILINZ or TBX15.
367  Interestingly, both t-MN and MN MSC showed a strong regulation of HOX genes, however, only
368 in -MN MSC the HOX-C cluster is differentially expressed. Using STRING database, we found
369 that 30 out of that 91 overlapping genes in all groups form a network and are related to MSC

370 development, hematopoiesis, cell cycle and skeletal system (Figure 5C). Gene set enrichment
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371 analysis (GSEA) and GO analysis confirmed a strong enrichment these gene sets for cell
372  processes such as skeletal system development, cell communication, apoptosis or hematopoiesis

373  (Figure 5D, E).
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375  Figure 5. Overlapping transcriptomic signature in MDS, -MDS, AML and {-AML derived
376 MSC. (A.) PCA shows clustering of healthy controls (black), MDS (yellow), +-MDS (green), AML
377 (orange) and t-AML (red). PC1 vs PC2 and PC 2 vs PC3 are given. (B.) Venn diagram of
378  differentially expressed genes in all entities (MDS, AML, +-MDS and t-AML versus healthy MSC
379 revealed 91 genes overlapping in -MN and MN MSC versus healthy controls. (C.) Using STRING
380 database (Version 12.0), 30 out of the 91 overlapping differentially expressed genes form a
381  network. Genes are involved in hematopoiesis, skeletal system, MSC development or cell cycle.
382 (D.) GSEA confirmed these overlapping differentially expressed genes involved in cell processes
383  such as apoptosis or hematopoiesis. Normalized enrichment score (NES), nominal P-value and
384  FDR g-value are given. (E.) GO enrichment of regulation in both t-MN and MN MSC versus healthy
385 MSC. The table shows the fold enrichment of GO processes identified for the respective group.
386 Depicted fold enrichments were significant when colored (P <0.05), except when marked (#
387 P <0.08).

388

389 A distinct molecular signature distinguishes therapy-related myeloid
390 neoplasm derived MSC from de novo neoplasms: t-MN MSC exhibit

391 immunomodulatory gene expression

392  Apart from the overlapping differentially expressed genes related to affected cell processes in all
393  groups (MN and t-MN), we finally wanted to check, if -MN MSC exhibit a therapy-related molecular
394  signature that is exclusively reflected by the clinical cytostatic exposure. The direct bicinformatic
395  comparison of MN and +MN MSC revealed distinct molecular signatures that are indicated by the
396 differential gene expression depicted as Venn diagram in Figure 6A. MSC derived from -MN
397 revealed 720 differentially genes exclusively for this group. This includes a notable number of
398  genes that are related to e.g. cell adhesion, angiogenesis or inflammatory response. Next to the
399 differentially genes exclusive in t-MDS (212) or t-AML (385), we identified 123 differentially genes
400 that are shared by both +MDS and t-AML, but were not found in MN derived MSC (FDR g-
401  value <0.05, Figure 6A right side). This signature contains genes that are related to cell adhesion
402 such as or CADM1 (Cell Adhesion Molecule 1) or inflammatory response and immunoregulatory
403 genes such as [L-11 (Interleukin-11) or CD274 (programmed cell death 1 Ligand 1, PD1L1)
404  (Figure 6A right side). GO analysis (from Metascape.org [26], last access 10.06.2024) of these
405 123 overlapping differentially expressed genes confirmed a strong and significant enrichment for

406 these cell processes, especially to cell motility, tissue remodeling, inflammatory response or T-cell
21
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407  regulation only in +-MN derived MSC, but not in de novo MN derived MSC (Figure 6B). Using
408 STRING database (Version 12.0), 25 out of these 123 genes were found to directly interact and
409 form a network correlated to these cell processes as mentioned above (Figure 6C left side).
410  Especially CD274, also known as programmed cell death 1 ligand 1, plays a critical role in immune
411 response or tumorigenesis and is essential for T-cell regulation. Furthermore also CD47, an
412 Integrin associated protein (IAP), is described as “don’t eat me” signal and plays a crucial role in
413  immune response. CD47 is often highly expressed on tumor cells, which is why its relationship

414  with clinical pathogenic features in hematological neoplasms is a major focus.

415 A detailed view in our DESeq2 data show that CD274 was strongly and significantly increased
416  (log2foldchange =2), while CD47 was significantly downregulated only in +MN MSC but not in MN
417  derived MSC. This lead us to check, whether more immunomodulatory involved genes could be
418  identified only in +-MN MSC. We identified differentially expressed genes related to these
419  signalings, such as SERPINE1, a regulator for cell adhesion or tumor growth, /L-71, or the tumor
420  necrosis factor (TNF) family member TNFRSF21 (Figure 6C, right side). All these genes have in
421  common to be members of the immune checkpoints and are of high interest in cancer

422  development.

22

-82-



Manuscripts

423

424
425
426
427
428
429
430
431
432
433
434

A T L ——

4 b il [l Ll ]
“—m o
T ————

BACen e maatn ety sstess:  Fasws
Eem P G MEDO4  ATRGR e

Clems Loan e -

e AR e e some e
T
T

Input Metascape org

WO D001 501
o B DO T

gt e ateon of ansgon (G0 DUS TS |
ol pognaon probension (D0 DOGEZE)

s daticn: 3 1B

oo g 1o b {303 007 1 360
st sk (00 (OMBT71
sonsory peeCopbon of pen (GO 001621

e Wt ol et {50 00 P00
o T AN O Db 0D S TR (W (0 19001 #

Postivs reguison of detenes - ]
H H H
[+ HogioiP)
“\ -
-
o @ /
- E $°)
L g
o
T r——
e PSR T8 BT
J e *
RPLATLFIRAT:
4 - privd
s
J,a-“r
- | & @ OmameLAL Mo S
-~ -
0 [—

Figure 6. Differentially expressed genes and cellular processes exclusively regulated in t-
MN MSC. (A.) Venn diagram of 720 differentially expressed genes exclusively in -MN MSC (¢-
MDS and t-AML versus healthy MSC) (FDR g-value <0.05) and depiction of 123 overlapping
genes in +-MDS and t-AML MSC. (B.) Representative overview for related cell processes of these
123 differentially genes by GO using Metascape.org [26]. The graph was adapted from
Metascape.org results. GO and the respective -log10(p) values of gene input are shown. (C.)
STRING database (Version 12.0) revealed 25 genes that interact and form a network correlated
with cell adhesion and immunomodulation. Right: Schematic overview of potential
immunomodulatory effects of t-MN MSC affecting the bone marrow niche. Colored genes indicate
exclusive dysregulation in -MN MSC (red= overrepresented, blue= underrepresented).
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435 Discussion
436

437  Our comprehensive analysis of MSC derived from +-MN patients towards MN compared to healthy
438  controls, revealed notable functional alterations in t-MN MSC, partially comparable to those
439  observed in MN. Deficits in growth and cellular aging were similar to those found in MN derived
440  MSC [11] and cannot distinguish the respective etiologies of +-MN or de novo MN. However, MN
441  derived MSC showed deficits especially regarding the chondrogenic-osteogenic differentiation
442  lineage, while +-MN MSC exhibited differentiation capacity deficiency along all three lineages. All
443  patient-derived MSC (MN and {-MN) showed significantly decreased molecular levels of common
444  differentiation markers on mRNA level, independent of their disease etiology. MSC differentiation
445  capacity accompanied with expression and secretion of regulatory factors are the most crucial
446  functions to maintain or regulate hematopoietic cells. Indeed, hematopoietic support assays
447  revealed significant decrease in the maintenance capacity of MN- and +MN MSC as shown by
448  LTC-IC assays with healthy CD34+ HSPC. Interestingly, short-term support capacity was more
449  dramatically affected in +-MN MSC in comparison to MN MSC as shown by diminished capacity of
450  healthy CD34+ HSPC to differentiate into the erythroid progenitors, granulocyte-macrophage

451  progenitor cells and the multipotential progenitor cells reflected in CFU assay.

452  We and other studies have shown that MSC from hematological neoplasms exhibit functional and
453  molecular deficits as reflected by alterations in mMRNA expression or secretion of hematopoiesis
454  regulating factors, activation of inflammatory response and dysregulation of hematopoiesis [10,
455 11, 27]. The underlying mechanisms and genes that contribute to leukemogenesis were more
456  highlighted in the last years by our group and others [14, 17-19], but limited to primary diseases.
457  Therefore, we were interested to identify overlapping genes and signaling pathways that are
458  shared by all myeloid neoplasms including MDS and AML, and might indicate similar underlying

459  mechanisms. Further, we identified a specific signature in -MN MSC, which potentially explain
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460  the dramatic in vitrofindings for this group and reveal pathogenic mechanisms induced specifically

461 by clinical cytostatic exposure.

462  RNA sequencing analysis of -MN MSC and comparative analysis to MN MSC revealed that
463  exclusive genes were differentially expressed in all groups, which were however involved in similar
464  cell processes such as cell cycle, proliferation or differentiation, as reflected by GSEA. We and
465  other studies have shown that MSC derived from myeloid neoplasms such as AML patients exhibit
466  molecular signatures that could reflect functional deficits [28-30]. Additionally, t-MN MSC showed
467  similar functional deficits to de novo MN patients, but with more dramatic alterations regarding
468  their hematopoietic support function. We identified a distinct regulation of genes in t-MN derived
469  MSC that are clearly involved in inflammation. These exclusive genes include /L-11, TNFRSF21,
470  CD274 or CD47. All these genes play a crucial as immune checkpoints for immunoregulation and
471 cancer immunotherapy [31, 32]. Especially CD274, also known as programmed cell death ligand 1
472  is a major player in immunoregulation. It has been described as the “don't find me” signal and
473  interacts with the receptor PD-1 on T-cells. Within the last years, CD274 was found to be highly
474  expressed in tumor cells and became focus in clinical pathogenic features for immunotherapy due
475  toits relevance to escape cancer cells from the immune response by inhibiting T-cell functionality
476  [33-35]. Interestingly, significantly increased levels of CD274 were found exclusively in +-MN MSC.
477  Moreover, CD47, an Integrin associated protein (IAP) is another crucial regulator for adhesion,
478  apoptosis or immune response and functions together with the receptor SIRP-a (signal-regulatory
479  protein alpha) as an important immune checkpoint, better known as "don't eat me signal”. CD47
480 is expressed in all myeloid cells as well as in tumor cells and gained clinical relevance to establish
481  immunotherapeutic strategies within the last years, also in hematological neoplasms [36-38].
482  Interestingly, our RNA sequencing data showed significantly downregulated levels of CD47 in t-
483 MN MSC, but not MN MSC. The immunoregulatory role of MSC and their contribution to
484  hematological neoplasms such as MDS has arisen in the last decade due to their functional

485  properties and their expression and secretion of regulatory factors [27]. It is of high interest that
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487

488

489

490
491

492
493
494
495
496
497

498

499

the bone marrow stroma of t-MN show an immune exhaustion signature and opens the questions:
How might MSC contribute to t-MN development? Which underlying mechanisms are responsible,

and act malignant cells as inducers of stromal immundysregulation?

Conclusion

Taken together, mesenchymal stromal cells from therapy-related myeloid neoplasms (t-MN MSC)
exhibit structural and functional alterations. This consequently contributes to inadequate
hematopoiesis, similar to stromal alterations in de novo MN. RNA sequencing revealed a specific
immunosuppressive signature exclusively in -MN MSC. Their contribution and their role in t-MN
has not been understood so far. This is of high interest, especially with a view to
immunotherapeutic strategies in myeloid pathologies, and may open a new view on bone marrow

damage by chemotherapeutic agents.
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Supplementary Material

Primary cancer Therapy Time from primary cancer to -MN diagnosis
bronchial G#CE - ®
papillary thyroid RJT3.7GBq L]
testis 4# PEl .
ovaries Treosulfan, unknown .
mamma 4# EC+12# Pacli - L]
mamma 4i# EC+12# Pacli
mamma Radatio
CLL 6#FC -
E 8 B-ALL 8# GMALL B-ALL -~ .
%‘ E Hodgkin lymphoma 7# BEACOPPesc
g 2| BCL 6# R-CHOP
< E NHL 8# GMALL B-ALL+HD-BEAM -~ L]
lymphoma 6# CHOP .
1 o ] r T L 1 o ] L ] v
0 5, 10 15 20 25 30

Time [years]

Supplementary Figure 1. Graphical depiction of primary cancer diagnosis, received
therapy, and time passed until a {-MN was diagnosed. The graphs shows the primary cancer
classification, the type of therapy the patient received (numbers before # indicates the number of
cycles) and the time between primary cancer and t-MN diagnosis.

Abbreviations: CLL=chronic lymphocytic leukemia; B-ALL=B-lymphoblastic acute lymphocytic leukemia; BCL= B-
cell lymphoma; NHL=non-hodgkin lymphoma; CE=cyclophosphamide and etoposide; RJT=radiciodinetherapy;
PEl=cisplatin, etoposide, and ifosfamide; EC=epirubicin and cyclophosphamide; Pacli=paclitaxel; FC=fludarabine
and cyclophosphamide; GMALL B-ALL=treatment protocol for leukemia; BEACOPPesc=bleomycin, etoposide,
adriamcyin  (doxorubicin), cyclophosphamide, oncovin, procarbazine, prednisone; R-CHOP=rituximab,
cyclophosphamide, hydrocydaunorubicin, oncovin, and prednisone; HD-BEAM=high dose carmusine, etoposide,
cytarabine, and melphalan; CHOP= cyclophosphamide, hydrocydaunorubicin, oncovin, and prednisone.
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Supplementary Table 2. Detailed patient characteristics of the patients included in the
RNA sequencing analysis. "MDS and AML (MN) data from project ID PRINA1015628 [17]
were re-analyzed for comparison with newly acquired t-MN MSC data. Abbreviations are found
below.

Blast Platelets

Mo, Entity [ WHO 2016 Therapy Age intilration ANG (juL) (x10°3L) HE (g/dL} Karyotype Molecularblology
| 1 |r-MDS MDS-RS-MLD a# PEI 55 B 2670 pil B2 Dedation 5331 57

2 [+-MDS MOS MLD | 68 CHOF 73 2% 12700 557 75 narmal JAKZ
1 -MDS EBIEBII 8% GMALL B-ALL 80 13% 1500 LAl 79 oomplex
| 4 |t-MDS EEBIl 4% EC + 12# Pacli 53 20%, 1300 153 108 normal MLL translocation
[ 1 ]-AML RJT 3.7GBg 43 6% 26300 25 83 nermal FLT3- TKD
(2 [rAML 74 BEACOPPesc a 6% 8500 24 B4 AT 11 FLT3
EE 8% GMALL B-ALL + HD-BEAM 58 80% 21800 49 73 norrmal
[ 4 | r-AML B4 R-CHOP 80 90% 500 25 15 47, XY. E@E Si E DH1 Mutation
| 1 | MDS MDS MLD nong 64 = 5% 1836 127 L] rirmal U2AFY
| 2 | MDS* MDS MLD nong 58 = 5% 1800 53 1 missing missing
| 3 | MDS' MDS-RS-MLD none [ = 5% 2439 461 . narmal SFIB1
| 4 | MDS' MOS MLD none 65 < 5% BEI0 467 . missing MESEInG
[1] AML AL NOS nong 74 T3% 50 A7
AL AML MAC none 53 80% 504 19 i ‘complax
[ 3 | AML® | AML with rac. gen. abnosmalitios nong L] 80% 960 &0 9.5 narmal biall. CEBPA
[4 | AML® | AML with rec. gen. abnoralilies nane 68 Ta% a2 120 11, rarral FLT3-ITChigh, NMP1

Abbreviations: No, number; ANC, absolute neutrophil count; HB, hemoglobin; CRP, c-reactive protein; £, number
of therapeutic cycles; PEI, cisplatin, etoposide, and ifosfamide; (R)-CHOP, (rituximab), cyclophosphamide,
hydrocydaunorubicin, oncovin, and prednisone; GMALL B-ALL=treatment protocol for leukemia; ; EC=epirubicin
and cyclophosphamide; Pacli=paclitaxel; R]T=radioiodinetherapy; BEACOPPesc=bleomycin, etoposide, adriamcyin
{doxorubicin), cyclophosphamide, oncovin, procarbazine, prednisone, escalated; HD-BEAM=high dose carmusine,
etoposide, cytarabine, and melphalan
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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 uM) inhibited
cellular growth and induced cellular senescence in healthy MSC, accompanied by an
increased mMRNA expression of CDKN1A, decreased trilineage differentiation capacity, and
insufficient hematopoietic support. Pharmacological doses of 5-azacitidine (2.5 uM) 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 uM)
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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Abstract

While antineoplastic therapies aim to specifically target cancer cells, they may also exert adverse effects on healthy tis-
sues, 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 pM) inhibited cellular
growth and induced cellular senescence in healthy MSC, accompanied by an increased mRNA expression of CDENIA,
decreased trilineage differentiation capacity, and insufficient hematopoietic support. Pharmacological doses of 5-azacitidine
(2.5 pM) 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 pM) 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 com-
pounds. 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.

Keywords MSC - Bone marrow microenvironment - Antineoplastic therapy - Hematotoxicity - Differentiation

- Introduction
Thomas Schroeder and Stefanie Geyh have contributed equally.

(1) Annual Meeting of the German-Austrian-Suisse Societies of Anticancer therapy, in particular cytotoxic chemotherapy,
Hematology and Medical Oncology (DGHO), Vienna, Austria, is often associated with adverse side effects on healthy

October 2022 tissues, resulting in increased morbidity and mortality
(2) 9th German Pharm-Tox Summit, Munich, Germany, March
2024 (Award: best poster in the field of General Toxicology)

4 Thomas Schroeder *  Institute for Molecular Medicine 1, Medical Faculty
thomas.schroeder@uk-essen. de and University Hospital Duesseldorf, Heinrich Heine
: University, Universitiitsstrafe 1, 40225 Duesseldorf,
] Stefanie Geyh Germany

stefanie.geyh @ med.uni-duesseldorf.de
Department of Hematology and Stem Cell Transplantation,

! Department of Hematology, Oncology and Clinical University Hospital Essen, HufelandstraBe 35, 43147 Essen,
Immunology, Medical Faculty and University Hospital Germany
Duesseldorf, Heinrich Heine University Duesseldorf,
Moorenstrafie 5, 40225 Disseldorf, Germany

Department of Orthopedic Surgery and Traumatology,
Medical Faculty and University Hospital Duesseldorf,
Heinrich Heine University, Moorenstrabe 5,

40225 Duesseldorf, Germany

Published online: 12 November 2024 @ Springer

-903-



Manuscripts

Archives of Toxicology

(Crawford et al. 2008). Cytostatic drugs such as the topoi-
somerase IT inhibitor etoposide (ETO) or the alkylating
agent temozolomide (TMZ) target proliferating cells by
intervening with the cell cycle, inducing DNA double-
strand breaks, and eventually leading to apoptosis (Fried-
mann et al. 2000; Sinkule 1984). Other antineoplastic
compounds, such as 5-azacitidine (AZA) or venetoclax
(VEN), target cancer cells by interfering with epige-
netic regulation and apoptosis mechanisms, respectively
(Kaminskas et al. 2005; Scheffold et al. 2018). Hemato-
toxicity is a major side effect of most conventional and
targeted therapies and has mainly been attributed to the
effects of these drugs on cycling hematopoietic stem and
progenitor cells (HSPC). Physiologically, HSPC reside
within the bone marrow (BM) microenvironment. Mesen-
chymal stromal cells (MSC) are an integral component of
the BM microenvironment and have an indispensable role
in the regulation and support of HSPC by expression and
secretion of regulatory factors, such as CXCL12, KITLG,
or ANGPT1. Thereby, MSC are involved in orchestrat-
ing the balance of HSPC self-renewal and differentiation,
helping to ensure the life-long supply of mature blood
cells. In addition, MSC exhibit immunoregulatory prop-
erties and can differentiate into adipocytes, chondrocytes,
and osteoblasts {(Anthony and Link 2014; Mendez-Ferrer
et al. 2010). Besides a direct effect of antineoplastic agents
on HSPC, antineoplastic drugs may also exert effects on
non-hematopoietic cells of the BM microenvironment,
such as MSC, and thereby coniribute to cancer therapy-
related myelosuppression. So far, reports on the effects of
conventional cytostatic drugs and novel therapies on MSC
are relatively rare (Li et al. 2004; Qi et al. 2012; Rosca
and Burlacu 2011; Ruhle et al. 2018), thus not allowing
a definitive conclusion of their contribution to hemato-
toxicity. To address their potential role in therapy-related
myelosuppression, we exposed healthy BM-derived MSC
to conventional cytostatic drugs, as well as novel, more
targeted therapies, and subsequently analyzed their phe-
notype and functionality.

Materials and methods

Donor characteristics, cell isolation of MSC
and CD34 + cells and cell culture conditions

BM samples were collected from 25 healthy donors
(median age: 69.6 years, range 39-88 years) undergoing
orthopedic surgery. This study was conducted in accord-
ance with the ethical standards with the 1964 Helsinki
Declaration and was approved by the ethics committee
of the Heinrich Heine University, Diisseldorf (approval
number 4777). All donors gave written informed consent.
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MSC were derived from the mononuclear cell fraction
as described previously (Geyh et al. 2013) and cultivated in
Dulbecco’s Modified Eagle Medium (DMEM) low glucose
with 25% FBS and 1% penicillin/streptomycin/L-glutamine
(Sigma-Aldrich Chemie GmbH, St. Louis, MO, USA). All
treatment experiments were performed in Passage 3-4.
CD34 + cells were isolated from the mononuclear cell frac-
tion of healthy donors using the Midi Magnetic Cell Sepa-
ration (MACS) technology (Miltenyi, Bergisch Gladbach,
Germany), cryopreserved, or directly cultured in Iscove’s
Modified Dulbecco’s Medium (20% FBS and 1% penicil-
lin/streptomycin/L-glutamine ) supplemented with 10 ng/pL
IL3, IL6, SCF, and 20 ng/pL. FLT3L (all from Preprotech
Inc., London, UK). Cell lines (THP-1, KG-la, MV4-11,
HL-60, K422, and SU-DHL-6) were purchased from the
DSMZ (German collection of microorganisms and cell cul-
ture GmbH, Braunschweig, Germany) and cultivated accord-
ing to the manufacturer’s instructions.

Anticancer drug exposure

BM-derived MSC were plated at a density of 4x 10° cells
per cm?, or in the case of ETO at a density of 6 x 10° cells
per cm”. Simultaneously, MSC were exposed to 2.5 uM
AZA (#A2385, Sigma-Aldrich Chemie GmbH, St. Louis,
MO, USA), 0.04 uM VEN (#S8048, Selleck Chemicals,
Houston, USA), 0.1 and 0.25 pM ETO (#E1383, Sigma-
Aldrich Chemie GmbH, St. Louis, MO, USA) or 100 uyM
TMZ (#T2577, Sigma-Aldrich Chemie GmbH, St. Louis,
MO, USA), with and without pre-treatment with 1 uM
06-benzylguanine (O6BG; #73,762, STEMCELL technol-
ogies, Vancouver, Canada) to block the activity of rever-
sal repair protein O6-methylguanine methyliransferase
(MGMT). To mimic the clinical treatment duration, AZA
treatment was continued until day seven, ETO was exposed
for 48 h, and TMZ with or without O6BG and VEN were
exposed for five days. VEN was repeatedly added every
other day throughout the differentiation process. Details
of the treatment scheme for MSC are depicted in Fig. | A.

Primary CD34 + cells were treated with maximal doses
of TMZ (with or without pre-treatment with 1 pM 06BG)
and VEN at a density of 1.4x 10" cells per cm” for five days.
AML cell lines THP-1, KG-l1a, MV4-11, and HL-60 were
treated at a density of 5.2x 10* cells per em?’ for three days
with TMZ and O6BG. Lymphoma cell lines SU-DHL-6 and
K422 were treated at a density of 5.2 10* cells per cm” for
five days with repeated exposure to VEN. Cell numbers were
determined using the CASY® Cell Counter TTC (Roche,
Basel, Schweiz) or by Trypan Blue staining.
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Analysis of cellular senescence by B-galactosidase
staining

MSC were harvested after the respective treatment
period and re-plated on a new culture plate. After 24 h,
p-galactosidase activity was investigated using the Cellular
Senescence Detection Kit (Merck KGaA, Darmstadt, Ger-
many) following the manufacturer’s instructions. Stained
cells were enumerated using the Axiovert 25 light micro-
scope (Zeiss, Jena, Germany), and the fraction of senescent
cells (p-galactosidase-positive) was assessed.

Cell Cycle analysis and measurement of apoptosis

Cell cycle distribution and hypodiploid nuclei after expo-
sure were determined using the Nicoletti assay (Nicoletti
et al. 1991) by lysis of MSC with 100 pL of hypotonic buffer
(1% sodium citrate, 0.1% Triton X-100) containing 50 pg/
mL propidium iodide (#81845, Sigma-Aldrich Chemie
GmbH, St. Louis, MO, USA). Analysis was performed by
flow cytometry at the LSR-Fortessa™ and evaluated using
BDFACSuite software (Becton Dickinson, Heidelberg,
Germany).

MSC differentiation

Trilineage differentiation of healthy MSC was initiated 24 h
after treatment as previously described (Geyh et al. 2013).
Adipogenesis was induced in DMEM high glucose medium
(10% FBS and 1% penicillin/streptomycin/L-glutamine} with
0.1 mg/mL insulin, (.1 pM dexamethasone, 0.2 mM indo-
methacin, and | mM IBMX, and cultivated with 0.01 mg/
mL insulin for 21 days. Fat vacuoles were visualized with
0il Red O staining. Chondrogenesis was performed as 3D
culture for 21 days in DMEM high glucose (1% penicillin/
streptomycin/L-glutamine) supplemented with 1% ITS +1,
I uyM dexamethasone, 50 pg/mL ascorbate-2-phosphate,
40 pg/mL L-proline, and 10 ng/mL TGFJ3 (all from Peptro-
tech, Inc., London, UK). Pellets were embedded in freezing
medium and cryosectioned in 6 pm slices at the Leica Cry-
ostat CM3050 (Leica, Wetzlar, Germany). Visualization of
proteoglycan was performed by Safranin O staining. Osteo-
genesis was induced for 14 days with DMEM low glucose
(25% FBS and 1% penicillin/streptomycin/L-glutamine) sup-
plemented with 50 pg/mL ascorbic acid, 10 mM p-glycerol
phosphate, and 0.1 pM dexamethasone. Calcium deposition
was visualized by Alizarin Red staining. All reagents and
supplements were obtained from SIGMA-Aldrich Chemie
GmbH (St. Louis, MO, USA), unless otherwise stated.
Images were captured at the Axiovert 25 microscope (Zeiss,
Jena, Germany) and digitalized with the SPOT Software
(Diagnostic Instruments Inc., Sterling Heights, MI, USA).

Hematopoietic support analysis of MSC

MSC were plated at a density of 3x 10" per cm? on tis-
sue culture-treated 12-well plates and exposed to chemi-
cal agents. After indicated exposure times, medium was
exchanged to agent-free medium. After 24 h, 1.5%x 10*
CD34 + cells per cm” were added as direct co-culture for
three days. Afterward, 1000 CD34 + cells were transferred
to 1 mL methylcellulose containing erythropoietin (Meth-
oCult™ H4434 Classic, STEMCELL technologies, Vancou-
ver, Canada), plated in duplets and cultivated at 37 °C and
5% CO, for 14 days for colony-forming units (CFU) assay.
Colonies were enumerated using the Axiovert 25 micro-
scope (Zeiss, Jena, Germany) and differentiated between
white (CFU-GM, CFU-G, CFU-M), red (CFU-E, BFU-E)
and mixed (CFU-GEMM) colonies as previously described
(Jager et al. 2021).

Quantitative real-time PCR (qPCR)

RNA was purified directly after treatment exposure using
the RNase Micro or Mini Kit (QIAGEN, Hilden, Germany)
including optional DNase digestion. Transcription to cDNA
was performed by Superscript Il TM Reverse transcriptase
(Invitrogen, Darmstadt, Germany). gPCR was performed
in duplicates on a StepOne Plus Real-time PCR Cycler or
QuantStudio™?3 System using SYBR Green PCR Mas-
ter Mix (all from Applied Biosystem, Life Technologies,
Carlsbad, CA, USA). Primer sequences can be provided on
request. GAPDH served as reference control. Differences in
mRNA expression levels were calculated as fold change by
the AACT method.

Statistical analysis

Statistical analysis was performed using Prism 8.4.3 (Graph-
Pad Software Inc., La Jolla, USA) using the two-sided paired
Student’s t test for parametric data, or Wilcoxon matched-
pairs signed-rank test of non-parametric data. Data graphs
show mean and SEM unless otherwise stated. Significance
was determined at P <(.05 and is indicated by asterisks
(*P <0.05, **P<0.01, ***P <0.001).

Results

Exposure to antineoplastic agents affect phenotype,
growth and differentiation capacity of healthy MSC

In vitro cultured healthy MSC are usually characterized by
a spindle-like phenotype, plastic adherence and trilineage
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«4Fig. 1 Phenotype, growth and differentiation of healthy, exposed
MSC a Healthy MSC were exposed to antineoplastic agents or
DMSOQ. Growth, cellular senescence and differentiation capacity were
analyzed. b Left side: Relative cell numbers to the DMSO control
were calculated and representative micrographs of MSC phenotype
after exposure are given. Right side: Percentage of senescent cells as
shown by f-galactosidase activity was calculated and normalized to
the respective DMSO control. ¢ Differentiation intensity of adipo-
genic induction of exposed healthy MSC was determined based on
lipid vacuoles, stained with Oil Red O after 21 days. Representative
micrographs are given, DMSO served as control and an un-induced
negative control (NC) was included. d Alizarin Red staining inten-
sity of exposed and osteogenic-induced MSC after 14 days are repre-
sented in comparison to the DMSO control. Bar charts display mean
values and SEM. Statistical significance was determined by two-sided
paired Student’s ¢ test indicated by asterisks for at least four independ-
ent experiments (n24; *P<0.05 *P<0.0] ***P<0.00[). Scale
bars indicate 100 pm

differentiation capacity. MSC were cultivated in the pres-
ence of clinical doses of 5-azacitidine (AZA), venetoclax
(VEN), etoposide (ETO), or temozolomide (TMZ) alone
or co-treated with the MGMT inhibitor O6-benzylguaine
(O6BG/TMZ) following the scheme depicted in Fig. la.
Neither VEN nor TMZ induced phenotypical alterations in
MSC or altered growth behavior or differentiation capacity
(Fig. 1b-d). Slight phenotypical and proliferative alterations
of MSC were found after AZA with decreased cumulative
population doublings (CPD) by 13% (P <0.0007) and a
roughly doubled cellular senescence (P < (.0]). Function-
ally, AZA exposure inhibited osteogenic differentiation in
healthy MSC as shown by decreased Alizarin Red staining
(P <0.001), but not adipogenesis. After ETO exposure, MSC
displayed a broad and disorganized morphology and the pro-
liferative activity of MSC diminished completely after 48 h
exposure (mean population doublings (PD), DMSO: 1.0,
ETO: -0.2, P <0.001) accompanied by a sixfold increase
in f-galactosidase-positive cells (P < (.05), indicating cel-
lular senescence. Differentiation into adipocytes and osteo-
blasts was substantially inhibited following ETO exposure
(Fig. 1b-d).

Etoposide induces irreversible cell cycle arrest
in MSC

ETO prominently affected phenotype and growth of healthy
MSC after 48 h of exposure already at sub-clinical concen-
trations. Therefore, we tested an even lower concentration
of 0.1 uM ETO and found similar effects regarding pheno-
typical alterations and decreased PD in a dose-dependent
manner, which were not recovered after four days without
exposure (Fig. 2a; mean PD recovery. DMSO: 2.2, 0.1 yM
ETO: 1.1, 0.25 pM ETO: — 0.5, P<0.01). Similarly,
increased cellular senescence and selective induction of cell
cycle marker CDKNJA were already determined at 0.1 pM

and more prominent at the higher dose. Downregulation of
hematopoiesis-relevant factors CXCLI2 and KITLG after
two days of culture was determined (Fig. 2b, c). Cell cycle
arrest in the absence of apoptosis was shown by Nicoletti
assay with the majority of ETO-exposed MSC remaining
in 5-G, phase (mean proportion of cells in 5-G,, DMSO:
17.3%, 0.25 uM ETO: 50%) (Fig. 2d).

5-Azacitidine inhibits osteogenic potential,
but enhances chondrogenic differentiation capacity
in healthy MSC

We found that AZA clearly inhibited osteogenic poten-
tial of healthy MSC (Fig. 1d). Knowing that osteoblasts
share a common progenitor with chondroblasts and osteo-
genic—chondrogenic lineage factors, alterations in chon-
drogenic differentiation were assumed. Therefore, AZA-
exposed MSC were differentiated into the chondrogenic
lineage. However, Safranin O staining of chondrogenic dif-
ferentiated cell pellets revealed no differences to the control
group, but even showed a tendency to a more robust and
concentrated proteoglycan disposition (Fig. 3a, IT). To inves-
tigate differentiation regulation after AZA exposure on the
molecular level, mRNA expression of early and late osteo-
genic and chondrogenic markers in exposed, but still un-
differentiated MSC, was determined (Fig. 3b). Interestingly,
the late osteogenic marker Osteocalcin (OCN) was clearly
upregulated, while not stained by Alizarin Red in osteoblas-
tic-differentiated MSC after AZA (Fig. 3a, I) On the other
hand, early osteogenic marker RUNX2 was downregulated,
while early chondrogenic marker SOX9 was upregulated.
However, ACAN, a late marker of chondrogenesis, was
downregulated. To elucidate this diverse dysregulation of
differentiation markers in MSC after AZA, we more closely
investigated the regulation of common markers on mRNA
level during the course of osteogenic differentiation (induc-
tion phase (days 1-7) and maturation phase (days 10—14).
Strikingly, we found upregulation of early and late osteo-
genic markers after AZA exposure. However, at the same
time, Dickkopf-2 (DKK2), a WNT regulator and inhibitor
of osteogenesis, and late chondrogenic marker aggrecan
(ACAN) were upregulated as well (Fig. 3d). These findings,
together with an increased expression of early chondrogenic
inducer SOX9 in un-differentiated AZA-exposed MSC, as
well as increased OCN levels after AZA treatment, suggest
that AZA may skew the differentiation of MSC toward the
chondrogenic lineage, at the expense of the osteoblastic
lineage.
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Fig.2 Cellular senescence and cell cycle arrest after exposure to
ETO Healthy MSC were exposed to 0.1 or 0.25 pM ETO for 48 h.
a Left side: PD were calculated after 48 h of exposure to 0.1 pM and
0.25 pM ETO. DMSO served as solvent control. Middle: representa-
tive micrographs of MSC phenotype after 48 h exposure or addi-
tional 96 h recovery period. Scale bars indicate 100 pm. Right side:
PD of exposed MSC with a recovery period of 96 h. b Percentage of
p-galactosidase-positive cells after ex to 0.1 uM and 0.25 M
ETO. ¢ Exposed MSC were analyzed by qPCR for cell cycle marker
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TP53, CDKNIA, CDKNZA on mRNA level as well as for microen-
vironment regulatory factors ANGPTI, CXCLIZ and KITLG. Dose-
dependent dysregulation of CDKNIA, CXCLI2 and KITLG was
determined. d Flow cytometry of Nicoletti staining revealed absence
of apoptosis in ETO-exposed MSC, but showed a clear shift of cell
cycle stage to 5-G,. Mean values and SEM are shown for at least
three independent experiments (n>3). Asterisks indicate statistical
significance using Student’s t test vs DMSO (*P<0.05, **P<0.01,
=P <0.0001)

-98-



Manuscripts

Archives of Toxicology

I. Osteogenic differentiation

c
The Osteo-
Healthy MSC
Chondrogenic ‘ COT3e  COAS
differentiation CDS0-  COM
pathway l CD-
L] ) 7. |
z \
Osteoprogenitor ____ 1 Ehondrocyte
[ ez | a | enpze
OSTERDN. l :l.'c]:i-
R Osterins
Osteccalcint
| ACANS
Fig.3 5-Azacitidine ind diffi shift from genic o

preferentially chondrogenic differentiation a MSC were exposed to
AZA for four and seven days and afterward induced for osteogenic or
chondrogenic differentiation. AZA exposure led to inhibition of cal-
cium disposition after osteogenic induction for 14 days as shown by
Alizarin Red staining, while p gly was robustly incorporated
during chondrogenic induction as visualized by Safranin O staining
after 21 days of diffe iation. Rep ive images are shown.
Scale bars indicate 100 pm. b Steady-state transcriptional regulation
after AZA exposure showed upregulation of osteo-chondrogenic fac-
tor bone morphogenetic protein-2 (BMP2), but differential regulation
of specific osteogenic and chondrogenic markers. ¢ Schematic depic-

Temozolomide and venetoclax specifically target
malignant cells, but do not affect healthy MSC

Having observed no effects on the growth or functionality
of healthy exposed MSC after maximal doses of TMZ and
VEN, we investigated the efficacy of TMZ and VEN on
AML and lymphoma cell lines respectively. For this pur-
pose, four AML cell lines (HL-60, THP-1, KG-1a, MV4-
11) were exposed lo increasing concentrations ranging from

Il. Chondrogenic differentiation
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Py rrYy.

Osteogenic induction
with AZA treatment
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mm Maturation phase

|

4 —_osteogenic mafken chondrogenic rnamara_t
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tion of the osteo-chondrogenic differentiation pathway and involved
regulating factors. Graphics were generated using Microsoft Pow-
erPoint 2013. d gPCR results of mRNA expression levels of osteo-
genic—chondrogenic factors (BMP2, RUNX2, DKK2, OSX, OCN,
S0X9, ACAN) during 14 days of osteogenic induction and simultane-
ous AZA Fold ct of the respective exg ion related
to the control group (normalized as 1) are given for induction phase
(days 1-7) and maturation phase (days 10-14) of osteogenic differen-
tiation. Mean values and SEM are shown for at least four independent
experiments (n4). Asterisks indicate statistical significance using
Student’s ttest (*P <0.05, **P <0.0], ***P <0.0001)

1 uM up to 100 uM of TMZ. THP-1 and KG-1a showed no
response to TMZ, while a decreased cell number of MV4-11
was observed at the highest concentration of TMZ. HL-60
cell numbers decreased in a dose-dependent manner, already
at the lowest TMZ concentration (Fig. 4a, I). Sensitivity of
AML cell lines toward TMZ concentration correlated with
the mRNA expression of the DNA damage repair enzyme
MGMT with the sensitive cell line HL-60 exhibiting low
mRNA levels of MGMT compared to other AML cell
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«Fig.4 Temozolomide and venetoclax target hematopoietic cells, but
not healthy MSC a I: Concentration response curve of AML cell
lines THP-1, KG-1a, MV4-11 and HL-60 after three days exposure
to increasing concentrations from 1 to 100 pM of alkylating TMZ
are shown. Il gPCR of MGMT mRNA expression in native MSC,
CD34 +cells and AML cell lines. 1II: Relative cell growth afier co-
treatment of AML cell lines and healthy MSC and CD34 +cells with
TMZ and O6BG. I'V: Representative images of AML cell line MV4-
11 with TMZ with or without MGMT inhibitor O6BG are shown.
DMSO served as control. b I: Concentration response of lymphoma
cell lines SU-DHL6 and K422 to VEN after seven days of culture,
1I: gPCR of BCL2 and MCLI mRNA expression in native MSC,
CD34 +and lymphoma cell lines SU-DHL6 and K422, I11: Cell lines,
MSC and CD34 +were exposed to VEN for 5 days and subsequently
cell numbers were determined. IV: Representative micrographs of
lymphoma cell line K422 and healthy CD34 4 cells after exposure to
VEN for five days are shown. DMSO served as control. Scale bars
indicate 100 pm. Mean values and SEM are shown for at least three
independent experiments (nz3). Asterisks indicate statistical sig-
nificance using Student’s t test vs DMSO (*P<0.05, **P<0.01,
P2 0.0001)

lines. In agreement with this, healthy MSC showed mRNA
expression levels of MGMT comparable to resistant AML
cell lines, while healthy CD34 + HSPC exhibited a 4.5-fold
higher mRNA expression level of MGMT than AML cell
lines (Fig. 3a, II). Co-treatment of TMZ and MGMT inhibi-
tor O6BG showed significantly diminished cell numbers of
all AML cell lines, as well as healthy CD34 + cells. MSC
were not sensitive to the combination of TMZ with O6BG
(Fig. 4a, III).

Regarding VEN, two lymphoma cell lines (SU-DHL-6,
K422) were exposed to clinically relevant doses ranging
from 10 to 40 nM and showed dose-dependent decrease in
cell number, with SU-DHL-6 being more sensitive (Fig. 4b,
I). On mRNA level, BCL2 expression was similar in healthy
CD34 + cells, K422 and SU-DHL-6, while healthy MSC
exhibited low BCL2 expression. On the other hand, MCL1
expression was significantly higher in healthy CD34 + cells
compared to healthy MSC and lymphoma cell lines (Fig. 4b,
11). Accordingly, exposure of 40 nM VEN led to significantly
diminished cell numbers in both lymphoma cell lines, while
healthy MSC and CD34 + HSPC were not as drastically
affected (Fig. 4b, 11, IV).

Antineoplastic agents affect hematopoietic support
capacity of healthy MSC

Given the pivotal role for hematopoiesis under physiologi-
cal circumstances, which are mediated by secreted factors
as well as ligand-receptor interactions, we investigated
the hematopoietic support capacity of MSC after exposure
to antineoplastic agents next. For this purpose, healthy
CD34 + cells were co-cultivated with MSC, which were pre-
viously exposed to the cytostatic drugs, and subsequently

subjected to CFU assays (Fig. 5a). After three days of co-
culture with exposed MSC, relative cell numbers of MSC
were comparable to findings in Fig. |b. CD34 4 cell numbers
were not altered by antineoplastic agents, however showed a
clear tendency to an increased cell number after co-culture
with ETO-exposed MSC (Fig. 5b). Regarding CFU assays,
only MSC previously exposed to ETO showed a significantly
diminished hematopoietic support capacity as indicated by a
lower number of total colonies, while the distribution along
the different colony subtypes was not altered significantly
(Fig. 5¢, d).

Discussion

The majority of anticancer therapies is associated with
an impairment of healthy hematopoietic progenitor cells,
leading to dose-limiting hematotoxicity or the develop-
ment of therapy-related neoplasms (Bertrums et al. 2022;
Diamond et al. 2023; McNerney et al. 2017). So far, the
main focus of chemotherapy-induced hematotoxicity has
been on HSPC with elaborate research on cytoprotective
strategies for HSPC to mitigate myelosuppressive effects
(Fakhrabadi et al. 2020; List et al. 1996; Sawai et al. 2001).
Despite the regulatory role of MSC in the hematopoietic
system, the impact of different anticancer therapies on MSC
and specifically their contribution to hematotoxicity remain
incompletely understood. Therefore, we investigated this
using human BM-derived MSC from healthy donors with a
corresponding age of cancer patients for clinical relevance.
It has to be noted that age-related clonal hematopoiesis and
accompanying bone marrow alterations were not tested in
this cohort and therefore the significance of clonal hemat-
opoiesis regarding MSC sensitivity toward anticancer ther-
apy cannot be derived here (Hecker et al. 2021; Winter et al.
2024). Nevertheless, our comprehensive in vitro analyses
show that MSC are directly affected by some antineoplastic
agents (ETO, AZA) and thereby contribute to hematotoxic-
ity, demonstrating the relevance of MSC and their therapeu-
tic response for further investigations.

ETO induced cellular senescence in MSC already at con-
centrations below clinical plasma levels of 0.1-0.25 pM,
which was not reversible, neither in proliferative medium
nor by induction of differentiation. Nicoletti assay revealed
efficient cell cycle inhibition by ETO in the absence of apop-
tosis. Similar findings were reported by other groups, show-
ing that MSC are largely resistant to apoptosis but undergo
cellular changes, e.g., cellular senescence (Lutzkendorf et al.
2017; Nicolay et al. 2016; Qi et al. 2012). Increased propor-
tion of p-galactosidase-positive cells, accompanied by the
induction of senescent-associated markers as shown here,
suggests the induction of the senescence-associated secre-
tory phenotype (SASP). This phenotype is pro-inflammatory
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and shown to lower the viability and differentiation capac- ~ MSC, together with our findings, this may explain the
ity of HSPC (Demaria et al. 2017; Tchkonia et al. 2013).  insufficient hematopoietic support of MSC exposed to
Although we did not analyze the SASP of ETO-exposed  topoisomerase II inhibitors. Within a clinical setting, the
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«Fig.5 Hematopoietic support capacity of exposed MSC a Study
design: MSC were pre-treated for 24 h with AZA or ETO, or six
days with VEN and TMZ (+06BG) and subsequently co-cultured
for three days with healthy CD34 + cells in medium without antineo-
plastic agents. Afterward, CFU assay was performed for 14 days with
co-cultured CD34 +HSPC w i their differ potential
toward CFU-GEMM, BFU-E, CFU-E, CFU-G, CFU-M, CFU-GM.
Colonies were enumerated under a light microscope. b Cell numbers
of MSC and CD34 +were determined after three days of co-culture.
¢ Total number of colonies of co-cultured CD34 +cells after 14 days
of CFU assay. d CFU-GEMM, BFU-E, CFU-E, CFU-G, CFU-M,
CFU-GM MSC were counted and are depicted in respective colors,
CD34 +cells co-cultured with MSC  supplemented with DMSO
served as control. Mean values and SEM are shown for at least three
independent experiments (n>3). Asterisks indicate statistical signifi-
cance using Student’s t test vs DMSO (#P <0.05; ==L <0,00/)

application of senolytics to manage therapy-induced senes-
cence might help preserve a healthy microenvironment dur-
ing treatment (Kirkland and Tchkonia 2020), a view that
is supported by studies in mice showing that senolytics
enhance MSC differentiation capacity (Zhou et al. 2021).
Hence, the modulation of MSC by senolytics or molecular
manipulation, e.g., by retroviral transfection, may help main-
tain the niche equilibrium and support healthy hematopoie-
sis (Halim et al. 2020); Sawai et al. 2001).

On the other hand, AZA led to a differentiation shift of
MBSC, clearly inhibiting osteogenic differentiation of healthy
MSC and favoring differentiation toward the chondrogenic
and adipogenic lineage. As hypomethylating agent, AZA
was reported to reverse the hypermethylation patterns in
MDS stroma and affect epigentically regulated differen-
tiation processes (Bhagat et al. 2017). However, described
effects of AZA on the differentiation capacity of MSC are
controversial and range from enhanced potential (Bae et al.
2017; Yan et al. 2014) to decreased potential in individual
lineages of differentiation (Rosca and Burlacu 201 1; Wenk
et al. 2018) and are most likely dependent on the cellular ori-
gin and treatment scheme. Clinically, patients are exposed to
75 mg/m? body surface with a bioavailability of around 89%
(Derissen et al. 2014; Kaminskas et al. 2005). In this study,
we have chosen a low concentration (2.5 pM) within patient
plasma levels, which can range from 1 to 50 pM, and mim-
icked the treatment duration of seven days (Kaminskas et al.
2005). Moreover, we used cells derived directly from human
BM, while other studies were conducted in mice (Rosca and
Burlacu 2011) or with MSC derived [rom adipose tissue
(Yan et al. 2014). Although we did not observe effects on the
hematopoietic support function, the essence of osteoblasts
in hematopoietic homing is well known (Neiva et al. 2005)
and might implicate the initiation of a dysbalance in niche
equilibrium, potentially indirectly affecting HSPC cross-
talk and regulation (Raaijmakers et al. 2010). Due to the
epigenetic mode of action of AZA, dose escalation might
reveal differential effects. Wenk and colleagues (2018) used

a fourfold higher concentration with a lower exposure time
(48 h) and found osteogenic-enhancing effects on healthy
MSC and MSC from patients with MDS, while adipogenic
differentiation was inhibited. In this set-up, the hematopoi-
etic support function was increased as well, demonstrating
the importance of osteogenic potential on the one hand and
dose selection on the other.

In our analysis, TMZ and VEN clearly targeted hemat-
opoietic cells but not MSC. We did not find notable altera-
tions in MSC at the highest clinically relevant dose of
100 pM TMZ (Meany et al. 2009; Ostermann et al. 2004)
or 40 nM VEN (Scheffold et al. 2018). On the one hand,
TMZ effectively targeted malignant cells, as reflected by
decreased growth after exposure, which was dependent on
MGMT expression level. The overall response of cancer
patients treated with TMZ is dependent on their MGMT
activity, with patients conferring high activity being resistant
to TMZ treatment (Marrari et al. 2011; Trillo Aliaga et al.
2021). Resistant cells usually become sensitized by MGMT
inhibition, as shown here and by others (Chen et al. 2022),
but this does not apply to healthy MSC in our experiments.
The slow proliferative activity of MSC compared to cancer
cell lines must be noted; however, TMZ exerts its effects
after two cell cycles according to its mode of action, which
was given in each tested cell population. Studies have shown
that myelosuppression by TMZ correlates with MGMT
expression in leukocytes (Stokes et al. 2012). On the other
hand, primitive CD34 4+ HSPC were exposed to TMZ and
showed clear sensitivity when exposed in combination with
the MGMT inhibitor. This points to the fact that the origin of
TMZ-induced myelosuppression is probably also caused by
the suppression of HSPC. Although HSPC already present
with the relative highest MGMT expression in our cohort,
alkylating agents are often combined with O6BG to poten-
tiate TMZ effects, thereby also targeting HSPC. To protect
HSPC reservoirs, MGMT expression and activity could be
artificially increased in these cells to ensure selective elimi-
nation of cancer cells (Pollok 2003; Reese et al. 1999).

Similarly, VEN specifically inhibits the anti-apoptatic
protein BCL2, which is mainly increased in cancer cells.
Mainly hematological neoplasms, such as acute myeloid
leukemia or lymphomas are treated with VEN as part of
a combination therapy. In lymphomas, for example, the
common chromosomal translocation t(14;18)(g32;921)
leads to a constitutive overexpression of BCL2, allowing
apoptotic escape for malignant cells (Miyashita and Reed
1993; Weiss et al. 1987). Therefore, VEN selectively tar-
gets these cells and induces apoptosis. Compared to cancer
cell lines and HSPC, the expression of BCL2 is much lower
in healthy MSC, explaining their lack of alterations after
VEN exposure. In fact, CD34 + cells have similar levels of
BCL2 to lymphoma cell lines due to their immaturity (Delia
et al. 1992) but were not as dramatically affected by VEN.
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Following this, we detected a tenfold increased expression of
the alternative anti-apoptotic MCL/ in healthy CD34 4+ cells
compared to lymphoma cell lines, protecting the progenitor
cells from long-lasting abolishment of BCL2 by VEN. Con-
sequently, only cells conferring both, high BCL2 and low
MCLI levels are specifically and durably targeted by VEN
(Warren et al. 2019). While it was shown that VEN spares
hematopoietic cells in peripheral blood (Chen et al. 2020;
Shi et al. 2021; Souers et al. 2013), knowledge about altera-
tions in hematopoietic progenitors and their potential con-
tribution to myelosuppression does not exist. To determine
the etiology of VEN-related myelosuppression, functional
effects on healthy CD34 + HSPC should be investigated in
future.

Conclusion

The new insights into direct MSC alterations provided by
this study emphasize the critical need to consider the entire
BM microenvironment in the context of anticancer therapies.
While not all antineoplastic agents mediate their myelosup-
pressive effects via BM stromal cells, substance-specific
effects directly affecting MSC were found after ETO and
AZA exposure, potentially contributing to therapy-related
hematotoxicity. These results open a new perspective on
the management of myelosuppressive side effects during
anticancer therapy and should be further investigated for
developing novel strategies implementing the relevance of
BM MSC.
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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 (Hofforand & 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, -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 SMADZ2/3 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 -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 /L11.
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
CDA47 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 uM 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. /n 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 -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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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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A. Population Doublings
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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 ym
(A.). Harvested cells were used for cellular senescence assay (B.), gPCR 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 uM 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
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paired t-test comparing AZA vs. DMSO treatment, **p <0.01, ***p <0.001). Scale bars indicate

100 ym.
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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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