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“The important thing is not to stop questioning. Curiosity has its own 

reason for existence. One cannot help but be in awe when he 

contemplates the mysteries of eternity, of life, of the marvelous structure 

of reality. It is enough if one tries merely to comprehend a little of this 

mystery each day.” 

 

Albert Einstein 
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ABSTRACT 

 

The bone marrow niche is a complex organ system, which has classically been studied 

for its role as the seedbed of hematopoiesis. Recent research has highlighted the complexity of 

the bone marrow at the cellular level unraveling Mesenchymal Stem Cells (MSC) as critical 

supporting cells for Hematopoietic Stem Cells (HSCs). However, little is known about the role 

of MSCs in physiological and pathophysiological states of the bone marrow. Therefore, in the 

first part of this thesis, we studied the engagement of MSCs in the stress response of the murine 

bone marrow niche over time. In the second part of this thesis, the HSC expansion potential of 

MSCs was studied and translated into a human system in order to overcome the limitations of 

HSC transplantation for regenerative medicine. Taken together, my thesis deals with the 

“Characterization of Bone Marrow Mesenchymal Stem Cell Niche Dynamics upon Stress, 

with Focus on Clinical Translation”.  

 

 Inflammation is a key component in the complex biological response of the body to 

harmful stimuli. In the context of the bone marrow, inflammation is an overarching process 

central to most if not all forms of stress challenges and disease settings. Current research in the 

field is focused on understanding the response of HSCs to inflammation. While such research 

provides descriptive understanding of the HSC niche with its stromal compartment, it falls short 

in translating this into functional applications confounded by a single marker approach of 

classifying the niche cell diversity. In this thesis, we utilized the power of single-cell sequencing 

coupled with a functional proliferation readout to investigate inflammation response over time 

of an unbiased bone marrow niche. Further, we identified and described a novel inflammation-

responding MSC (iMSC) population which, unlike its stromal counterpart, responded directly 

and dynamically to IFNα stimulation. We showed that iMSCs uniquely produce key 

inflammation cytokines and secreted factors at the onset of the IFNα response while they 
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markedly downregulated extracellular matrix (ECM) factors and, thus, facilitated niche 

remodeling at a late time point. Using ligand-receptor mapping, we further identified pivotal 

inflammation-specific interactions between iMSCs and HSCs within the bone marrow. Hence, 

we concluded the first part of my thesis with a novel iMSC signature with direct application in 

unravelling inflammation dynamics of the bone marrow niche. The proposed iMSC signature 

has the potential to significantly contribute to our understanding of bone marrow niche 

perturbations in disease settings, like leukemia and immunodeficiencies.  

 

 Bone marrow transplants (BMTs) have highlighted the HSC potential to restore a new 

functional hematopoietic system in diseased recipients. However, a major roadblock for this 

scientific breakthrough is our limited potential for ex vivo HSC expansion. In the second part 

of my thesis, we propose a potent ex vivo HSC expansion system based on bone lining-derived 

reinvigorating Mesenchymal Stem Cells (rMSCs). Using a functional approach, we created a 

robust pipeline for the fluorescence-activated cell sorting (FACS)-based isolation and ex vivo 

expansion of rMSCs from both murine and patient-individualized human samples. The bulk 

and single-HSC long-term expansion using rMSCs maintained phenotypic stemness over 

multiple cell differentiation cycles and provided functional bone marrow reconstitution 

capabilities upon transplant. Notably, our rMSC co-culture system outperformed existing 

alternatives for HSC expansion including systems using stromal cells, non-cellular coating 

factors, or different medium compositions. Further, using our donor-individualized 

experimental strategy, we isolated and analyzed both plastic-adherent stromal cells (PASCs) 

and rMSCs from the same patient sample highlighting more favorable gene expression profiles 

in rMSCs compared to PASCs for HSC expansion. Thus, with the second part of this thesis, we 

showed that our rMSC-based system for HSC expansion can play a pivotal role in research to 

reduce the number of mice used for ex vivo experiments. Moreover, our patient-individualized 
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rMSC-based HSC expansion system could potentially be used for curative and personalized 

gene therapy in numerous diseases. 

 

In summary, with my thesis, I deciphered functional subsets of murine stromal cells 

regulating the in vivo inflammatory response of the bone marrow and promoting ex vivo HSC 

expansion. Our functional approach of stromal cell characterization revised the current 

understanding of the bone marrow niche and holds the promise for clinical breakthrough. 

 

 

Keywords: Bone marrow niche, Murine mesenchymal stromal/stem cells, Microenvironment, 

Inflammation, Interferon-alpha, Single-cell transcriptomics, Hematopoietic stem cells, ex vivo 

expansion, Human mesenchymal stromal/stem cells, Bone marrow transplant, Personalized 

medicine.  
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ZUSAMMENFASSUNG 

 
 

Die Nische des Knochenmarks ist ein komplexes Organsystem, das klassischerweise für 

seine Rolle als Keimzelle der Hämatopoese untersucht wurde. Neuere Forschungen haben die 

Komplexität des Knochenmarks auf zellulärer Ebene hervorgehoben und mesenchymale 

Stromazellen (MSC) als kritische Unterstützungsfaktoren für hämatopoetische Stammzellen 

(HSCs) entschlüsselt. Allerdings ist wenig über die Rolle von MSCs in physiologischen und 

pathophysiologischen Zuständen des Knochenmarks bekannt. Deshalb haben wir im ersten Teil 

dieser Arbeit das Mitwirken von MSCs in der Stressantwort der murinen Knochenmarksnische 

im Zeitverlauf untersucht. Im zweiten Teil dieser Arbeit wurde das HSC-Expansionspotential 

von MSCs untersucht und auf ein humanes System übertragen, um die Grenzen der HSC-

Transplantation für die regenerative Medizin zu überwinden. Insgesamt befasst sich meine 

Arbeit mit der "Charakterisierung der Stress-Dynamik von mesenchymalen Stromazellen 

der Knochenmarknische, mit Fokus auf klinische Translation".  

 

 Entzündungen sind eine Schlüsselkomponente in der komplexen biologischen Antwort 

des Körpers auf schädliche Reize. Im Kontext des Knochenmarks ist die Entzündung ein 

übergreifender Prozess, der für die meisten, wenn nicht sogar alle Formen von 

Stressherausforderungen und Krankheitssituationen zentral ist. Die aktuelle Forschung auf 

diesem Gebiet konzentriert sich auf das Verständnis der Antwort von HSCs auf Entzündungen. 

Die Forschung liefert daher ein deskriptives Verständnis der HSC-Nische mit ihrem stromalen 

Kompartiment. Dies kann jedoch nicht in funktionelle Anwendungen übertragen werden, da 

der Ein-Marker-Ansatz zur Klassifizierung der Zellvielfalt in der Nische dies verhindert. In 

dieser Arbeit haben wir die Leistungsfähigkeit der Einzelzellsequenzierung in Verbindung mit 

einer funktionellen Proliferationsmessung genutzt, um die Entzündungsreaktion einer 

unverfälschten Knochenmarksnische im Zeitverlauf zu untersuchen. Darüber hinaus 
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identifizierten und beschrieben wir eine neuartige, auf Entzündungen reagierende MSC-

Population (iMSC), die im Gegensatz zu ihrem stromalen Gegenstück direkt und dynamisch 

auf die IFNα-Stimulation reagierte. Wir konnten zeigen, dass iMSCs wichtige 

Entzündungszytokine und sezernierte Faktoren zu Beginn der IFNα-Antwort produzieren, 

während sie extrazelluläre Matrix (ECM)-Faktoren deutlich herunterregulieren und somit die 

Nischenumstrukturierung zu einem späten Zeitpunkt erleichtern. Mittels Liganden-Rezeptor-

Mapping konnten wir darüber hinaus entscheidende entzündungsspezifische Interaktionen 

zwischen iMSCs und HSCs im Knochenmark identifizieren. Damit schlossen wir den ersten 

Teil meiner Dissertation mit einer neuartigen iMSC-Signatur ab, die eine direkte Anwendung 

bei der Entschlüsselung der Entzündungsdynamik in der Nische des Knochenmarks ermöglicht. 

Die vorgeschlagene iMSC-Signatur hat das Potenzial, wesentlich zu unserem Verständnis von 

Störungen der Knochenmarksnische bei Krankheiten wie Leukämie und Immundefekten 

beizutragen.  

 

 Knochenmarktransplantationen (BMTs) ermöglichen die Wiederherstellung eines 

neuen funktionellen hämatopoetischen Systems in erkrankten Empfängern. Ein großes 

Hindernis für diesen wissenschaftlichen Durchbruch ist jedoch unsere begrenzte Fähigkeit für 

die ex vivo HSC-Expansion. Im zweiten Teil meiner Dissertation schlagen wir ein sehr 

wirksames ex vivo-HSC-Expansionssystem vor, das auf reinvigorierenden mesenchymalen 

Stromazellen (rMSCs) basiert, die von der Knochenoberfläche, dem Übergang zwischen 

Knochenmark und Knochengewebe, stammen. Unter Verwendung eines funktionellen 

Ansatzes haben wir eine robuste Pipeline für die Fluoreszenz-aktivierte Zellsortierung (FACS)-

basierte Isolierung und ex vivo-Expansion von rMSCs sowohl aus murinen als auch aus 

menschlichen Patientenproben entwickelt. Die Langzeitexpansion von rMSCs als Bulk- und 

Einzel-HSCs behielt den phänotypischen Stammzustand über mehrere 

Zelldifferenzierungszyklen bei und ermöglichte eine funktionelle Knochenmarkrekonstitution 
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nach Transplantation. Insbesondere übertraf unser rMSC-Kokultursystem bestehende 

Alternativen für die HSC-Expansion, einschließlich Systemen, die Stromazellen, nicht-

zelluläre Beschichtungsfaktoren oder unterschiedliche Medienzusammensetzungen 

verwenden. Darüber hinaus haben wir mit unserer patientenindividuellen experimentellen 

Strategie sowohl plastikadhärente Stromazellen (PASCs) als auch rMSCs aus derselben 

Patientenprobe isoliert und analysiert und dabei günstigere Genexpressionsprofile bei rMSCs 

im Vergleich zu PASCs für die HSC-Expansion festgestellt. Somit haben wir mit dem zweiten 

Teil dieser Arbeit gezeigt, dass unser rMSC-basiertes System für die HSC-Expansion eine 

zentrale Rolle in der Forschung spielen kann, um die Anzahl der für ex vivo-Experimente 

verwendeten Mäuse zu reduzieren. Darüber hinaus könnte unser patientenindividualisiertes 

rMSC-basiertes HSC-Expansionssystem potenziell für eine kurative und personalisierte 

Gentherapie bei zahlreichen Krankheiten eingesetzt werden. 

 

Zusammenfassend lässt sich sagen, dass wir mit meiner Arbeit funktionelle 

Untergruppen von murinen Stromazellen entschlüsselt haben, die die Entzündungsreaktion des 

Knochenmarks in vivo regulieren und die HSC-Expansion ex vivo fördern. Unser funktioneller 

Ansatz der Stromazellcharakterisierung revidiert das aktuelle Verständnis der 

Knochenmarksnische und verspricht einen klinischen Durchbruch. 

 

 

Stichwörter: Knochenmark-Nische, Murine mesenchymale Stromal-/Stammzellen, 

Mikroumgebung, Entzündung, Interferon-alpha, Einzelzell-Transkriptomik, Hämatopoetische 

Stammzellen, ex vivo Expansion, Humane mesenchymale Stromal-/Stammzellen, 

Knochenmarktransplantation, Personalisierte Medizin. 
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1 INTRODUCTION 

 

1.1  A brief history of the bone marrow 

 
The bone marrow is currently defined as the primary site for blood production, through a 

process termed hematopoiesis (1). The human bone marrow has an incredible turn-over rate, 

producing around 350 billion platelets, 180 billion erythrocytes and 12 billion lymphocytes on 

a daily basis (2). However, to understand the current narrative of the field we need to connect 

with the past conceptualization of the bone marrow.  

While literature from the 17th century describes erythrocytes for the first time, it was not 

until the 19th century that researchers questioned the function and origin of the bone marrow 

(3). Hippocrates of Kos (460-370 BC), regarded as the Father of Medicine (4), and Aelius 

Galenus (129-210 BC), a pioneering medical researcher of his era (5), considered the bone 

marrow the nutrition source for the bone (6). Aristotle (384-322 BC) had a contradictory 

opinion and claimed that the bone marrow was a waste by-product (6). It was not until 1872 

when Charles Robin reported the bone marrow to be highly vascular and formed after the bone 

during development, suggesting the bone marrow was not a nutritious source for the bone and 

rather had an independent function (3). 

Ernst Christian Neumann (1834-1918) was a professor at the Pathological Institute at 

Konigsberg. He was the first to unravel the presence of nucleated erythrocytes and postulated 

the concept of erythropoiesis occurring in the human bone marrow (7). Further, Neumann 

published work describing the process of leukopoiesis and proposing the concept of a common 

stem cell for all hematopoietic cells (8). Neumann believed that all hematopoietic cells in an 

adult originated from post-embryonic stem cells that where formed in the bone marrow by 

reticulum cells (9), unaware of the concept of a ‘hematopoietic inductive niche’ which was not 

postulated until the 20th century (10).  
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Giulio Bizzozero (1846-1901), regarded as a pioneer of histology, was a professor of 

general pathology at the university of Turin. He not only went on to confirm Neumann’s claims 

regarding erythrocytes and leucocytes in his two publications, but also identified platelets as 

the third constituent of the blood (11). Bizzozero put forth the concept of hemostasis or arresting 

the flow of blood to be the major function of the platelets. He went on to build on his bone 

marrow model by suggesting that the platelets represented an independent cell lineage and 

hemostasis was not synonymous to blood coagulation (12).  

Sir William Osler (1849-1919) was one of the founding professors of the Johns Hopkins 

Hospital and is regarded as the Father of Modern Medicine (13). He gave a series of three 

lectures in New York combining his own research with the likes of Neumann and Bizzozero, 

proposing a detailed model of the bone marrow. In his book titled The Principles and Practices 

of Medicine published in 1892, Osler postulates the concept of a hematopoietic differentiation 

tree with a common stem cell at the top of the hierarchy branching out into distinct lineages 

(14). Interestingly, this early concept with its original idea still holds true until today. Though, 

it was only towards the end of the 19th century that this concept of hematopoiesis could be 

experimentally proved thanks to advancements in cell histology techniques. James Homer 

Wright developed the staining of the megakaryocytes and Paul Ehrlich’s the aniline dye on 

heat-fixed bone marrow smears which allowed the analysis of the composition and changes in 

the bone marrow (15).  

In the late 20th century, the bone marrow transplant became the landmark for hematological 

advancement (16). Once again highlighting how the model of the bone marrow has evolved 

over the course of history, pitted with controversial concepts and challenging ideas, along with 

evolution in scientific technology.  
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1.2  The beauty in the complexity of the bone marrow 

 
The bone along with its marrow is a vital and complex organ. It is unique in its mechanical 

composition with a gradient of hard calcified bone tissue on the outside to viscous bone marrow 

as we move inwards (17). In part due to its mechanically optimized structure, the bone also has 

a marked hypoxia gradient (18,19). This unique balance between its structure and composition 

is reflected in its two important functions: provide mechanical integrity for the body to enable 

mobility and serve as the primary site for hematopoiesis (20). The bone marrow niche in itself 

has a complex biological makeup with numerous cell types interacting with each other through 

both juxtracrine and paracrine signaling (21). Adding to the apparent complexity, the bone 

marrow is both highly vascularized and rich in secreted factors all of which harmoniously work 

together making the bone marrow a unique organ system. 

 

1.2.1 Cellular components  

 
A number of cell types have been suggested to be part of the bone marrow niche 

including hematopoietic stem cell (HSCs), osteoblasts, endothelial cells, perivascular cells, 

megakaryocytes, sympathetic nerve cells and mesenchymal stem/stromal cells (MSCs) (22). 

HSCs are a small population of hematopoietic cells responsible for the lifelong production of 

blood and immune cells (23). Arguably one of the most well studied stem cell types, HSCs 

reside in a specialized microenvironment in the bone marrow termed as the HSC niche (24). At 

homeostasis, HSCs are maintained in a long-term quiescence state in part by its niche and are 

activated to cycle on demand (25).  

The bone marrow niche is shown to be perivascular, created in part by MSCs and lined 

by endothelial cells and often, but not always, located near trabecular bone (26). Early studies 

shed light on the crucial role of the bone marrow niche and HSC interaction. Osteolineage cells 

in particular osteoblasts have been identified as a key component of the endosteal HSC niche 
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(27) . In vitro, HSC growth is supported by osteoblastic cells and in vivo ablation of osteolineage 

cells markedly disrupts hematopoiesis (28). In addition, transgenic mouse models and 

intermittent parathyroid hormone (PTH) administration systems have been used to study 

important hematopoietic factors expressed by osteolineage cells (29,30).  

Throughout embryogenesis the hematopoietic system dynamically interacts with the 

vasculature, with endothelial structures giving rise to the first definitive HSCs during fetal 

development (31,32).  The blood vessels not only play a critical role in adult bone remodeling 

but also in trafficking hematopoietic stem and progenitor cells (HSPCs) between the bone and 

the bloodstream (33). Blocking angiogenesis signaling via endothelial cells in the bone marrow 

has shown to have detrimental effects on the engraftment of HSCs post-transplant (34,35). 

Endothelial cells have also been shown to directly affect HSC proliferation by expressing 

endothelial cell-specific adhesion molecule E-selectin (36), and the lack of endothelial-specific 

factors like vascular endothelial growth factor (VEGF) causes bone marrow failure (35,37). 

With the arteriole running along the length of the long bones and sinusoids traversing 

perpendicular to the long axis, the bone marrow vasculature thus constitutes a rather large and 

crucial cellular component of the adult bone marrow (38,39).   

Perhaps the most controversial addition to this list are the bone marrow MSCs. Even 

though multiple high impact research publications highlight the spatial association of the HSCs 

with the MSC niche in the bone marrow, this cell population has been difficult to characterize 

(26,40). Classically the MSCs are defined as multipotent stromal cells with the potential to give 

rise to adipocyte, chondrocytes and osteogenic lineage (41). However, in part due to their 

heterogeneity and lack of consensus on their defining features the MSCs still remain a black-

box. Recent advancement in deep bone imaging complemented with sophisticated transgenic 

mouse models have contributed to our understanding of the MSCs as an active bone marrow 

niche component (21,42). Studies show significant improvement in donor engraftment upon 

co-transplantation of MSCs with HSPCs and enhanced murine HSC self-renewal potential 
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(43,44). The field has defined MSCs based on the active HSC niche factor they express e.g. 

Nestin+ stromal cells, CXCL12-abundant reticular cells, SCF-expressing cells and Leptin 

receptor-expressing cells, to name the well-studied MSC types (26,42,45–47).  

 

1.2.2 Biochemical properties  

 
The bone marrow due to its cellular diversity is very rich in biochemical signaling 

molecules, including growth factors, cytokines, chemokines, morphogens and adhesion 

molecules (48,49). These biochemical molecules have been shown to contribute both directly 

and indirectly to the bone marrow niche function, by providing paracrine and juxtracrine 

signaling (50). Thrombopoietin (TPO) and osteoblast derived factor angiopoietic-1 (ANGPT1) 

bind to their respective receptors MPL and TIE2 on the HSCPs to regulate quiescence (51–53). 

Whereas, C-X-C motif chemokine receptor 4 (CXCR4) signaling via C-X-C motif chemokine 

12 (CXCL12) abundant reticular cells (CAR cells) are pivotal in HSPC pool maintenance and 

expansion potential (42,46).  

Growth factors like Stem Cell Factor (SCF) and C-X-C chemokine ligand 12 (CXCL12) 

are known to be non-cell-autonomously required for HSC microenvironment maintenance (54–

58). SCF as a biomolecule is present in both soluble and membrane-bound forms in the bone 

marrow. SCF binds to its receptor KIT, expressed by hematopoietic cells and most importantly 

HSCs (59–61). Though, the role of SCF in HSC maintenance has been well documented, the 

source of the secreted factor is linked to multiple MSC types with distinct spatial localization 

across the bone marrow (62–64). Similarly, CXCL12-CXCR4 signaling is also crucial for the 

maintenance of a stable bone marrow microenvironment. Conditional deletion of Cxcr4 or 

Cxcl12, either globally or in a cell type-specific manner, depleted HSCs from the bone marrow 

and affected the proliferation of multiple restricted progenitors (42,65). Owing to this central 
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role of CXCL12 in the adult bone marrow, a sub-set of MSCs are defined solely based on this 

factor as CXCL12-abundant reticular cells or CAR cells (66,67). 

Other important molecular components of the bone marrow niche include locally acting 

factors such as Notch ligands, Wnt/b Catenin signaling, VEGF signaling, BMPs, N-Cadherin 

and IL-6 that are all shown to modulate niche function but may be dispensable for adult HSC 

maintenance (34,48,68–70).  Biochemical factors acting over a long-range to regulate the bone 

marrow niche include estrogen (source: ovaries), leptin (source: adipocytes) and 

thrombopoietin (source: liver and kidney, but bone marrow source unknown) (71–73).  

 

1.2.3 Cell-to-cell interaction 

 

Numerous cell-to-cell interaction participate in driving bone marrow niche behavior, 

under homeostasis. As an example, CAR cells have been shown to be in direct contact with the 

HSCs and play an important role in cell orientation during HSC division (46,66,74). Further 

studies have shown that HSPC survival and self-renewal is correlated with the transfer of 

reactive oxygen spices (ROS) to MSCs through connexin-43 (Cx43)-dependent gap junctions 

(75). Using whole-mount immunofluorescent imaging of the bone marrow vasculature, 

endothelial cells are reported to form sub-niches with direct contact with the leptin+ stromal 

cells and HSCs (42,45). Recent reports speculate on the role of the sympathetic nervous system 

in maintaining steady state homeostasis of the bone marrow (76). With non-myelinated 

Schwann cells interacting not only with the endothelial cells but also with the stromal cells to 

maintain HSC hibernation (77). In addition, autocrine ligand-receptor signals regulate a balance 

between proliferation and differentiation in the bone marrow. Including ANGPTI with its 

receptor TIE2, IGF-1 with its receptor IGF-1R and TNFa with its receptor TNFR (78–80). 

Molecular signals are further enhanced by positive feedback loops, such as hypoxia-inducible 

factor 1 alpha (HIF-1-a) and TPO driven transcription of VEGF by the endothelial cells with 
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profound downstream impact on the global bone marrow microenvironment (51,52,81–83). 

Multipotent stromal cells defined by their Leptin expression, residing at the cortical bone lining, 

directly interact with their osteoblastic progenitors to maintain steady bone turnover rate and 

adult bone mass (67,84). Moreover, in recent years, nestin+ stromal cells have been shown to 

interact with immature-adipocytes and play a role in HSC homing to the bone marrow niche 

post transplantation (85,86).  

  

1.2.4 Biomaterial properties 

 
The bone marrow niche is a complex multi-dimensional system that not only includes 

cellular and biochemical factors but also possess unique biomechanical properties. Bone 

marrow stiffness and extracellular matrix (ECM) representation, along with other 

physiochemical properties regulate the HSC quiescence, activation, proliferation and 

differentiation (87–89). Often overlooked, the extracellular matrix provides a mechanical 

scaffold and serves as a source of proteases and growth factors for the bone marrow 

microenvironment (90). Analysis of the bone marrow both in vivo and in vitro has identified 

the presence of fibronectin, laminin, collagenase (mostly I, IV, V & VI) and other large 

molecules such as syndecan, biglycan, hyaluronan and glycosaminoglycan (91–95). The bone 

marrow MSCs are labelled as the chief producers of most of these ECM factors, followed by 

osteoblasts and endothelial cells (96–99). The extent of ECM effect on the MSCs and the osteo-

lineage can be elucidated by a study of mice lacking the ECM component biglycan. These 

knock-out mice exhibit defects in the ability of marrow derived progenitors to differentiate into 

mature osteoblasts (100,101). In the context of hematopoiesis, the ECM has been reported to 

directly or indirectly modulate HSC physiology (102–104). In particular, the ECM proteins play 

an important role in HSC mobilization from the niche. For example, hyaluronic acid has been 

shown to be anchoring HSCs to the bone marrow which can be cleaved by CD44 to partially 
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mobilize the stem cells into circulation (105,106). In myeloma patients, it has been observed 

that the bone marrow niche is significantly stiffer in comparison to healthy individuals. Further, 

this increased stiffness was linked to the disease progress with the myeloma niche being 

preferential to myeloma stem cells homing (107,108).  

 

1.2.5 Gas concentration 

 
The physiological role of oxygen, and thus lack thereof, in the context of cellular 

respiration is well documented. Although hypoxia is not common in most healthy human tissue, 

the bone marrow is somewhat unique with a distinct hypoxia gradient (109,110). The 

importance of hypoxia and hypoxia-inducible-factor-1 (HIF-1) was studied using an elegant 

osteoblast-specific genetic deletion of Hif1a mouse model. The study demonstrated the direct 

effect of hypoxia on bone development and turnover rate (111). Further, data suggests a broader 

role of hypoxia in regulating multiple niche populations including MSCs and HSCs. In vitro 

data suggests that osteo-primed stromal cells are more supportive of HSPC culture under 

hypoxia, with HIF being stabilized in these osteo-stromal cells (112,113). On the contrary, 

deletion of Hif1a gene on the HSCs causes their rapid exit from dormancy and results in 

myelosuppression (111). Moreover, pharmacological stabilization of HIF-1a protein in HSCs 

results in lower metabolic activity and quiescence (114). Studies have also linked a typical 

feature of the HSCs to preferentially home at the endosteal region of the bone marrow, which 

is characterized by low perfusion and distinctive hypoxia (115,116). Further, recent 

technologically advanced research uses sensitive oxygen sensors to better quantify the in vivo 

hypoxia gradient in the bone marrow niche (117–119). The molecular response of the cellular 

components to the oxygen gradient in the bone marrow was a crucial discovery, which won the 

2019 Nobel prize in physiology or medicine, and has broadened our understanding of gas 

exchange in the bone marrow (120).  
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Figure 1. The components of an adult bone marrow niche. The bone marrow is a complex organ 

system with multiple cell types, interacting with each other both directly or through the production of 

numerous secreted molecules.  Adding an additional layer of complexity, the bone marrow has a 

dynamic physiochemical architecture along with a characteristic hypoxia gradient. A combination of 

these factors makes the bone marrow niche a complex yet unique structure.   

 

1.3 The bone marrow Mesenchymal Stem/Stromal Cells  

 
The MSCs are a rare population of multipotent cells, as stated previously, and are 

characterized by their in vitro tri-lineage differentiation potential i.e. adipocytes, chondrocytes 

and osteocytes (121,122). Within the bone marrow, MSCs typically make up about 0.01% of 

total cells and 0.1% of stromal cells, not accounting for the variability due to digestion (86,123). 

While bone marrow MSC research has gained a lot of traction in the last decade, both in murine 

and human system, this cell type has been particularly difficult to define, in part due to lack of 

consensus on its critical characteristic be it plastic adherence in vitro, functional in vivo readout 
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or variable cell surface markers. Nonetheless, numerous studies have utilized elegant transgenic 

murine models supplemented with advanced whole-bone imaging technique to demonstrate the 

important role of MSCs as an active component of the bone marrow niche (26,41,88). 

In the murine system, groups have focused on defining MSCs based on their expression of 

critical HSC signaling molecules like CXCL12 and SCF. Morrison’s group, among others, used 

a Cxcl12 conditional deletion model to propose leptin as a bona-fide marker for MSCs (67). 

Using leptin receptor-Cre to specifically delete Cxcl12 expression, they further went on to show 

that the HSCs were mobilized from their niche but with no effect on their function (124). Prior 

studies from the Frenette’s group identified MSCs based on their expression of nestin using a 

GFP-tagged system (26,125). These nestin-GFP+ MSCs where enriched for colony forming 

unit-fibroblast (CFU-F) activity and expressed high levels of Kit ligand and CXCL12, classical 

HSC maintenance factors (26). A broader classification of MSCs are under the umbrella term 

CXCL12-abundant reticular cells (CAR cells) based on the assumption that they express the 

highest amount CXCL12 chemokine in the bone marrow (42,66,126). Deletion of Cxcl12 gene 

in CAR cells using osterix-cre results in dysregulation of HSC quiescence and has deleterious 

effect on their repopulation capacity (127,128).  Another rather recent model of MSCs suggests 

the Ng2-CreER+ cells to be the main source of CXCL12 and SCF in the bone marrow (125). 

However, this model is still under debate as conditional deletion of Scf using Ng2-CreER has no 

effect on HSC numbers and adult hematopoiesis (45,129–131). 

For the human system, the International Society for Cellular Therapy (ISCT) proposed 

minimal criteria to define MSCs. Human MSCs must be plastic-adherent when maintained in 

2D in vitro culture conditions. They must express CD73, CD90 and CD105 on their surface 

while lacking the expression of CD34, CD45, CD14, CD19 and HLA-DR surface molecules. In 

addition, human MSCs must also differentiate into adipocytes, osteoblast and chondroblasts in 

culture (132). While the criteria proposed by ISCT aim at standardizing human MSC clinical 

translation, new reports suggest an unaccounted heterogeneity in the MSC pool (133). Using 
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latest transcriptional profiling techniques at the single-cell level, researchers are now unravelling 

the complexity of the human stromal system (40,134).   

 

1.4 The Mesenchymal Stem/Stromal Cell niche concept 

 
According to the niche hypothesis, biochemical signals and physiochemical properties of 

the microenvironment governs the stem cells response and fate (135). In the context of the bone 

marrow, the majority of the studies have focused on the HSC microenvironment termed HSC-

niche or HSC instructive niche (41,136,137). Newer models look at the bone marrow niche from 

the MSC perspective, postulating distinct MSC-HSC niche concepts (26,86). Broadly, the MSC 

niche concept can be subdivided into two major categories i.e. macro-vascular niches and micro-

HSC specific niches.  

The vascular-MSC niche concept stems from the observation that HSCs preferentially 

home in proximity of the sinusoid and arteriole within the bone marrow (125). This gave rise to 

the peri-sinusoidal and peri-arteriolar niche models (26,125,138,139). Studies suggest the peri-

sinusoidal niche to be nestin+ MSC-dominant in contrast to the peri-arteriolar niche which is 

leptin+ MSC-specific, with both serving as active HSC niches (46,137,140). The peri-sinusoidal 

and peri-arteriolar microenvironment differ with respect to vessel wall permeability, oxygen 

tension and the capacity of HSCs to migrate through the vessel walls (118,139,141,142). 

The newer and controversial micro-niche concept builds on the immediate HSC instructive 

surrounding, including directly associated MSCs and endothelial cells along with local 

molecular signals produced by them (39,88,136). This model assumes the long-term HSC (LT-

HSC) at its center and characterizes the local cellular and non-cellular microenvironment around 

it (26,143). Using Saturn-Capture microdissection technique and cutting-edge single-cell spatial 

transcriptomics, new studies have been able to substantiate the micro-niche model in liver, brain 

and to a certain degree in the bone marrow (134,144–147).  
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1.5  The bone marrow niche under stress 

 
Exposure to stress stimuli such as blood loss, pathogens, chemotherapeutics agents and 

irradiation induces potent inflammation response in the bone marrow (148,149). The 

hemopoietic system goes through dramatic alteration to compensate for the increased demand 

for blood and immune cells (150). Studies have demonstrated that HSCs can not only sense but 

also directly respond to inflammatory cytokines (151,152). In response to inflammatory stress, 

the HSCs can alter their cell cycle properties, function and mobilization (153–157). Quiescent 

HSCs have been shown to be triggered into active cell cycle upon both type I and type II IFNα 

stimuli (151,154). Acute IFNα type I induces cell cycle activation of HSCs via IFNΑR-STAT1 

signaling, whereas chronic IFN exposure leads to LT-HSC exhaustion and accumulation of 

DNA damage (151,152).  

  Bone marrow endothelial cells line the vasculature and serves as a protective barrier 

against inflammation and immune response (158). Data suggests that in acute inflammation 

response of mice to IFNα the endothelial cells proliferate and leads to downstream vessel 

remodeling (159). This remodeling is mediated by increased production of vascular endothelial 

growth factor (VEGF) by both the HSCs and MSCs in the bone marrow. Further, immune 

response data to bacterial stress suggests increased vascular permeability by the direct response 

of endothelial cells to the stimuli (160).  

  Multiple sub-types of MSCs have also been shown to recognize and alter the niche 

response upon infection (45,46,125,128). MSCs can directly respond to insults via pathogen-

specific receptors and produce microenvironment-modifying chemokines and cytokines (161). 

Moreover, in an acute infection model the MSCs have been shown to cause the expansion of 

myeloid progenitors and mature myeloid cells via increased secretion of interlukine-6 (IL-6) 

(162,163). Further, CAR cells cause increased mobilization of HSCs into circulation, upon 

infection, by suppressing the production of CXCL12 chemokine (58,75). In contrast, CAR cells 
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upregulate the production of C-C motif chemokine ligand 2 (CCL2) upon Listeria infection 

resulting in significant increase in circulating monocytes (161).  

 

1.6 Interferons and downstream signaling  

 
Interferons (IFNs) are a group of polypeptide cytokines that are secreted in response to 

viral infection (164,165). They have several important functions for both the host cell and its 

microenvironment. Importantly, IFNs induce both cell-intrinsic and cell-extrinsic antiviral state 

by causing the up-regulation of IFN stimulated genes (ISGs) (166). Further, they modulate the 

innate immune response of their neighboring cells by pro-inflammatory pathways and cytokine 

production (167,168). Moreover, IFNs also play a role in adaptive immunity as they can promote 

the production of antigen-specific B and T cells (164).  

Based on the receptor through which they signal, IFNs can been categorized as type I (IFN-

I), type II (IFN-II) and type III (IFN-III).  IFN-I family can further be sub-categorized as IFNα, 

IFNβ, IFNε, IFNκ and IFKω. Though all IFN-I molecules signal through the same cell surface 

heterodimeric receptor IFNα/β (IFNΑR). Most cell types in the body express IFNβ, whereas 

IFNα is somewhat unique to hematopoietic cells noticeably the HSCs and dendritic cells. The 

IFN-II family on the other hand consists only of IFNγ and is sensed by the IFNγ receptor 

(IFNGR). Predominately T-cells and natural killer cells secrete IFNγ. IFN-III is mainly restricted 

to epithelial cells and hepatocytes. IFNλ1 (IL-29), IFNλ2 (IL-28A), IFNλ3 (IL28B) and IFNλ4 

make up the IFN-III family (169–172).  

Secreted IFN-I cytokine binds to the transmembrane IFNAR receptor and triggers the 

receptor dimerization. In the canonical IFN-I-induced signaling pathway, IFNAR engagement 

causes the activation of tyrosine kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), 

which leads to the phosphorylation of cytoplasmic signal transducer and activator of 

transcription 1 (STAT1) and signal transducer and activator of transcription 2 (STAT2). 
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Phosphorylated STAT1 and STAT2 translocate to the nucleus to from a tri-molecular complex 

with IFN-regulatory factor 9 (IRF9) termed IFN-stimulated gene factor 3 (ISGF3). ISGF3 in 

turn binds to the IFN-stimulated response elements (ISRE) leading to the direct transcription of 

the ISGs. Studies show that ISG-encoded proteins inhibit viral transcription, translation and 

replication. Furthermore, they are also reported to degrade the viral nucleic acid and modulate 

the cellular lipid metabolism (164,171,172).  

 

 Figure 2. The canonical type-I interferon signaling pathway. Secreted IFNα and IFNβ binds the 

heterodimeric receptor IFNα receptor (IFNAR), composed of IFNAR1 and IFNAR2 subunits. Resulting 

in the activation of receptor associated Janus kinase 1 (JAK1), which in turn phosphorylates signal 

transducer and activator of transcription 1 (STAT1) and signal transducer and activator of transcription 

2 (STAT2). The heterodimeric STAT1 and STAT2 translocate to the nucleus to associated with IFN-

regulatory factor 9 (IRF9), forming the tri-molecular IFN-stimulated gene factor 3 (ISGF3). ISGF3 

specifically binds to the IFN stimulated response element (ISRE) and induces the transcription of IFN 

stimulated genes (ISGs).  
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1.7  The malignant bone marrow niche 

 
The historic notion of leukemia being a genetic disease has changed after the realization 

that leukemic stem cell (LSC) activity is influenced by microenvironmental cues (88,173,174). 

This discovery has encouraged research on extrinsic regulators of leukemia and has built a 

model of the malignant bone marrow niche. 

Hematopoietic malignancies are characterized by abnormal bone marrow vasculature and 

angiogenesis (17,88). Thus, endothelial cell research in the context of leukemia has driven 

strong clinical interest (35,45,175). Malignant bone marrow studies have linked the endothelial 

cell specific pro-angiogenic VEGF pathway to disease progression, with anti-VEGF therapy in 

clinical trials (176,177). In the context of acute myeloid leukemia (AML), the bone marrow 

endothelial cells cause increased vascular permeability, reduced perfusion, and downstream 

remodeling of the vasculature (178,179). Further, the endothelial cells have also been suggested 

to dramatically increase the production of ROS and nitric oxide in a murine leukemia model 

resulting in loss of barrier function and cell death (148,180).  

Clinical data suggests that hematopoietic malignances profoundly perturb the MSC bone 

marrow niche (143,181,182). Numerous studies highlight the MSC-dependent 

microenvironment remodeling upon leukemia (173). The most popular model suggests that the 

bone marrow stromal niche becomes more supportive of LSC, thus malignant hematopoiesis, 

and discourages HSC homing, thus health hematopoiesis (148,173). MSCs of the bone marrow 

of patients with myelodysplastic syndrome (MDS) have revealed increased methylation profiles 

compared to MSCs from healthy donors. In contrast, AML patients show a global hypo-

methylation pattern in their MSCs (173,182). Myeloproliferative neoplasia (MPN) studies have 

shown that MSCs promote homing of LSCs through the expression of CXCL10, fibroblast 

growth factor (FGF) and IL-6 (183). Moreover, in patients with chronic myelogenous leukemia 
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(CML) the MSCs have been shown to have protective function over LSCs through the 

CXCL12-CXCR4 signaling pathway (184).  

 

1.8  The Bone marrow niche in the clinic 

 
A promising clinical application of the bone marrow niche is in context of bone marrow 

transplants (BMTs) and gene therapy (16). Bone marrow transplant as a concept was pioneered 

using stem cells derived from the bone marrow by Prof E. Donnall Thomas and his team, and 

was awarded the Nobel Prize in 1990 (185). This has led to the emergence of BMTs as the new 

paradigm, with the potential to restore a new functional hematopoietic system in diseased 

recipients (16,43,186). In most cases, BMTs are preceded by radiation therapy, chemotherapy 

or immunotherapy to reduce the malignant burden of the bone marrow and improve healthy 

HSC engraftment potential. 

Radiation exposure is suggested to increase the mutation burden on the HSCs and cause 

serious damage to the bone marrow microenvironment (187). Studies comparing the micro-

computed tomography analysis of the murine bone marrow post-irradiation to healthy controls 

show dramatic reduction in bone volume and compromised bone tissue (188). This deleterious 

effect of irradiation on the bone marrow architecture has been linked to a marked increase in 

osteoclasts, cells responsible for bone resorption (189). Further reports also highlight the 

destruction of collagen-depended ECM within irradiated murine bone marrow (190). On the 

contrary, radiation therapy has shown to increase bone marrow adipocytes which serve as a 

source of SCF for the HSCs to regenerate (191). Of note, there is controversial data on the 

MSCs being the direct source of the increased adipocytes in the irradiated marrow (192,193). 

Another comprehensive study on murine MSCs upon irradiation suggests differentiation 

skewing towards increased adipogenic and reduced osteogenic output (194,195).  
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Chemotherapy, a major branch of medical oncology, uses chemotherapeutic agents like 

cisplatin and 5-flurouracil (5-FU) causing myelo-ablation in a malignant bone marrow (196). 

Globally chemotherapy also results in the destruction of bone marrow architecture, including 

the stromal and vascular tissues (40,148). Studies suggest that 5-FU leads to the activation of 

quiescent HSCs and promoted their expansion in a FGF1-dependent manner (197,198). 

Conversely, 5-FU treatment has been linked to endothelial cell function by causing massive 

vasculature damage and leakiness (198,199). Furthermore, reports suggest that chemotherapy 

hampers the cross-talk between nestin+ MSCs and sympathetic nerves resulting in impaired 

HSC mobilization and compromised hematopoietic recovery (200).  

In recent years, immunotherapy has become of great interest in the clinical setting as it 

promises fewer side effect by targeting malignant cells more specifically than radiation therapy 

or chemotherapy(148,201). As immunotherapy relies on either eliciting or amplifying the 

patient’s immune response, it causes a significant increase in pro-inflammatory cytokine levels 

that can results in potentially lethal Cytokine Response Syndrome (CRS) (201,202).  Murine 

CRS models show greatly elevated bone marrow serum levels of IL-10, IL-6 and IFNγ long 

after immunotherapy (203,204). Resulting in impaired HSC regeneration and a compromised 

bone marrow niche.  
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Figure 3. Ex vivo Hematopoietic Stem Cell (HSC) expansion systems. The bone marrow HSCs 

makeup the majority of stem cells used for clinical applications. There are numerous different ex vivo 

HSC expansion systems, each with their own merits and limitations. Some well-established expansion 

systems include, 2D in vitro tailored cytokine cocktail media and bone marrow ECM derived non-

cellular/cellular coatings, 3D organoids and spheroids along with collagen-associated hydrogels, and 

murine xenograft models.  

 

1.9 Stem cell expansion systems 

 
A major roadblock in clinical application of the HSCs is the limited expansion of HSCs ex 

vivo with currently available techniques (23,205). Though, this concept of HSC expansion in 

itself is not new, with multiple studies proposing innovative solutions and companies providing 

optimized media, these approaches only offer limited success with no advancement in clinical 

transplants (206–210). On the other hand, even with our detailed understanding of the bone 

marrow stromal compartment, we fall short of a patient-specific stromal cell isolation and thus 
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genetic manipulation tools (23). Nonetheless, improvements in techniques from 2D cultures to 

3D culture in vitro along with xenograft murine models are supporting advanced medical 

application (96,211,212). 

Most HSC ex vivo expansion methods are tailored around either human CD34+ cells or 

murine LSK cells, both populations include stem and progenitor cells. Such expansion systems 

are required in clinic to provide both progenitors in the short-term and generate robust long-

term reconstitution (23,205,212). Boitano et al. paved the way for human HSC expansion by 

their high-throughput screen of 100,000 small molecules and serum-free expansion medium 

with varying cytokine cocktails. They proposed an aryl hydrocarbon receptor antagonist, 

StemRegenin (SR1) to promote a 50-fold ex vivo expansion of human cord-blood derived 

CD34+ cells (207). Further, Cooke’s group demonstrated a striking 17-fold increase in long-

term human HSC engraftment in immunodeficient mice (208). In the murine system, 

Yamazaki’s group recently proposed a high TPO with low SCF media supplemented with 

polyvinyl alcohol (PVA) for long-term ex vivo HSC expansion.  Under their media conditions 

the HSCs where shown to functionally expand between 236 and 899-folds over one month in 

culture (213). 

In addition to soluble factors like cytokines, the bone marrow niche provides a complex 

ECM and a 3D scaffolding to the HSCs in vivo. Building on the biophysical properties of the 

HSC microenvironment, multiple studies have tested different ECM substrates including tissue 

culture polystyrene (TCPS), polyethylene terephthalate (PET) and polyether sulfone (PES) as 

HSC ex vivo expansion systems (214–218). Further, cellular coating with OP9 cells, fibroblasts 

and MSCs have shown a limited short-term expansion and survival potential on the HSCs (219–

222). Advanced 3D HSPC culture systems using Matrigel supplemented with fibronectin 

suggests a 5-7-fold expansion at the expense of differentiation of the HSPCs into progenitors 

(212,223). Another study reported significant enhancement in engraftment of human cord-



INTRODUCTION 

 20  

blood CD34+ cells in a murine xenograft model using GSK-3b inhibitor pretreatment regime 

(224,225). 

These different strategies for the expansion of HSCs ex vivo or in vitro exploit the most 

current knowledge that HSCs rely on the bone microenvironment for proliferation, expansion 

and differentiation. Still the approaches cannot fulfill the objective of sufficiently high HSC 

numbers of clinical grade quality for transplantation. With my PhD project, I have further 

investigated the role of MSCs in the maintenance and expansion of HSCs in order to come up 

with an improved protocol to provide sufficient numbers of HSCs for clinical applications. 

 

  



 

 21 

2 AIM OF THE THESIS 

 

The bone marrow niche has been classically studied in great detail in the context of 

maintenance of hemopoietic stem cells. More recent research has elucidated the importance of 

the mesenchymal stem cells within the homeostatic bone marrow microenvironment. However, 

little is known regarding the impact of stress on the bone marrow niche over time. This in part, 

along with difficulty in defining an HSC supportive MSC cell population has limited our 

regenerative medicine applications. Therefore, the aim of this thesis is the “Characterization 

of bone marrow mesenchymal stem cell niche dynamics upon stress, with focus on clinical 

translation”.  

 

In the context of the bone marrow, inflammation is an overarching process central to 

most if not all forms of stress challenges and disease setting. Current research in the field is 

focused on understanding inflammation in the context of the HSC. While such research 

provides a descriptive understanding of the microenvironment, it falls short in translating it to 

functional applications confounded by a single marker approach of classifying the 

microenvironment cell diversity. Therefore, in this project we aimed to utilize the power of 

single-cell sequencing coupled with functional proliferation readout to investigate 

inflammation response overtime of the bone marrow microenvironment in an unbiased 

approach. This study is described under the project, “Inflammatory-responding 

Mesenchymal Stem Cells (iMSCs) dynamically modulate the bone marrow 

microenvironment response to stress”. 

 

 Bone marrow transplants (BMTs) in the last decade have emerged as a novel paradigm 

in healthcare, with potential to restore a new functional hematopoietic system in recipients in 

cases where the system of the recipient is not functional.  However, a major roadblock for this 
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scientific breakthrough is our limited potential for ex-vivo HSC expansion. Due to availability 

of low HSC numbers often successful transplant is frequently a big challenge. To address this 

unmet clinical challenge, we aimed to develop a personalized medicine concept for improved 

ex vivo HSC expansion using novel donor-specific MSC population. This study is described 

under the project, “Ex vivo Hematopoietic Stem Cell (HSC) expansion using reinvigorating 

Mesenchymal Stem Cells (rMSCs) for personalized medicine”.  
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3 RESULTS 

 

3.1  Inflammation-responding Mesenchymal Stem Cells (iMSCs) dynamically modulate 

the bone marrow microenvironment response to stress 

 

In this project we systematically characterized the native murine bone marrow niche 

upon inflammation stress over-time, ascribing cellular identity based on the functional potential 

of the bone marrow cellular compartments to respond upon perturbation.  

 

3.1.1 Bone lining-derived iMSCs are the major responder to IFNα-mediated 

inflammatory stress 

 

To study the response dynamics of an unbiased bone marrow microenvironment upon 

inflammatory stress, an in vivo BrdU cell proliferation immunoassay was used. Acute 

inflammation was triggered through the administration of a single dose of IFNα per mouse over 

a time-course, followed by a single injection of BrdU 16 hours before sacrifice (Figure 4A). As 

we had previously reported, HSCs and endothelial cells (Endo) showed known kinetics to 

inflammation response with a peak in proliferation at 24 h and 3 h, respectively (Figure 4B) 

(151,159). Further, bone marrow derived stromal cells (SC) showed a response but with slower 

kinetics with a maximum of 27% of cells proliferating at 72 h post stimulation. Interestingly, 

bone lining-derived iMSCs stood out as the major responders to IFNα in comparison to all other 

cell types. These iMSCs exhibited a rapid response with 69% of cells proliferating at 3 h and 

the peak proliferation response at 24 h post IFNα injection. 
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Figure 4. Identification of inflammation-responding bone lining-derived MSCs (iMSCs) 

(A) Schematic of in vivo BrdU proliferation assay upon a single dose of IFNα (5x106 units/kg) at 3, 24 

and 72 hours post injection (hpi) in C57Bl/6 (WT) mice. BrdU (100µg/g) is administered 16 hours before 

sacrifice (hbs). (B)  The proportion of BrdU+ proliferating cells within the BM niche at 3, 24, and 72 hpi 

IFNα stimulation, iMSC: inflammation-responding mesenchymal stem cells (CD45-, Ter119-, CD31-, 

PDGFRα+, CD51+), SC: bone-marrow-derived stromal cells (CD45-, Ter119-, CD31-), HSC: 

hematopoietic stem cells (Lineage- cKIT+ Sca1+ CD48- CD150+ & CD34-) and Endo: endothelial cells 
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(CD45-, Ter119-, CD31+). (mean ± SEM, n ≥ 3). (C) Transcriptional levels of Interferon Stimulated 

Genes (ISGs: refer material and methods for gene list) relative to its PBS control, in iMSCs from either 

WT or Ifnar-/- mice treated with IFNα. (mean ± SEM, n ≥ 3). (D) ISRE-eGFP reporter mice are used to 

assess dynamic ISG changes 3, 24, and 72 hours post injection with IFNα (5x106 units/kg). (E) ISRE-

eGFP expression kinetics of BM niche cell populations 3, 24 or 72 post IFNα injection, visualized as 

eGFP intensity normalized to PBS control. iMSC: inflammation-responding mesenchymal stem cells, 

SC: bone-marrow derived stromal cells, HSC: hematopoietic stem cells and Endo: endothelial cells. 

(mean ± SEM, n ≥ 3). (F) ISRE-eGFP expression dynamics of iMSCs and SCs 3, 24 and 72h post 

addition of IFNα (1000 IU/ml.) in vitro. (mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test 

performed between SCs and iMSCs: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-

significant). (G) Graphical visualization of the bone-lining-derived iMSC’s microenvironment in the 

bone marrow.   
 

 We characterized these inflammation-responding MSCs (iMSCs) via fluorescence-

activated cell sorting (FACS) negatively selecting for surface marker expression of CD31 

(endothelial cell marker), CD45 (pan hematopoietic marker) and Ter119 (mature erythrocyte 

marker), and positively selecting for the established stromal cell markers CD51 and PDGFR 

(226). Comparing the iMSC fraction between digested bone lining (BL iMSCs) vs. bone 

marrow (BM iMSCs), the bone lining contained 2800 iMSCs per mouse in contrast to 120 

iMSCs in the bone marrow (Figure 5A). Moreover, fluorescence-sorted BL iMSCs possessed 

tri-lineage differentiation potential and colony-forming unit-fibroblasts (CFU-F) capability in 

vitro, unlike its BM counterpart which were nonviable in culture (Figure 5B).  

To study whether the IFNα response of the iMSCs was signaled via its receptors and 

mediated through the downstream canonical JAK-STAT pathway, we made use of knockout 

mice for either type-I IFN receptors (Ifnar-/-) or cytoplasmic transcription factor STAT1 (Stat-/-

). The iMSCs from the Ifnar-/- mice showed impaired proliferation capacity and cell cycle 

activation upon inflammatory stress (Figure 5C & D). Further, the iMSC response to type-I IFN 

was processed through the downstream transcriptional activation of associated ISGs (Figure 4C 

& Figure 6B). This effect was lost in Ifnar-/- and Stat-/- iMSCs. This IFNAR and STAT-

mediated, and ISG-driven response of iMSCs also led to proliferation of these cells in vitro, 
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revealing that iMSCs directly and independently responded to IFNα stimuli (Figure 5E & F). 

The direct response of iMSCs to IFNα in culture was both dose-dependent and time-specific, 

as was shown by a dose-dependent and time-specific increase in protein expression levels of 

the ISG, Sca-1 (Figure 5H & 6A). In contrast to increased proliferation, the CFU-F potential of 

WT iMSC significantly decreased with increasing IFNα concentration in vitro. This decrease 

in colony formation activity was lost Ifnar-/- and Stat-/- iMSCs (Figure 5G).  
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Figure 5. The bone lining-derived iMSCs directly respond to IFNα stress via their IFN receptor 

 (A) Plot representing the proportion and absolute cell numbers of phenotypic iMSC isolated from either 

total digested bone marrow (BM) or bone chips (BL) using the surface marker panel: CD45- Ter119- 

CD31- (TNCs: Triple negative cells) along with CD51+ and PDGFRa+, gated within alive cells. (Mean 

± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between BL-iMSCs and BM-iMSCs: * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (B) Tri-lineage differentiation 

potential of the BL-iMSCs in culture into osteocytes, adipocytes and chondrocytes. (magnification = 

40x, n ≥ 3). (C) IFNAR dependent increase in BrdU+ proliferating iMSCs 24 h post IFNα (5x106 

units/kg) treatment in vitro. The BL-iMSCs were FACS-sorted from either WT or Ifnar-/- mice and in 

culture for 24 h. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between IFNα 

treated and PBS control iMSCs independently for WT and Ifnar-/- iMSCs: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (D) Cell cycle analysis of WT or Ifnar-/- iMSCs post 

24 h IFNα (5x106 units/kg) stimulation, using Ki67 and DAPI. (Mean ± SEM, n ≥ 3, unpaired two-tailed 

student’s t-test performed between PBS and IFNα treatment in a cell-cycle phase specific manner: * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (E) Cell trace violet (CTV) 

label dilution assay upon 24 h IFNα (1000 IU/ml) treatment of iMSCs in culture. (Mean ± SEM, n ≥ 3, 

unpaired two-tailed student’s t-test performed between PBS and IFNα treated iMSCs: * p ≤ 0.05, ** p 

≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (F) qPCR transcriptional levels of ISGs 

represented as PBS control normalized expression values from 24 h in vitro IFNα stimulated iMSCs. 

(Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between individual ISG and its 

respective PBS control: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

(G) Colony-forming unit-fibroblasts (CFU-F) potential of WT, Ifnar-/- or Stat1-/- iMSCs treated with 

increasing IFNα concentration for 24 h in vitro. (Mean ± SEM, n = 5, unpaired two-tailed student’s t-

test performed between PBS and individual IFNα concentration: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001, ns: non-significant). (H) Sca1 protein expression, measured using FACS, on iMSCs 

treated for 24 h with increasing IFNα concentration in vitro. (Mean ± SEM, n ≥ 3, unpaired two-tailed 

student’s t-test performed between PBS and individual IFNα concentration: * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

 

To compare iMSC’s transcriptional dynamics to other bone marrow cellular 

components in vivo, an eGFP reporter mouse model tagging the ISRE promoter (ISRE-eGFP) 

was used (Figure 4D). Upon IFNα stimulation, HSCs, endothelial cells and stromal cells 

showed eGFP kinetics that were similar to their proliferation profiles (Figure 4B &E) 

suggesting that the transcriptional upregulation of ISGs in these cell types was correlated to 

their functional proliferative response upon inflammation. Notably, iMSCs did not follow the 
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same trend as there was an uncoupled early transcriptional response of ISGs at 3 h followed by 

progressively increasing cell proliferation until 72 h post stimulation (Figure 4E and Figure 6C 

to M). Furthermore, fluorescence-sorted ISRE-eGFP iMSCs exhibited significantly higher GFP 

induction in comparison to SCs over time in vitro (Figure 4F) highlighting that the bone lining-

derived iMSCs served as the major responders to acute IFNα stress (Figure 4G).  

 

Figure 6. Interferon stimulated gene expression in iMSCs show temporal kinetics upon IFNα 

stimulation  

(A) Sca1 protein expression of in vitro IFNα treated iMSCs over time. (Mean ± SEM, n ≥ 3, unpaired 

two-tailed student’s t-test performed between PBS and individual IFNα treatment timepoint: * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (B) qPCR transcriptional levels of 

ISGs relative to its PBS control, in WT or Stat1-/- iMSCs over the in vitro IFNα time-course. (mean ± 

SEM, n ≥ 3). (C) To (M) qPCR transcriptional temporal kinetics of individual ISGs relative to its PBS 
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control in vitro, for WT iMSCs, over the time-course with increasing concentrations of IFNα. (mean ± 

SEM, n ≥ 3). 

 

3.1.2 The iMSCs exhibit distinct transcriptional states throughout the course of the 

IFNα response 

 

To study the transcriptional dynamics of the functionally characterized iMSC 

population, we performed bulk RNA sequencing of mouse-matched digested BL-iMSCs and 

BM-HSCs (Figure 7A). Unsupervised hierarchical clustering and principal component analysis 

revealed iMSCs clusters based on the temporal dynamics of the stress response with the first 

dimension constituting 14.2% of variance in the dataset, which separated the 3 h time point 

from all others (Figure 7B & Supplementary Figure 8A). The second dimension (accounting 

for 12.3% of variance) separated the response at 24 h furthest away from the PBS control, and 

showed that the response at 72 h was closest to the homeostatic PBS control. Using a published 

ISG dataset as a reference (227–229), we showed that the iMSC response was type-I IFN 

pathway-mediated (Figure 7C and Figure 8B). Strikingly, gene set enrichment analysis (GSEA) 

revealed three distinct temporal transcriptional states for the response which are an early (3 h) 

pro-inflammatory and immunomodulatory signature, a metabolic and proliferative signature at 

24 h, and a late (72 h) ECM re-modulating signature (Figure 7D & Figure 8C). In addition, 

unsupervised enrichment maps confirmed distinct time-point-specific biological processes for 

iMSCs upon response to IFNα (Figure 8D to F).  
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Figure 7. Global transcriptomic analysis of the iMSC response to acute inflammation over time 

(A) Experimental setup displaying the IFNα stimulation regime followed by RNA-seq of two mouse-

matched FACS sorted populations: iMSCs (CD45-, Ter119-, CD31-, PDGFRα+, CD51+) and Long Term 

(LT) HSCs (Lineage- cKIT+ Sca1+ CD48- CD150+ & CD34-). (B) Principal component analysis (PCA) 

of the 4 treatment datasets of iMSCs based on expression values of all detected genes. (n = 3/4). (C) 

Heatmap of ISG expression in iMSCs at the different timepoints post IFNα injection, represented as fold 

change (Log FC) normalized to PBS control dataset (FDR ≤ 0.05). (D) GSEA-based iMSC heatmap 

representing major biological processes altered during IFNα time course (Scale: Log FC, FDR ≤ 0.05). 
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Figure 8. iMSCs exhibit distinct time-point specific transcriptional changes upon inflammatory 

stress 

(A) Unsupervised hierarchical clustering (dendrogram) of the PBS and 3 IFNα (5x106 units/kg) 

treatment datasets (3, 24 and 72h) for iMSCs based on expression values of all detected genes in the 

RNAseq dataset. (n = 3/4). (B) Heatmap of ISG expression kinetics, represented as fold change (Log 
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FC) normalized to PBS control dataset, for iMSC upon IFNα stimulation (FDR ≤ 0.05). (C) GSEA-

based heatmap representing major biological processes changed in iMSCs during IFNα time course 

(Scale: Log FC, FDR ≤ 0.05). (D) Unsupervised enrichment map visualization of major biological 

pathways changed in iMSCs at 3 h post IFNα stimulation. (n = 3/4, FDR ≤ 0.05). (E) Unsupervised 

enrichment map visualization of major biological pathways changed in iMSCs at 24 h post IFNα 

stimulation. (n = 3/4, FDR ≤ 0.05). (F) Unsupervised enrichment map visualization of major biological 

pathways changed in iMSCs at 72 h post IFNα stimulation. (n = 3/4, FDR ≤ 0.05). 

 

3.1.3  The iMSCs show an early pro-inflammatory and immunomodulatory state  

 

To better understand the early pro-inflammatory state of iMSCs, the RNA-seq data was 

further analyzed. We uncovered that secreted pro-inflammatory factors were significantly 

upregulated in the 3 h sample compared to the PBS control (Figure 9A). Further, GSEA using 

the Gene Ontology system of classification (GO term analysis) revealed pro-inflammatory and 

immunomodulatory pathways being significantly enriched only at 3 h post stimulation of 

iMSCs (Figure 10A & B).  

Next, we compared this early pro-inflammatory signature of iMSCs to BM-derived SCs 

and endothelial cells, both recognized as stress-responding and cytokine-producing cell types. 

Our qPCR validation of the 3 h iMSC signature identified distinct cytokine and secreted factor 

profiles for iMSCs, endothelial cells and SCs (Figure 9B). The BL-iMSCs were shown to be 

the predominant stromal source for C-X-C Motif Chemokine Ligand 5 (Cxcl5), C-C motif 

chemokine 9 (Ccl9) and Bone Morphogenic Protein 5 (Bmp5), whereas the BM-SCs 

specifically produced TNF Superfamily Member 10 (Tnfsf10) and Guanylate Binding Protein 7 

(Gbp7). BM-endothelial cells secreted C-X-C Motif Chemokine Ligand 9 (Cxcl9) and C-X-C 

Motif Chemokine Ligand 10 (Cxcl10). This shows that all of the different bone marrow cellular 

constituents showed a response post-stimulation, but different genes were upregulated by the 

different cell types. Interestingly, we show that the previously described crucial pro-

inflammatory factors of the stress response were produced by the iMSCs.  
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Figure 9.  iMSCs show an early pro-inflammatory response upon IFNα treatment 

(A) Volcano plot of PBS vs. 3 h iMSC gene-set with log2 fold change and p-value cut-off of 1 and 0.05 

respectively. (Total variables plotted = 29936, n = 3/4). (B) Heatmap comparing qPCR transcriptional 

expression of the top pro-inflammatory secreted factor genes, identified in iMSCs in the the RNA-

sequencing dataset, between iMSCs, SCs and Endothelial cells at different timepoints post IFNα 
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injection. (Scale: row normalized units, mean from n = 5). (C) Temporal kinetics of qPCR transcriptional 

levels of cytokines Gpb3 and Cxcl5 upon IFNα stimulation in vivo, across iMSCs, SCs and Endothelial 

cells. (Mean ± SEM, n ≥ 3, Three-way-ANOVA test comparing time-point specific cell type response 

to its respective iMSC time-point: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-

significant). (D) qPCR transcriptional levels of Gpb3 and Cxcl5 genes plotted as fold change normalized 

to PBS control in iMSCs from WT and Ifnar-/- mice at different timepoints post IFNα injection. (Mean 

± SEM, n ≥ 3).  (E) Experimental setup for in vitro protein multiplex assay on supernatant of cultured 

WT or Ifnar-/- iMSCs treated with IFNα (1000IU/ml).  (F) Heatmap representing fold changes in protein 

levels of cytokines in supernatant upon in vitro IFNα treatment of WT and Ifnar-/- iMSC Represented 

data is normalized to iMSC PBS control expression levels. (Mean of n = 3). (G) Graphical representation 

of early pro-inflammatory response of the iMSCs 3h post IFNα treatment.  

 

Even though, all iMSC-specific cytokines and secreted factors were upregulated 3 h post 

IFNα stimulation, some of them reached even higher expression levels at later time points. This 

suggested that the individual genes fulfill different functions in the temporal IFNα response and 

these fine-tuned expression changes were not detected using bulk RNA sequencing. Guanylate 

Binding Protein 3 (Gbp3) and Cxl5 had the highest fold change in expression at 3 h post 

stimulation relative to the PBS control (Figure 9C). Ccl9 and C-C motif chemokine 5 (Ccl5) 

reached peak transcriptional expression at 24 h, C-C motif chemokine (Ccl17) and Bmp5 were 

significantly upregulated throughout the whole-time course with a maximum expression at the 

72 h time-point (Figure 10C). Furthermore, these changes were depended on the IFN signaling, 

since IFNα stimulation of Ifnar-/- iMSCs did not result in any detectable changes in the pro-

inflammatory gene signature (Figure 9D and Figure 10D). We also validated the iMSC’s early 

inflammation response signature at the protein level using a multiplex immune assay technique 

to measure changes in cytokine levels in culture supernatants of WT and Ifnar-/- iMSCs treated 

with IFNα or PBS in vitro were assessed (Figure 9E). The treated WT iMSCs produced pro-

inflammatory cytokines in the monoculture in vitro system confirming that iMSCs directly 

responded to IFNα treatment via the IFNAR-mediated pathway by producing and releasing pro-

inflammatory cytokines (Figure 9F & G).  
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Figure 10. Immunomodulatory effect of iMSCs in the early phase of the bone marrow IFNα 

response 

(A) Representation of the top GO terms pathways significantly upregulated in iMSCs  3 h post IFNα 

injection. (p-value cut-off = 0.05, n = 3/4) (B) GSEA-based heatmap showing cytokine-related 

biological processes being upregulated in iMSCs at the 3 h time point of IFNα response (Scale: Log FC, 

FDR ≤ 0.05). (C) Temporal kinetics of qPCR transcriptional levels of cytokines Ccl9 and Ccl5 upon 
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IFNα (5x106 units/kg) stimulation in vivo, in iMSCs, SCs and Endothelial cells. (Mean ± SEM, n ≥ 3, 

Three-way-ANOVA test comparing time-point specific cell type response to its respective iMSC time-

point: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (D) qPCR 

transcriptional levels of Ccl9 and Ccl5 genes plotted as fold change normalized to PBS control for WT 

and Ifnar-/- iMSCs over IFNα time-course. (Mean ± SEM, n ≥ 3).  (E) Heatmap representing crucial 

antigen processing and presentation genes modulated in the iMSCs throughout the IFNα time course. 

(Log (TPM+1), Scale: z-score, n = 3/4). (F) Cell trace violet (CTV) label dilution assay performed on 

CD4+ T cells in vitro upon CD3 antibody activation either as co-culture with spleenocytes or iMSCs. 

(Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between the two individual datasets 

as indicated on the graph: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

(G) Cell trace violet (CTV) label dilution assay performed on CD8+ T cells in vitro upon CD3 antibody 

activation either as co-culture with spleenocytes or iMSCs. (Mean ± SEM, n ≥ 3, unpaired two-tailed 

student’s t-test performed between the two individual datasets as indicated on the graph: * p ≤ 0.05, ** 

p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (H) Non-activated (M0) macrophage, 

represented as percentage of total cells, 24 h post in vitro IFNα (1000 IU/ml) stimulation either as 

monoculture or co-cultured with iMSCs. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test 

performed between the two individual datasets as indicated on the graph: * p ≤ 0.05, ** p ≤ 0.01, *** p 

≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (I) Pro-inflammatory (M1) macrophage, represented as 

percentage of total cells, 24 h post in vitro IFNα (1000 IU/ml) stimulation either as monoculture or co-

cultured with iMSCs. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between the 

two individual datasets as indicated on the graph: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 

0.0001, ns: non-significant). (J) Anti-inflammatory (M2) macrophage, represented as percentage of total 

cells, 24 h post in vitro IFNα (1000 IU/ml) stimulation either as monoculture or co-cultured with iMSCs. 

(Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between the two individual datasets 

as indicated on the graph: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

 

In addition to cytokine gene sets, the GSEA analysis also indicated immune response 

and antigen processing pathways to be significantly upregulated by the iMSCs at the 3 h time-

point (Figure 8D). With regard to the role of iMSCs in the immune response of the bone marrow 

microenvironment, our data showed that the iMSCs significantly upregulated the antigen-

processing and presenting gene sets at the 3 h time point (Figure 10E). To functionally validate 

the immunomodulator effect of the iMSCs, we co-cultured them with mouse-matched BM-

macrophages (non-activated: M0, pro-inflammatory: M1, anti-inflammatory: M2) or T cells 

(CD4 helper T cells) isolated from the bone marrow. The iMSCs caused a significant decrease 
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in the proportion of M0 and M1 macrophages of the total cells compared to the respective cells 

in mono-culture (Figure 10H & I). In contrast, the percentage of M2 macrophages of the total 

cells increased five-fold when co-cultured with iMSCs compared to being in monoculture 

(Figure 10J). Interestingly, upon IFNα stimulation both M0 and M1 macrophages exhibited 

positive trends towards increased cell numbers when co-cultured with iMSCs, and the M2 

macrophages showed the opposite trend with a decrease in cellular proportion upon IFNα 

treatment in co-culture. These changes were not significantly different. To assess the effect of 

iMSCs on CD4 helper T cells, we used Cell Trace Violet (CTV) label dilution assay. Comparing 

spleenocyte co-culture (positive control) to iMSC co-culture with anti-CD3 antibody-activated 

CD4 T cells, there was a significant suppression in the proliferation of the T cells (Figure 10F 

& G). 

Taken together, we showed for the first time that the iMSCs produced many of the most 

important pro-inflammatory cytokines and that this response occurred very early upon stress 

induction. In addition, our data suggests a potential role of the iMSCs in the modulation of the 

immune cells in the bone marrow. 

 

3.1.4 The iMSCs exhibit a late bone marrow extracellular matrix re-modulatory state  

 

Next, we characterized the down-regulated ECM signature observed in the overall 

temporal dynamics of the iMSC response to acute inflammation (Figure 7D, Figure 8C & F). 

At the late (72 h) time-point post IFNα stimulation, the iMSCs significantly down-regulated 

genes contributing to the bone marrow structural composition in comparison to the homeostatic 

PBS control (Figure 11A). Further, global GO term analysis of the complete iMSC dataset 

revealed that multiple ECM components, such as laminin and integrin, and BM architecture-

related pathways were down-regulated specifically at the 72 h time-point (Figure 11B). To 

obtain a global view on the matrisomal signature of the iMSCs upon stress, we used a published 
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ECM gene set as a refence (107,230) and found that the iMSCs had a marked transcriptional 

reduction in ECM genes at the 72 h time-point (Figure 12A). Hence, our data suggests a role of 

BL-iMSCs in ECM re-modulation upon acute inflammation which was previously unknown.  

 

Figure 11. See legend on following page 
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Figure 11. Extracellular matrix re-modulatory function of the iMSCs in the recovery phase of the 

IFNα response  

(A) Volcano plot of PBS vs. 72 h iMSC gene-set with log2 fold change and p-value cut-off of 1 and 0.05 

respectively. (Total variables plotted = 29936, n = 3/4). (B) GSEA-based iMSC heatmap showing BM 

structural and ECM processes being downregulated at the 72 h time point of IFNα response (Scale: Log 

FC, FDR ≤ 0.05). (C) Heatmap comparing the qPCR transcriptional expression of the most down-

regulated ECM genes, found in the RNA-sequencing dataset, between iMSCs, SCs and Endothelial cells 

over the IFNα time-course. (Scale: row normalized units, mean from n = 5). (D) Temporal kinetics of 

qPCR transcriptional levels of ECM genes Col6a6, Foxf1 and Timp1 upon IFNα stimulation in vivo, 

across iMSCs, SCs and Endothelial cells. (Mean ± SEM, n ≥ 3, Three-way-ANOVA test comparing 

time-point specific cell type response to its respective iMSC time-point: * p ≤ 0.05, ** p ≤ 0.01, *** p 

≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (E) Graphical representation of the iMSC bone-marrow 

niche response 72 h post-acute inflammation, highlighting the local ECM re-modulatory function of the 

iMSCs.  

 

To determine the specificity of the iMSC’s ECM re-modulatory transcriptional profile, 

we performed qPCR analysis comparing iMSCs to the BM-SCs and endothelial cells. All three 

cell types downregulated some important ECM-related genes including Ambp, Tcf15, Col11a1, 

and Col14a1 upon IFNα treatment (Figure 11C). Among these three cell types, iMSCs showed 

down-regulation of the highest number of gene and to the highest degree. Furthermore, the 

different ECM genes from the three cell types showed specific kinetics when followed over 

time. For instance, Col6a6 was progressively down regulated in iMSCs but did not significantly 

change in the SCs and endothelial cells over time (Figure 11D). In contrast, Timp1 remained 

stable for iMSCs over time but showed significant upregulation at 72 h for the SCs and 

endothelial cells. Interestingly at the 72 h time-point, the iMSCs showed significant down-

regulation of ECM genes, including Foxf1, Tcf15, S100a3, Ptx3 and Mmp9, while the SCs and 

endothelial cells showed an increased transcriptional expression of these same genes (Figure 

11D & Figure 12B-E).  

In summary, we observed that the cellular components of the BM locally alter the 

expression of ECM components, suggesting cellular compartmentalization of matrisome 
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regulation in the BM, with iMSCs playing a central role in the re-structuring of the BM upon 

acute stress insult (Figure 11E). 

 

Figure 12. Downregulation of extracellular matrix transcriptional signature in iMSCs at the 

recovery phase of the IFNα response 

(A) Heatmap representing changes in ECM gene expression in iMSCs throughout the IFNα time course. 

(Log (TPM+1), Scale: z-score, n = 3/4). (B) To (E) Temporal kinetics of the qPCR transcriptional 

expression of ECM genes Tcf15, S100a3, Ptx3 and Mnp9 upon IFNα () stimulation in vivo in iMSCs, 

SCs and Endothelial cells. (Mean ± SEM, n ≥ 3). 
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3.1.5  The iMSCs directly modulate the HSC response dynamics to acute inflammation 

 

So far, iMSCs among the different constituents of the bone marrow niche are suggested 

to have the strongest response to IFNα stimulation with regard to proliferation, cytokine 

production, and ECM modulation. Therefore, we hypothesized that iMSCs influence the BM 

HSC response in the context of acute inflammation (Figure 13A). To infer direct molecular 

interaction between these two cells types, we collaborated with Adrien S. Jolly and Thomas 

Höfer to use a used a self-established receptor-ligand interaction dataset. In brief, our 

interactome dataset consisted of 1863 receptor-ligand pairs supported by primary research 

literature and itinerated by compiling different datasets (Fantom-V human receptor-ligand 

interactions, InnateDB, IntactDB, and EBI-GOA NonIntact) along with other publicly available 

protein-protein interaction datasets (123). We scored the likelihood of a receptor-ligand pair 

interaction, termed as mean interaction score (MIS), between HSCs and the iMSCs from 0: 

“very unlikely” to 1: “very likely” based on the individual transcriptional profiles of the two 

cell types. Plotting the MIS between HSCs and iMSCs vs. variance in a merged time-point 

dataset, revealed crucial known HSC-specific interaction pairs including Cxcr4-Cxcl14, Cxcr4-

Cxcl12, and Kit-Kitl (Figure 13B). Interestingly, these receptor-ligand pairs did not show a 

significant change in interaction between HSCs and iMSCs over the course of acute IFNα 

response. In contrast, three interaction pairs composed of iMSC ligands Col5a3, Col5a1 and 

Mdk and their common HSC receptor Sdc3 showed a very high degree of variance over the 

stress response time-course (Figure 13C & Figure 14A). In addition, the major changes in 

interaction throughout the IFNα response were accounted for the HSC receptors Sell, Axl and 

Itgb6 binding to their iMSC ligands Cfh, Gas6 and Fn1, respectively.  This suggested a pivotal 

role of previously unexplored receptor-ligand interactions in modulating the iMSC-driven HSC 

response to acute inflammation (Figure 13A).  
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Figure 13. Dynamic interactions between iMSCs and HSCs during the acute inflammation 

response in the bone marrow 

(A) Graphical representation of direct receptor-ligand interaction of HSCs and iMSCs in an acute 

inflammation response of the bone marrow.  (B) The plot represents the interaction score of HSC-

receptor and iMSC-ligand pairs on the x-axis vs. changes in the interaction over IFNα treatment time-

course plotted as variance on the y-axis, based on the RNA-sequencing data set. (n = 3/4) (C) Heatmap 
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following the kinetics of HSC-receptor and iMSC-ligand interaction pairs upon IFNα stimulation. (n = 

3/4) (D) Cell trace violet (CTV) label dilution assay comparing the proliferation response of HSCs co-

cultured with WT, Ifnar-/- or Stat1-/- iMSCs upon IFNα treatment (1000IU/ml) in vitro. (Mean ± SEM, 

n ≥ 3, unpaired two-tailed student’s t-test performed between PBS and IFNα treated HSCs within the 

specific co-culture setups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

(E) Cell cycle analysis of FUCCI-expressing HSCs either in monoculture or co-cultured with iMSC, 

SCs or ECs for 48 h in vitro. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between 

HSC monoculture and individual HSC co-culture setups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p 

≤ 0.0001, ns: non-significant). 

 

 To understand the functional implications of iMSCs in the HSC stress response, we co-

cultured long-term HSCs (LT-HSC: Lin- Kit+ Sca1+ CD48- CD150+ CD34-) with WT, Ifnar-/- 

or Stat-/- iMSCs in a CTV label dilution assay to assess proliferation. Upon IFNα treatment in 

vitro, the HSCs co-cultured with WT iMSCs showed significant cell proliferation response, 

consistent with our in vivo findings (Figure 13D). In contrast, the HSCs co-cultured with Ifnar-

/- iMSCs and stimulated with IFNα exhibited decreased proliferation compared to its PBS 

control. Of note, HSCs co-cultured with Ifnar-/- iMSCs compared to WT iMSCs showed much 

higher proliferation at baseline in the PBS control, which suggested that the response is linked 

to the loss of the IFNAR. Co-culturing HSCs with Stat-/- iMSCs had no effect on the 

proliferative capacity of HSCs suggesting that the iMSC-driven IFNα response of the HSCs in 

vitro was signaled, at least in part, through the canonical JAK-STAT pathway.  In addition, we 

fluorescently-sorted HSPCs (Lin- Kit+ Sca1+ CD150+ CD48-) from the ISRE-eGFP reporter 

mice and performed an in vitro IFNα time-course either in monoculture or co-culture with 

iMSCs (Figure 15A). The HSPCs showed no difference in ISRE induction upon IFNα 

stimulation when comparing HSPC monoculture vs. iMSC coculture (Figure 15B). These 

results are concurrent with the fact that HSCs can themselves sense IFNα via their surface 

receptor IFNAR. Interestingly, the HSPCs in co-culture, in contrast to monoculture, showed 

heightened Sca1 protein levels 24 h and 48 h post stimulation. As Sca1 is an ISG, its 
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upregulation in this experiment implies that the functional response of HSPCs to inflammation 

was modulated through the presence of iMSCs in vitro (Figure 15C).   

 

Figure 14. Unique changes in receptor-ligand interaction pairs between HSCs and iMSCs upon 

acute inflammatory response 

(A) Heatmap following the kinetics of HSC-receptor and iMSC-ligand interaction pairs upon IFNα 

stimulation. (n = 3/4) 

 

 Next, we studied the direct effect of iMSCs on the cell cycle status of the HSCs upon 

IFNα stimulation. For this, we isolated HSCs from florescent ubiquitination-based cell cycle 

indication (FUCCI) reporter mice and co-cultured them with the iMSCs from WT, Ifnar-/- or 

Stat-/- mice (Figure 15D). In brief, the FUCCI reporter mouse model is based on two fluorescent 

proteins mCherry and eGFP being fused to cell-cycle-depended degradation motifs. Thus, 

FUCCI-expressing cells emit florescence of different wavelengths at distinct phases providing 

a robust tool for monitoring cell cycle progression. The FUCCI-expressing HSCs when co-

Figure 14

A
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cultured with WT iMSCs showed a significant increase in the proportion of cells in the G2M 

phase upon IFNα induction. This enhanced cycling effects on the HSCs were lost upon co-

culturing with Ifnar-/- and Stat-/- iMSCs highlighting that the iMSCs directly lead to HSC cycling 

upon IFNα stress in culture. When co-culturing HSCs with BL-iMSCs, BM-SCs or endothelial 

cells though, we found that FUCCI-expressing HSCs showed the highest significant increase 

in the G2/S/M proportions specifically in an iMSC cell-type dependent manner (Figure 13E).  

 

Figure 15. Functional response of HSCs to inflammatory stress is modulated by the presence of 

iMSCs 

(A) Schematics of a trans-well experimental setup in which HSPCs isolated from ISRE-eGFP reporter 

mice were co-cultured with WT iMSCs over an IFNα (1000 IU/ml) treatment time course.  (B) Changes 

in ISG expression in HSPCs (Lineage- cKIT+ Sca1+ CD48- CD150+), visualized through eGFP 
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expression, upon IFNα treatment time course in vitro either as monoculture or co-cultured in a trans-

well with WT iMSCs. (Mean ± SEM, n ≥ 3). (C) Kinetics of Sca1 protein expression in WT HSPCs 

over the IFNα treatment time course in vitro either as monoculture or co-cultured in a trans-well with 

WT iMSCs. (Mean ± SEM, n ≥ 3). (D) Cell cycle phase analysis of FUCCI-expressing HSCs 48 h post 

IFNα treatment in vitro when co-cultured with WT, Ifnar-/- or Stat1-/- iMSCs. (Mean ± SEM, n ≥ 3, 

unpaired two-tailed student’s t-test performed between cell cycle phase matched PBS and IFNα 

treatment within their respective co-culture setup: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 

0.0001, ns: non-significant). (E) Kinetics of MCP1 and IL6 protein levels in supernatant, 3, 12 and 24 h 

post IFNα (1000 IU/ml) stimulation in vitro either as iMSC monoculture or in co-culture with WT HSCs. 

(n = 1) 

 

Hypothesizing that the variance in receptor-ligand interaction and the profound 

functional changes observed in the HSCs affect the iMSCs, we next studied the role of the HSC 

IFNα response on the iMSC pro-inflammatory function. Using an in vitro protein immune-

assay, we compared the supernatant from the iMSCs co-cultured with HSCs post IFNα 

treatment (Figure 16A). Our data uncovered distinct protein level changes in cytokine 

expression between monocultured and co-cultured iMSCs including a decrease of IL-19, IL-15 

and IL-1b and an upregulation of CXCL5, CCL2 and CCL5 (Figure 16B). More specifically, 

we resolved the temporal dynamics for two pro-inflammatory cytokines for the in vitro co-

culture of HSCs with iMSCs vs. the monoculture of iMSCs. Herein, MCP-1 protein 

concentration showed a trend towards reaching a plateau at 12 h post IFNα stimulation and IL-

6 seemed to decrease in concentration at 24 h (Figure 15E). Taken together, this data infers a 

cellular cross-talk between iMSCs and HSCs upon acute inflammation. 
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Figure 16. Changes in the pro-inflammatory cytokine profile of the iMSCs at the protein level 

upon IFNα stimulation 

(A) Experimental setup of in vitro protein multiplex assay of WT and Ifnar-/- iMSC monoculture, and 

co-culture with HSCs (for 24 h) upon IFNα (1000 IU/ml) treatment.  (B) Heatmap representing fold 

changes in cytokine protein levels in supernatant of WT and Ifnar-/- iMSC monocultures, and HSC 

cocultures (for 24 h) with WT iMSC in vitro upon IFNα (1000 IU/ml) treatment. Represented data is 

normalized to WT iMSC PBS monoculture control expression levels. (Mean of n = 3). (C) Temporal 

dynamics of IL-6 and CCL2 protein expression upon IFNα (1000 IU/ml) stimulation over time of WT 

iMSCs in vitro. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between PBS and 

IFNα treatment at each individual time-point: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, 

ns: non-significant). 

 

3.1.6 A disease-relevant transcriptional iMSC signature identified by single-cell RNA 

sequencing 

 

Until here we have identified the cellular compartments of the BM by their cell surface 

marker expression, which neglects the intra-cell type heterogeneity. We hypothesized that an 

unbiased single-cell transcriptome screening could dissect subsets of iMSCs with functional 

differences in acute inflammation. Thus, we performed droplet-based single-cell RNA-seq on 
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the total digested bone lining fraction from WT mice over a time after a single injection of IFNα 

(Figure 17A). We characterized the BM stroma and analyzed temporal changes upon 

inflammation stress in collaboration with Brigitte J. Bouman and Laleh Haghverdi. 

Unsupervised clustering of the dataset merging all time-points identified 15 distinct sub-clusters 

(Figure 17C). We attributed cell types to clusters by comparing top differentially expressed 

genes (DEGs) and uniquely expressed genes (UEGs) across clusters (Figure 18A). Broadly the 

15 clusters where grouped into 5 major cell populations: hematopoietic cell types predominately 

expressing Cd34, Ly6a and Car1, mesenchymal cells with high expression of Cxcl12, Pdgfrα 

and Vcam1, muscle cells expressing Myl9, Acta2 and Mustn1, fibroblast-like cells expressing 

Col11a1, Hapnln1 and Col1a1, and Schwann cells expressing Sox10, S100 and Gap43 (Figure 

17B). Further, we validated transcriptional fingerprints of our single-cell clusters by performing 

label transfer using datasets from Baccin et al, 2019 and Tikhonova et al.,2019 (Figure 18B & 

C) (40,134). Overall, these validations indicate the robustness of the identified transcriptional 

single-cell clusters.  
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Figure 17. Dissecting the iMSC heterogeneity at the single cell-transcriptomic level 

(A) Experimental setup displaying IFNα injections (5x106 units/kg) at three different time points (3 h, 

24 h or 72 h) followed by FACS sorting of the digested bone for droplet-based single-cell RNA 

sequencing. (B) UMAP visualization (n = 9000 cells) of the five major SC-cell types in the digest bone 
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lining fraction with color-coded clustering (Merged UMAP representing PBS, 3 h, 24 h and 72 h datasets 

with n = 4 mice pooled per timepoint). (C) UMAP visualization (n = 9000 cells) of the fifteen SC-

cellular clusters in the digest bone lining fraction with color-coded clustering (Merged UMAP 

representing PBS, 3 h, 24 h and 72 h datasets with n = 4 mice pooled per timepoint).  (D) Expression 

levels of genes associated with Mesenchymal cells used for bulk iMSC identification for each of the 

five major SC-cell types (size of circle represents fraction of cells in group and color of the circle 

indicated the mean expression levels).  (E) Expression levels of genes associated with Mesenchymal 

cells used for bulk iMSC identification for each of the fifteen SC-cellular clusters (size of circle 

represents fraction of cells in group and color of the circle indicated the mean expression levels).  (F) 

Bulk-RNA-seq gene signature of the iMSC population overlaid onto the UMAP representing (n= 9000 

cells) merged SC-RNA-seq data. (scale: bulk gene signature score). (G) Expression levels of the iMSC 

bulk-RNA-seq gene signature by each of the five major SC-cell types (scale: bulk gene signature score). 

(H) Expression levels of the iMSC bulk-RNA-seq gene signature by each of the fifteen SC-cellular 

clusters (scale: bulk gene signature score) 

 

In order to understand the heterogeneity within the iMSC population, we used the gene 

markers and cell surface markers that we identified in the bulk iMSC sequencing and verified 

the expression of those in a single-cell niche dataset of a bone-lining stromal fraction that was 

obtained by using a less stringent sorting approach. Our data showed that the marker Pdgfr and 

Itgav, which were used as cell surface markers for sorting of the bulk iMSCs, were expressed 

by multiple mesenchymal (MSCs, CAR cells) and fibroblast (fib-chond. progenitors, 

osteoblasts, mesenchymal fibroblasts) single cell clusters (Figure 17D & E). With regard to 

iMSC-specific genes, Cxcl12 and Vcam1 were expressed by subsets of both MSCs and CAR 

cells (Figure 17E). Therefore, our data confirmed that the structural markers Pdgfr, Itgv, Cxcl12 

and Vcam1 were heterogeneously expressed by differing subsets of niche cells. 

To assess the heterogeneity in the IFNα response of iMSCs, we next used the iMSC IFN 

response gene expression signature and verified its expression in the single-cell niche dataset. 

Here, we observed that there was an overlap of the bulk gene signature with multiple cellular 

clusters (Figure 17F). In more detail, we found that multiple clusters of mesenchymal (MSCs, 

CAR cells) and fibroblast-like cells (fib-chond. progenitors, osteoblasts, mesenchymal 

fibroblasts) correlated with the bulk gene signature (Figure 17G & H). Thus, both analyses 
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confirmed that the iMSC markers and response were mediated by a heterogenous set of 

mesenchymal and fibroblast-like cells. 

 

Figure 18. Identification of bone marrow stromal cell types by SC-RNA-seq 

(A) Dot-plot representing the marker gene expression levels (x-axis) of the SC-cellular clusters (y-axis), 

size of circle represents fraction of cells in group and color of the circle indicated the mean expression 

levels. (B) Label transfer from Baccin et al.,2019 dataset, UMAP represents color-coded clustering 
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based on pairwise correspondences between individual cells from the two SC-datasets. (C) Label 

transfer from Tikhonova et al.,2019 dataset, UMAP represents color-coded clustering based on pairwise 

correspondences between individual cells from the two SC-datasets.  

 

To identify the cellular source of the inflammation response, we next analyzed the bone 

marrow stroma upon IFNα treatment at the single-cell level. In line with our functional 

proliferation time-course and bulk RNA-seq data, the bone-lining stromal fraction cluster 

exhibited similar temporal kinetics at the single-cell level (Figure 19A). Using the top 100 

DEGs from a combined dataset (merged PBS, 3 h, 24 h & 72 h dataset), we traced the major 

response upon stimulation down to a sub-population of mesenchymal cells (MSCs & CAR 

cells) (Figure 19B to D). Further, we made use of a publicly available ISG dataset to identify 

the direct IFNα-responding population in our single-cell dataset (Figure 19F) (227–229). 

Interestingly, the same sub-population of mesenchymal cells (comprising of MSCS & CAR 

cells) stood out as the main ISG inducing cell-type within the bone marrow upon IFNα 

stimulation. Therefore, the conventional single-cell clustering cannot resolve the inflammation 

responding sub-pollution from the mesenchymal cell cluster.  We thus decided to use a cell type 

independent SC analysis strategy to resolve the temporal gene expression changes of the IFNα 

response (Figure 19E). There were marked transcriptional changes at 3 h post stimulation which 

progressively leveled out over the time course suggesting that the inflammation responding cell 

fraction is functionally unique within the murine mesenchymal cell compartment. 
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Figure 19. Characterization of the bone marrow stromal inflammatory response by SC-RNA-seq 

(A) Unintegrated UMAP visualization of the SC-data for PBS (n = 3000 cells), 3 h (n = 2000 cells), 24 

h (n = 2000 cells), 72 h (n = 2000 cells) and merged (n = 9000 cells). Color-coded based on time-point. 

(B) Top 100 differentially expressed genes (DEGs) represented on using UMAP for PBS (n = 3000 

cells), 3 h (n = 2000 cells), 24 h (n = 2000 cells), 72 h (n = 2000 cells) and merged (n = 9000 cells) 

datasets. (Scale: DEG Score). (C) Expression levels of top 100 DEGs for each of the five major SC-cell 

types over-time (Scale: DEG Score). (D) Expression levels of top 100 DEGs for each of the fifteen SC-
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cellular clusters over-time (Scale: DEG Score). (E) Violin plot representing the top 100 DEGs kinetics 

(PBS, 3 h, 24 h & 72 h) at the SC-transcriptomic level (Scale: DEG Score). (F) UMAP visualization of 

ISG gene signature overlaid on the fifteen SC-cellular clusters in the digest bone lining fraction (Merged 

UMAP representing PBS, 3 h, 24 h and 72 h datasets with n = 4 mice pooled per timepoint, Scale: ISG 

Score.) 

 

To finally define the inflammation-responding sub-fraction of mesenchymal cells, we 

extracted a transcriptional signature which combined the conventional MSC single cell 

fingerprint with the inflammation-response genes and unique metabolic processes. Herewith, 

we propose a novel iMSC signature comprising of 100 genes to specifically identify the stress-

responding population within the bone marrow stroma at the single cell level (Figure 20A; top 

20 signature genes shown in Figure 20C). Further, we validated the iMSC signature by 

transferring the signature onto the time-course merged complete bone marrow stroma dataset. 

Interestingly, the mesenchymal cells specifically expressed the iMSC signature and 

recapitulated the temporal dynamics of the single cell data (Figure 20B).  

Given that the iMSCs accounted for the majority of the BM stromal response to acute 

stress, we questioned the role of iMSCs in the disease setting. To study this, we collaborated 

with Nils B. Leimkühler and Rebekka K. Schneider and made use of their recently published 

myeloproliferative neoplasms (MPN) murine model dataset; Leimkühler et al.,2021 (231). In 

brief, progressive BM fibrosis was induced in the MPN model using thrombopoietin (ThPO) 

cDNA and the murine non-hematopoietic BM stroma was profiled using single-cell RNA-seq. 

We overlaid our transcriptional iMSC gene signature onto their disease dataset (Figure 20D). 

Interestingly, our iMSC signature marked and identified the IFNhigh MSCs within the MPN 

dataset that were shown to be strongly primed by a response to type I and type II interferons, 

confirming that the iMSC signature can potentially be a crucial tool to understand pathogenesis 

in a disease bone marrow. 
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Taken together, we propose a novel iMSC signature to unravel inflammation dynamics 

of the BM microenvironment and improve our understanding of diseases originating in the BM 

(Figure 20E). 

 

Figure 20. See legend on following page 
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Figure 20. Inference of a unique transcriptional iMSC signature with application in a disease 

model  

(A) UMAP (n = 9000 cells) representing the iMSC transcriptional gene signature comprising of MSC 

marker genes, interferon response genes and metabolic genes (100 iMSC signature genes plotted, Scale: 

Gene Score). (B) iMSC gene signature represented for each of the five SC-cell types over-time (PBS, 3 

h, 24 h & 72 h, Scale: Gene Score). (C) Top 10 iMSC signature genes visualized using UMAP (n = 9000 

cells) of the fifteen SC-cellular clusters (Scale: Gene Score). (D) iMSC signature (100 signature genes) 

overlaid onto the Leimkühler et al.,2021 MPN SC-dataset represented using UMAP (n = 2294 cells). 

(E) Graphical summery highlighting the bone-lining origin of the iMSCs, with distinct stress response 

states, inflammation specific interactions with HSCs and a unique SC-transcriptional iMSC signature 

that identified the disease prorogating IFNhigh MSCs within the MPN dataset.  
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3.2  Ex vivo Hematopoietic Stem Cell (HSC) expansion using reinvigorating 

Mesenchymal Stem Cells (rMSCs) for personalized medicine 

 

In the first part of my thesis, we identified a fraction of MSCs as the major responders 

to IFNα-mediated inflammation in an in vivo mouse model. In this second part of the thesis, we 

aimed at isolating a functional murine MSC population for in vitro culture and ex vivo expansion 

of HSCs, and ultimately, applied this protocol for human MSC isolation in order to obtain 

sufficient numbers of HSCs for clinical application.  

 

3.2.1 Bone lining-derived rMSCs facilitate phenotypic and functional ex vivo HSC 

expansion 

 

To optimize HSC culture, we studied the native bone marrow cellular components based 

on their ability to support phenotypic and functional ex vivo HSC expansion. Murine bone 

marrow-derived plastic adherent stromal cells (PASCs), known for their HSC-supportive 

function and in vitro expansion potential, were isolated by flushing the bones of the femur, tibia 

or hip and selecting for stromal cells based on their characteristic ability to adhere to plastic 

upon serial media change in culture (Figure 21A). In contrast, bone lining-derived 

reinvigorating Mesenchymal Stem Cells (rMSCs) were isolated from digested bones using 

fluorescence-activated cell sorting (FACS) by negatively selecting for surface marker 

expression of CD31 (endothelial cell marker), CD45 (pan hematopoietic marker) and Ter119 

(mature erythrocyte marker), and positively selecting for stromal cell markers CD51 and 

PDGFRα. We established a robust pipeline for mouse-matched rMSC isolation and ex vivo 

culture. Herewith, we reproducibly isolated a homogenous population of about 3,000 rMSCs 

per mouse (Figure 21B). In contrast, PASCs had a very high inter-mouse variability in stromal 

cell numbers ranging from 15,000 to 55,000 PASCs. Next, we dissected the differences between 
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the two stromal cell types PASCs and rMSCs at the transcriptional level assessing the most 

prominent murine mesenchymal stem cell (MSC) genes Leptin and Nestin. Both of which have 

been shown to play a direct role in HSC maintenance, homing and transplantation 

(26,67,124,226). Strikingly, the bone marrow-derived PASCs expressed significantly lower 

mRNA levels of Leptin (about 2-fold lower) and Nestin (about 1.5-fold lower) in comparison 

to the bone lining-derived rMSCs (Figure 21C & D). Furthermore, the rMSCs showed 

significantly higher stem cell frequency (1 in 4.31 cells) in contrast to PASCs (1 in 48.8 cells) 

after 7d ex vivo expansion followed by extreme limiting dilution analysis (ELDA) (Figure 21E). 

Finally, to test whether rMSCs serve as an active HSC attractant in the culture, we performed 

ex vivo co-culture of the two cell types. Our immunofluorescent microscopy data demonstrated 

that the bone-lining rMSCs, unlike their bone marrow counterpart PASCs, specifically attract 

HSCs to anchor on the rMSC surface after 24 h of co-culture (Figure 21F).  
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Figure 21. Isolation and identification of the murine bone lining-derived reinvigorating 

Mesenchymal Stem Cells (rMSCs)  

(A) Schematics of bone marrow-derived PASCs isolation by flushing the bones of the femur, tibia or 

hip and selecting for stromal cells based on their characteristic ability to adhere to plastic upon serial 

media change in culture. While, bone lining-derived rMSCs were isolated from digested bones using 

fluorescence-sorting by surface marker expression for CD45-, Ter119-, CD31-, CD51+ & PDGFRα +. 

(B) Bar graph representing the absolute cell counts of PASCs or rMSCs isolated per mouse. (Mean ± 

SEM, n = 6, unpaired two-tailed student’s t-test performed between marked groups: * p ≤ 0.05, ** p ≤ 

0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (C) & (D) Transcriptional levels of crucial 

murine stromal genes Lepr and Nestin plotted as fold change relative to housekeepers (Beta-Actin & 

Gapdh) for PASCs and rMSCs. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed 

between marked groups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

(E) Limiting dilution analysis of PASCs and rMSCs (Box plots denotes mean with upper and lower 

limits calculated using the ELDA software, n = 32). (F) Brightfield and immunofluorescence imaging 
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of HSCs and rMSCs either in monoculture or co-culture stained with label dilution dye cell trace violent 

(DAPI) and cell trace far-red (Cy5), respectively. (Magnification: 40X) 

 

Given that rMSCs are a homogenous ex vivo cultured stromal population with 

significantly higher stem cell frequency than the convectional PASCs, we hypothesized that 

they might also outperform the PASCs in their HSC expansion potential. To test this hypothesis, 

we fluorescently sorted 100 long-term HSCs (LT-HSCs; defined using the cell surface markers: 

Lineage- cKIT+ Sca1+ CD48- CD150+ & CD34-) from the bone marrow of three pooled mice 

and cultured them ex vivo in F12-based serum-free medium supplemented with cytokines (100 

ng ml−1TPO and 10 ng ml−1 SCF) and 0.1% PVA either in monoculture or in co-culture with 

the same number of PASCs or rMSCs for 10 days (Figure 22A). Using immunofluorescent 

imaging and label dilution dyes, we visualized that the actively dividing rMSCs served as the 

focal point of attachment and cell division for the LT-HSCs in culture (Figure 22B). Further, 

upon examining the HSC stemness marker expression at the protein level 10 days post ex vivo 

expansion, we observed that the HSCs co-cultured with rMSCs maintained notably higher Sca1 

and CD150 levels in comparison to HSC monoculture or co-culture with PASCs (Figure 22C). 

We quantified the frequency of phenotypic HSCs 10 days post culture by flow cytometric 

analysis using the cell surface markers: Lineage- Sca1+ cKit+ CD150+ and plotted them as the 

proportion of viable cells. There was a significantly higher frequency of phenotypic HSCs when 

co-culturing HSCs with rMSCs than with PASCs or in monoculture (around 62%, 25%, and 

40% of viable cells for rMSC coculture, PASC co-culture, and monoculture, respectively) 

(Figure 22D). Next, we wanted to assess the fold expansion of HSCs. However, as we had 

observed big differences in the fraction of HSCs with the original HSC phenotype described 

above in the different co-cultures (Figure 22C & D), instead of quantifying the absolute number 

of HSCs in the culture, we assessed the fold change in cell numbers having the HSC marker 

expression. The rMSC co-culture setting resulted in a 44-fold expansion of the initial 100 LT-

HSCs (Figure 22E). In comparison, the rMSC co-culture led to a 11-times higher expansion of 
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phenotypic HSCs than the PASC co-culture, and a 4.9-times higher expansion than the HSC 

monoculture. In addition, we compared the stem cell frequency in the expanded HSCs derived 

from the three culture systems using ELDA. Interestingly, LT-HSCs co-cultured with rMSCs 

showed the highest stem cell frequency of 1 in 2.33 cells in comparison to HSC monoculture 

with 1 in 4.96 cells followed by PASC co-culture with 1 in 6.61 cells (Figure 22F). In line with 

these observations, HSCs co-cultured with rMSCs for a Colony-forming unit-granulocyte, 

erythroid, macrophage, megakaryocyte (CFU-GEMM) assay also generated significantly more 

colonies and exhibited higher confluency (~20,000, ~14,000, and ~16,000 colonies, or ~59%, 

~50%, and ~46% confluency for rMSC co-culture, PASC co-culture, and HSC monoculture, 

respectively) (Figure 23A & B). Notably, HSCs in the rMSC co-culture showed the least loss 

in CFU potential when compared to freshly fluorescence-sorted HSCs used as a positive control 

for the CFU assay. In addition to the in vitro characterizations, we next assessed the function 

of expanded HSCs in vivo. In order to do so, we transplanted the HSCs from the rMSC co-

culture expansion into lethally irritated recipient mice (Figure 22G). Interestingly, these HSCs 

showed stable bone marrow engraftment (~90% of LT-HSC engraftment) 16 weeks post-

transplantation along with the reconstitution of peripheral blood components such as B cells, T 

cells and granulocyte lineage (Figure 22I & H, Figure 23F-H). For further validation, we 

assessed the transplantation potential of HSCs from rMSC co-culture in parallel with HSCs 

from monoculture and PASC co-culture (Figure 23C). The data confirmed the functional fitness 

of HSCs expanded in rMSC co-culture (Figure 23D & E).  
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Figure 22. rMSCs promote phenotypic and functional ex vivo HSC expansion 

(A) Experimental setup of 100 LT-HSCs (Lineage- cKIT+ Sca1+ CD48- CD150+ & CD34-) fluorescence-

sorted from three pooled WT mice and cultured either in monoculture or in co-cultured 3000 PASCs or 

rMSCs for 10 days ex vivo. (B) Immunofluorescence imaging of HSCs and rMSCs either in monoculture 

or co-culture stained with label dilution dye cell trace violent (DAPI) and cell trace far-red (Cy5), 

respectively. (Magnification: 40X). (C) Flow cytometry plots representing Sca-1 and CD150 marker 

expression post 10 day ex vivo expansion of HSCs in monoculture or in co-culture with PASCs or 

rMSCs.  (D) Frequency of LSK CD150+ HSCs post 10 day culture plotted as proportion of viable cells 

for the three culture systems. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed 

between marked groups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 
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(E) Fold expansion of the phenotypic HSC pool (Fold Exp. X Freq. of HSCs) calculated for the three 

culture systems. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between marked 

groups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (F) Stem cell 

frequency assessment of HSCs post 10 day ex vivo expansion using the three culture systems. (Box plots 

denote mean with upper and lower limits calculated using the ELDA software, n = 32). (G) Schematic 

of the 100 LT-HSCs co-cultured with rMSCs transplanted into C57BL/6-CD45.1 lethally irradiated 

mouse post 10-days ex vivo expansion, along with 200K supportive total bone marrow cells from 

C57BL/6-CD45.1/CD45.2 mouse. (H) BM engraftment 16 weeks post-transplantation of HSCs ex vivo 

expanded using rMSCs (Mean ± SEM, n = 6). (I) Peripheral blood reconstitution at 4, 8, 12 and 16 

weeks post-transplantation of HSCs ex vivo expanded using rMSCs (Mean ± SEM, n = 6). 

 

Having elucidated the strong ex vivo expansion potential for phenotypic and functional 

HSCs using bone-lining rMSCs, we next wanted to perform a comprehensive comparison study 

including all currently established cellular and non-cellular HSC expansion systems 

(21,23,212,222). First, we ex vivo co-cultured 100 LT-HSCs for 10-days with the mouse bone 

marrow stromal cell line OP9 or with rMSCs. Here, HSCs co-cultured with rMSCs showed a 

2.5-fold higher proportion of phenotypic HSCs, 3.3-fold higher absolute HSC count, and a 7-

fold expansion of the phenotypic HSC pool than HSCs from OP9 coculture (Figure 24A to C). 

For the comparison of rMSC co-culture with established non-cellular compound-based 

expansion protocols, 100 fluorescence-sorted LT-HSCs were plated into cell culture plates pre-

coated with fibronectin, retronectin, Matrigel, gelatin or P-lysin. Impressively, HSCs co-

cultured with rMSCs exhibited a minimum loss in the frequency of phenotypic HSCs, a 

maximum increase in the absolute HSC number, and the highest fold change in expansion of 

phenotypic HSCs in comparison to all the other non-cellular coatings (Figure 24D to F). Finally, 

to test how our rMSC-based HSC expansion performs in comparison to alternative media 

compositions, we performed ELDA after culturing 100 LT-HSC in Walter’s cytokine optimized 

serum-containing medium, Yamazaki’s cytokine optimized medium with PVA and fibronectin 

coating, or the rMSC cytokine-supplemented PVA-containing co-culture system. Here, the 

HSCs co-cultured with rMSCs exhibited the highest frequency of stem cells with 1 in 2.27 cells 
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followed by HSCs expanded in Yamazaki’s medium with 1 in 4.75 cells and HSCs from the 

Walter’s media with 1 in 13.5 cells (Figure 24G).  

 

Figure 23. Functional characterization of the HSCs expanded ex vivo with rMSCs  

(A) Colony count per 100 fresh florescence-sorted HSCs or culture expanded HSCs in monoculture or 

culture with PASCs and rMSCs from 100 starting cells. (Mean ± SEM, n = 20, CFU with 100 cells per 

well, unpaired two-tailed student’s t-test performed between marked groups: * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (B) Confluency per well of 100 fresh florescence-
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sorted HSCs or culture expanded HSCs in monoculture or culture with PASCs and rMSCs from 100 

starting cells. (Mean ± SEM, n = 20, CFU with 100 cells per well, unpaired two-tailed student’s t-test 

performed between marked groups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-

significant). (C) Schematic of the 100 LT-HSCs cultured in monoculture or co-culture with PASCs or 

rMSCs transplanted into C57BL/6-CD45.1 lethally irradiated mouse post 10 days ex vivo expansion, 

along with 200K supportive total bone marrow cells from C57BL/6-CD45.1/CD45.2 mouse. (D) BM 

engraftment 16 weeks post-transplantation of HSCs ex vivo expanded using the three culture systems 

(Mean ± SEM, n = 6). (E) Peripheral blood reconstitution 4, 8, 12 and 16 weeks post-transplantation of 

HSCs ex vivo expanded using the three culture systems (Mean ± SEM, n = 6). (F) B-cell chimerism 4, 

8, 12 and 16 weeks post-transplantation of HSCs ex vivo expanded using rMSCs (Mean ± SEM, n = 6). 

(G) T-cell chimerism 4, 8, 12 and 16 weeks post-transplantation of HSCs ex vivo expanded using rMSCs 

(Mean ± SEM, n = 6). (H) Granulocyte chimerism 4, 8, 12 and 16 weeks post-transplantation of HSCs 

ex vivo expanded using rMSCs (Mean ± SEM, n = 6). 

 

Taken together, our data revealed the capability of the bone lining-derived rMSCs to 

promote ex vivo expansion of LT-HSCs that maintain their phenotypic characteristics, their 

stemness, and their function to reconstitute the bone marrow upon transplantation. Notably, our 

rMSC co-culture system outperforms all existing alternatives for HSC expansion including 

systems using stromal cells, non-cellular coating factors, or different medium compositions. 
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Figure 24. Comparing rMSC-based HSC expansion with alternative HSC ex vivo expansion 

systems 

(A) Frequency of phenotypic HSCs (Lineage- Sca1+ cKit+ CD150+) expanded in monoculture or in co-

culture with the same number of OP9 cells, PASCs or rMSCs for 10 days ex vivo. (Mean ± SEM, n = 5, 

unpaired two-tailed student’s t-test comparing data points against HSC(+rMSC) co-culture: * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (B) Absolute HSC counts post 10 day 

expansion in monoculture or in co-culture with the same number of OP9 cells, PASCs or rMSCs. (Mean 

± SEM, n = 5, unpaired two-tailed student’s t-test comparing data points against HSC(+rMSC) co-

culture: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (C) Fold expansion 

of the phenotypic HSC pool (Fold Exp. X Freq. of HSCs) calculated for the four culture systems. (Mean 

± SEM, n = 5, unpaired two-tailed student’s t-test comparing data points against HSC(+rMSC) co-

culture: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (D) Frequency of 
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phenotypic HSCs (Lineage- Sca1+ cKit+ CD150+) plated into cell culture plates pre-coated with 

Fibronectin, Retronectin, Matrigel, Gelatin, P-Lysin or in co-culture with rMSCs for 10 days ex vivo. 

(Mean ± SEM, n = 5, unpaired two-tailed student’s t-test comparing data points against HSC(+rMSC) 

co-culture: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (E) Absolute 

HSC counts post 10 day expansion in cell culture plates pre-coated with Fibronectin, Retronectin, 

Matrigel, Gelatin, P-Lysin or in co-culture with rMSCs. (Mean ± SEM, n = 5, unpaired two-tailed 

student’s t-test comparing data points against HSC(+rMSC) co-culture: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 

0.001, **** p ≤ 0.0001, ns: non-significant). (F) Fold expansion of the phenotypic HSC pool (Fold Exp. 

X Freq. of HSCs) calculated for the six culture systems. (Mean ± SEM, n = 5, unpaired two-tailed 

student’s t-test comparing data points against HSC(+rMSC) co-culture: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 

0.001, **** p ≤ 0.0001, ns: non-significant). (G) Stem cell frequency assessment of HSCs post 10 day 

ex vivo expansion in Walter’s cytokine optimized serum-containing medium, Yamazaki’s cytokine 

optimized medium with PVA and fibronectin coating, or the rMSC cytokine-supplemented PVA-

containing co-culture system. (Box plots denotes mean with upper and lower limits calculated using the 

ELDA software, n = 32). 

 

3.2.2 The rMSCs enable long term ex vivo HSC expansion  

 

Time lapse microscopy revealed the striking accumulation of proliferating HSCs on the 

rMSC surface over time (Figure 25) leading to the question, how would HSCs behave in a long-

term expansion setup with regard to their proliferation, stemness and function. Thus, we 

performed similar experiments as described above but this time extending the 100 LT-HSC co-

cultures to 7, 14, and 21 days (Figure 26A). As expected, the frequency of phenotypic HSCs 

reduced with the increase in ex vivo expansion days across the three culture systems (Figure 

26B). However, the HSCs co-cultured with rMSCs exhibited a significantly higher proportion 

of phenotypic HSCs in comparison to HSCs in monoculture and PASCs co-culture at every 

time point. This superiority of the rMSC co-culture on the HSCs became even more pronounced 

when comparing their fold expansion of the phenotypic HSC pool over the 21-day expansion 

time-course (Figure 26C). Interestingly, the HSCs co-cultured with rMSCs already 

outperformed the other two HSC expansion systems 7 days post culture with this difference in 

fold expansion of phenotypic HSCs being ~100, and ~10,000-fold higher than for HSCs in 
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monoculture and PASC co-culture, respectively at the 21-day time-point. In accordance with 

these observations, HSCs in co-culture with rMSCs upon functional CFU-GEMM assay also 

generated significantly more colonies and contributed to higher confluency at all times (Figure 

27A & B). Notably, the rMSC-HSC co-culture, unlike the HSCs from the other two culture 

systems, maintained robust fold expansion of HSC colonies even after 21 days ex vivo 

expansion (Figure 26D).  

 

Figure 25. rMSCs serve as a focal point of attachment and active proliferation for the ex vivo 

cultured HSCs  

Time laps microscopy (0 h to 47 h) of HSCs and rMSCs co-cultured and stained with label dilution dye 

cell trace violent (DAPI) and cell trace far-red (Cy5), respectively. (Magnification: 40X) 

 

Next, we examined the expression of HSC maintenance and function genes at the 

transcriptional level in HSCs over a 28-day long-term expansion time course in order to verify 

any changes in these HSCs after long-term culture. The HSCs co-cultured with rMSCs showed 

marked upregulation in the mRNA level of most HSC maintenance and function genes tested 

in direct comparison to HSCs in monoculture and PASC co-culture, with the highest expression 

at 28 days followed by the second highest expression at 14 days (Figure 26E). This noticeable 

increase in the levels of HSC maintenance and function genes specifically by the HSCs in rMSC 

co-culture suggest the maintenance of LT-HSC potential in the co-culture and might in part 

explain the prominent ex vivo expansion potential of the rMSCs, especially at the later time 

Figure 25
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points were the rMSC co-culture effect was most dramatic compared to HSCs in monoculture 

or PASC co-culture. In order to quantify individual transcriptional changes, we assessed the 

temporal expression of the four most crucial HSC genes as per literature: Slam1, Cxcr4, Notch1 

and SCF (42,85,121,124,136). The HSCs co-cultured with rMSCs showed maximum 

expression of Slam1 and Notch1 at the 28-day timepoint, expressing ~5-fold, and ~30-fold 

higher Slam1 and Notch1, respectively, compared to that of HSCs in monoculture (Figure 26F 

& H). On the other hand, Cxcr4 and SCF expression reached their peak at the 14-day timepoint 

for the HSCs co-cultured with rMSC, expressing ~25-fold, and ~27-fold higher Cxcr4 and SCF, 

respectively, in comparison with that of HSCs in monoculture (Figure 26G & I). 
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Figure 26. rMSCs enable long term ex vivo HSC expansion 

(A) Experimental setup of 100 LT-HSCs (Lineage- cKIT+ Sca1+ CD48- CD150+ & CD34-) fluorescence-

sorted from three pooled WT mice and cultured either in monoculture or in co-cultured with 3000 

PASCs or rMSCs for 7, 14 or 21 days ex vivo.  (B) Frequency of phenotypic HSCs (Lineage- Sca1+ cKit+ 

CD150+) expanded in monoculture or in co-culture with 3000 PASCs and rMSCs for 7, 14 or 21 days 

ex vivo. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test comparing data points against 

HSC(+rMSC) co-culture per time-point: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: 

non-significant). (C) Fold expansion of the phenotypic HSC pool (Fold Exp. X Freq. of HSCs) 

calculated for HSCs from the three culture systems post 7, 14 or 21 day expansion. (Mean ± SEM, n ≥ 

3, unpaired two-tailed student’s t-test comparing data points against HSC(+rMSC) co-culture per time-

point: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (D) Fold expansion 

of HSC colonies over the three time points assessed by Colony-forming unit− granulocyte, erythroid, 
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macrophage, megakaryocyte (CFU-GEMM) assay of the HSCs from the three culture systems. (Mean 

± SEM, n = 20, unpaired two-tailed student’s t-test performed between the indicated two data sets: * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant).  (E) Heatmap of HSC 

maintenance and function genes expressed at the transcriptional level in HSCs expanded as monoculture 

or as co-culture with PASCs and rMSCs after a 7, 14 or 28 day long-term expansion. (Scale: row 

normalized units, mean from n = 5). (F) & (G) Temporal transcriptional expression dynamics of crucial 

HSC genes Slam1 and Notch1 in HSCs expanded as monoculture or as co-culture with PASCs and 

rMSCs for 7, 14 or 28 days. (Mean ± SEM, n ≥ 3, scale: fold change normalized to the gene expression 

in HSC-monoculture). (H) & (I) Temporal transcriptional expression dynamics of crucial HSC genes 

Cxcr4 and SCF in HSCs expanded as monoculture or as co-culture with PASCs and rMSCs for 7, 14 or 

28 days. (Mean ± SEM, n ≥ 3, scale: fold change normalized to the gene expression in HSC-

monoculture). 

 

To sum it up, our data showed that the rMSC co-culture system maintained the highest 

frequency of phenotypic HSCs, which means that in the presence of rMSCs the HSCs do not 

differentiate as quickly. The transcriptional data confirmed that instead of losing maintenance 

and function genes, the expanded HSC population had a marked increase in these genes after 

long-term expansion up to 4 weeks indicating that the rMSC co-culture enhanced the stability 

and maintenance of even the expanded HSCs. Consequently, the rMSC-based HSC expansion 

protocol exceeded all expectations and provided a reproducible and robust approach to expand 

phenotypic and functional HSCs to absolute numbers that were ~100 times higher than any 

other described method could produce. Of note, our rMSC co-culture system demonstrated the 

feasibility of a sufficiently long HSC culture and expansion, which would allow for genetic 

manipulation, selection, amplification and usage of genetically engineered HSC for therapeutic 

purpose. 
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Figure 27. HSCs expanded long-term by rMSCs maintain their functional potential 

(A) Colony counts of 100 starting HSCs ex vivo in monoculture or in co-culture with PASCs and rMSCs 

post 7, 14 and 21 days expansion. (Mean ± SEM, n = 20, CFU with 100 cells per well, unpaired two-

tailed student’s t-test performed between marked groups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p 

≤ 0.0001, ns: non-significant). (B) Confluency per well of HSCs in monoculture or in co-culture with 

PASCs or rMSCS post 7, 14 and 21 days expansion. (Mean ± SEM, n = 20, CFU with 100 cells per 

well, unpaired two-tailed student’s t-test performed between marked groups: * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). 

 

3.2.3 Single HSC ex vivo expansion is facilitated by co-culture with rMSCs 

 

As we know that a phenotypically homogenous HSC population can be functionally 

heterogenous, we next wanted to assess the single cell expansion potential of our HSCs similar 

to what has been show by Wilkinson et al. (213). So, we florescence-sorted single LT-HSCs 

and ex vivo expanded them either in monoculture or co-culture with rMSCs for 10, 20 and 30 

days (Figure 28A). We observed considerable variability between the two culture systems in 

their ability to long-term expand a single HSC, with ~20% HSCs in monoculture giving rise to 
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a colony, in contrast to ~80% HSCs forming colonies when in co-culture with rMSCs (Figure 

28B). Further, the rMSC co-culture maintained a significantly higher proportion of phenotypic 

HSCs at all times (Figure 28C). Notably, the rMSC co-culture promoted a more homogenous 

expansion of the single HSC clones with almost 5-times more clones above the 5% mark in 

frequency of phenotypic HSC after 30 days ex vivo expansion. The single HSC-rMSC co-

culture also showed a marked exponential fold expansion of the phenotypic HSC pool with a 

~80, ~120, and ~200-fold difference in comparison to HSCs expanded as monoculture at 10-

day, 20-day, and 30-day timepoint, respectively (Figure 28D).  
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Figure 28. Single HSC ex vivo expansion is facilitated by co-culture with rMSCs 

(A) Experimental setup of 1 LT-HSCs (Lineage- cKIT+ Sca1+ CD48- CD150+ & CD34-) fluorescence-

sorted from three pooled WT mice and cultured either in monoculture or in co-cultured with 3000 rMSCs 

for 10, 20 or 30 days ex vivo. (B) Proportion of wells with colony out-growth post 30 days ex vivo 

expansion of a single LT-HSC either in monoculture or in co-culture with rMSCs. (n = 98, with two 

independent experiments, unpaired two-tailed student’s t-test performed between the indicated data sets: 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (C) Frequency of 

phenotypic HSCs (Lineage- Sca1+ cKit+ CD150+) expanded either in monoculture or in co-culture with 

rMSCs for 10, 20 or 30 days ex vivo. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed 
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between the indicated data sets: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-

significant).  (D) Fold expansion of the phenotypic HSC pool (Fold Exp. X Freq. of HSCs) calculated 

for HSCs from the two culture systems post 10, 20 or 30 days expansion of the starting single LT-HSC. 

(Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between the indicated data sets: * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (E) Differentiation skewing 

analysis via flow-cytometry post 30 days ex vivo expansion of a single LT-HSC either in monoculture 

or in co-culture with rMSCs. Pie-chart represents proportion of HSC clones with myeloid bias (≥65% 

of viable cells per clone expressing myeloid markers: CD41+, CD34+, CD71+, CD11b+ & GR1+), 

lymphoid bias (≥65% of viable cells per clone lymphoid markers: CD127+, CD34-, CD4+, CD8+ & 

B220+), balanced output (at least 45% of viable cells per clone expressing both myeloid & lymphoid 

markers) or no viable colony out-growth (classified as none). (n = 98). (F) Schematic of 100 clonally 

expanded HSCs using the rMSC culture system transplanted into C57BL/6-CD45.1 lethally irradiated 

mouse post 30 days ex vivo expansion of the starting single LT-HSC, along with 250K supportive total 

bone marrow cells from C57BL/6-CD45.1/CD45.2 mouse. (G) BM engraftment 16 weeks post-

transplantation of clonally expanded HSCs using rMSCs ex vivo (Mean ± SEM, n = 12). (H) Peripheral 

blood reconstitution at 8, 12 and 16 weeks post-transplantation of clonally expanded HSCs using rMSCs 

ex vivo (Mean ± SEM, n = 12). 

 

Since one of the fundamental challenges of ex vivo single HSC expansion is to maintain 

the HSC-characteristic functional multilineage differentiation potential, we assessed the 

differentiation skewing post 30-day clonal expansion of a single HSCs in our rMSC co-culture. 

Out of the 98 HSC clones assed via flow cytometry, 27% and 24% showed myeloid and 

lymphoid bias, respectively, whereas the majority of 46% clones possessed a balanced 

multilineage differentiation potential (Figure 28E). On the other hand, the 85% of HSCs 

expanded in monoculture did not give rise to any colonies with the remaining 12% and 3% 

differentiating into myeloid and lymphoid lineages, respectively.  Furthermore, we dissected 

the differentiation potential of the single HSC clones expanded ex vivo in rMSC co-culture into 

three myeloid primed and two lymphoid primed linages. The clonally expanded HSC generated 

75% granulocyte-macrophage cells, 22% erythroid-megakaryocytes and 3% myeloid 

progenitors within the myeloid-primed fraction, whereas, in the lymphoid-primed fraction there 

were 86% mature-lymphocytes and 14% lymphoid progenitors (Figure 29A).  
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In addition to the in vitro characterizations of the single HSC expansion in the rMSC 

co-culture system, we next assessed the function of these clones HSCs in vivo. In order to do 

so, we expanded single LT-HSCs for 30 days in ex vivo culture with rMSCs and transplanted 

100 HSC clones into lethally irradiated recipient mice (Figure 28F). Noteworthily, these clones 

showed stable bone marrow engraftment of ≥ 2% in all 12 recipient mice (mean: ~13.5% LT-

HSC engraftment) 16 weeks post-transplantation (Figure 28G). We also detected robust 

peripheral-blood chimerism (mean: ~0.5% 16-week post-transplantation) along with the 

reconstitution of peripheral blood components such as B cells, T cells and granulocyte lineage 

(Figure 28H, Figure 29B to D). These experiments confirmed bona fide HSC self-renewal 

potential of the rMSC co-culture system. 

 

Figure 29. In vitro and in vivo function of single LT-HSC expanded ex vivo using rMSCs 

(A) Differentiation priming analysis via flow-cytometry post 30 days ex vivo expansion of a single LT-

HSC in co-culture with rMSCs. Pie-chart represents proportion of rMSC expanded HSC clones which 

are myeloid primed with ≥65% of viable cells per clone expressing erythroid-megakaryocyte (CD71+ & 

Ter119+), granulocyte-macrophage (CD11b+ & Gr1+) or myeloid progenitor (CD41+ & CD34+) markers 
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or lymphoid primed with ≥65% of viable cells per clone expressing either lymphoid progenitor (CD34- 

& CD127+) or mature lymphocyte (CD4+, CD8+ & B220+) markers. (n = 98). (B) B-cell chimerism at 8, 

12 and 16 weeks post-transplantation of clonally expanded HSCs using rMSCs (Mean ± SEM, n = 12). 

(C) T-cell chimerism 8, 12 and 16 weeks post-transplantation of clonally expanded HSCs using rMSCs 

(Mean ± SEM, n = 12). (D) Granulocyte chimerism 8, 12 and 16 weeks post-transplantation of clonally 

expanded HSCs using rMSCs (Mean ± SEM, n = 12). 

 

3.2.4 Donor-matched rMSCs express human HSC support and maintenance genes 

 
A substantial goal of stem cell research is to provide human HSCs for different clinical 

applications including bone marrow transplantations. However, the major roadblock in bone 

marrow transplants is the limited availability of human HSCs, which could not be addressed 

with currently existing ex vivo expansion protocols. As we have shown the successful long-

term ex vivo expansion of murine HSCs using murine rMSCs, we now focused on the translation 

of this approach from the murine to the human system. In doing so, we designed a donor-

individualized experimental strategy that allowed for the isolation of both HSCs and rMSCs 

from the same patient sample (Figure 30A). First, to identify a human bone lining-derived 

stromal analogue to murine rMSCs, we created a robust pipeline for human femur-head serial 

digestion followed by fluorescence-sorting of human rMSCs using the cell surface markers: 

Lineage- CD31- CD51+ and PDGFRα+ (Figure 30B). We characterized these human rMSCs by 

flow cytometry using established human mesenchymal stromal markers: CD271, CD90, CD105 

and CD73 (Figure 30C). Further, we demonstrated that the human rMSCs isolated from 

individual donors using our pipeline can be ex vivo cultured and expanded while maintaining 

their characteristic fibroblast-like architecture and plastic adherent property (Figure 30D). Next, 

we assessed the transcriptional levels of crucial human HSC support and maintenance genes, 

Col1a (stromal matrisomal gene involved in HSC maintenance) and G-CSF (known to stimulate 

the survival and proliferation of HSCs). The human rMSCs exhibited ~1.4 and ~1.2-fold higher 

expression of Col1a and G-CSF genes, respectively, in comparison to donor-matched PASCs 
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(Figure 30E & F).  This data suggests that the human rMSCs might be superior to conventional 

human PASCs for ex vivo HSC expansion in a donor-individualized system.  

 

Figure 30. Characterization of human rMSCs for ex vivo HSC expansion in a donor-

individualized system 

(A) Pipeline for donor individualized florescence-sorting based isolation of both HSCs (CD45RA-, 

CD38-, CD90+, CD34+) and rMSCs (Lineage-, CD31-, CD51+ & PDGFRα+) from the same digested 
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femur-head followed by ex vivo HSC expansion using donor-matched rMSCs. (B) Fluorescence-sorting 

plot representing the gating strategy (Lineage-, CD31-, CD51+ & PDGFRα+) and population distribution 

(within CD51+ & PDGFRα+) of the human bone-lining derived rMSCs. (n = 4, experiment performed 

on 4 individual donor samples). (C) Flow-cytometry characterization of human rMSCs using established 

human mesenchymal stromal markers CD271, CD90, CD105 and CD73. (Scale: mode normalized 

expression values, Unstained rMSC control as blue dotted-line, n = 4, experiment performed on 4 

individual donor samples). (D) Brightfield images of florescence-sorted human rMSCs in culture at 4X 

and 40X magnification. (rMSCs in passage: 3, n = 4, experiment performed on 4 individual donor 

samples). (E) & (F) Transcriptional levels of crucial human HSC support and maintains genes Col1a 

and G-CSF plotted as fold change relative to housekeepers (Beta-Actin & Gapdh) for human PASCs 

and human rMSCs. (Mean ± SEM, n ≥ 3, unpaired two-tailed student’s t-test performed between marked 

groups: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns: non-significant). (G) Graphical 

summary of the potent murine and human ex vivo LT-HSC expansion system based on donor-matched 

bone lining-derived rMSCs with the potential for broad application in HSC research and personalized 

curative therapy.  

 

In conclusion, we have developed a very potent ex vivo LT-HSC expansion system 

based on bone lining-derived rMSCs (Figure 30G). The long-term expanded HSCs using 

rMSCs maintained phenotypic stemness, showed marked reduction in differentiation, and 

possessed functional bone marrow reconstitution capabilities upon transplant. Thus, our rMSC-

based system for HSC expansion could play a pivotal role in research to reduce the number of 

mice used for ex vivo experiments. Moreover, our donor individualized rMSC-based human 

HSC expansion system could potentially be used for curative therapy for numerous diseases 

including immunodeficiencies and leukemia. 
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4 DISCUSSION 

 

4.1  Inflammation-responding Mesenchymal Stem Cells (iMSCs) dynamically modulate 

the bone marrow microenvironment response to stress 

 

Inflammation is a key component in a complex biological response of the body to harmful 

stimuli. In the context of the bone marrow, inflammation is an overarching process central to 

most, if not all, forms of stress challenges and disease settings including leukemia and 

immunodeficiencies. Current research in the field is focused on understanding inflammation in 

the context of the HSC and its niche response (23,41,85,136). While such research provides 

descriptive understanding of the niche and its interplay, it falls short in translating it to 

functional applications confounded in part by a single marker approach of classifying the niche 

cell diversity (26,66,67,125). In this study, we aimed at functionally characterizing an unbiased 

bone marrow niche response to inflammation over time. We utilized the power of sequencing 

coupled with functional proliferation readout to identify iMSCs as the major responders to 

IFNα-mediated inflammatory stress. Our data revealed distinct transcriptional states of the 

iMSCs over the inflammation response time course with functional consequences on the bone 

marrow. Using ligand-receptor mapping, we further identified pivotal inflammation-specific 

interactions between iMSCs and HSCs within the bone marrow. Finally, we dissected the 

heterogeneity within the iMSC population based on inflammation response at the single-cell 

level to propose a transcriptional iMSC-signature with potential translational applications in 

disease settings, like leukemia and immunodeficiencies.  
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4.1.1 Temporal kinetics of the bone-lining iMSCs upon inflammation stress  

 

We studied the unbiased bone marrow response to inflammation in the context of 

temporal kinetics at the early 3 h (IFNα sensing), mid 24 h (IFNα response) and late 72 h 

(recovery of the system) time-points. Our data revealed the IFNα triggered dynamics of the 

major cell types within the bone marrow at a functional level. Though studies have previously 

described HSC and endothelial cell kinetics upon various stressors in isolation (45,50,159,175), 

our data for the first time enabled the direct functional comparison of IFNα response across the 

different bone marrow cell types in a systematic manner. Notably, the iMSCs stood out as the 

major responders to IFNα-mediated stress with distinct temporal phases demonstrating their 

multi-facet role in both inflammation response and recovery. The early (3 h) pro-inflammatory 

response of the iMSCs confirms a large number of studies that defined the MSCs/CAR cells as 

the master chemokine and cytokine producers in the bone marrow while further sub-segregating 

the MSCs/CAR cells into functionally defined sub-populations of iMSCs (84,124,183,195). 

Our 72 h IFNα recovery data suggested molecular compartmentalization of the ECM factors 

between cellular subsets, with the iMSCs uniquely down-regulating ECM genes, including 

different collagens, to potentially restore homeostasis in the bone marrow after stress insult. 

Since a hallmark of aged BM stroma and chronic infection is the generalized reduction of ECM 

gene expression, it is tempting to speculate the involvement of iMSCs in these 

pathophysiological processes (154,156,232–234). Our single-cell RNA sequencing data 

captured the known heterogeneity within the BM stroma (REF known heterogeneity of the BM 

stroma) and also temporally resolves this heterogeneity in the course of the inflammation 

response. Thus, our temporal kinetic analysis of the IFNα stimulation postulated a central role 

for the bone-lining iMSCs in directly and dynamically orchestrating the inflammation response 

within the bone marrow, a finding that might have been under-represented using the 

conventional single-end point readout strategy. To place the iMSC-mediated temporal response 
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in the bigger picture of the bone marrow niche and unravel the mechanisms that regulate the 

multi-facet iMSC function, it will be necessary to systematically image the iMSC changes over 

the response time course and to conditionally delete the crucial iMSC factors to functionally 

understand their role in inflammation response and recovery.  

 

4.1.2 Comparing the iMSCs to other bone marrow cell types  

 

Multiple recent studies have classified the homeostatic bone marrow stromal population 

into defined cellular sub-types using advanced single-cell sequencing and improved imaging 

techniques (40,134,143,235). While such studies add to our understanding of the homeostatic 

BM stroma, it falls short in characterizing the niche upon perturbation. To address this, we 

functionally studied the unbiased BM microenvironment at the bulk and single-cell level upon 

inflammation stress, utilizing a top-down approach to define and characterize a functional 

IFNα-responding iMSC population in contrast to the conventional bottom-up approach of 

identifying new population at homeostasis and then attributing it a function. The iMSCs differed 

from the other bone marrow cell types in their spatial localization. This is an important factor 

as more than a few studies using genetic tools and imaging techniques have shown a correlation 

between the location of a stromal cell type and its function in the context of an HSC niche 

(39,39,125,136). Of note, since the isolation of both the bone-marrow and bone-lining stromal 

populations involved multiple rounds of mechanical and enzymatic digestion, we were bound 

to lose certain fractions of fragile cells, as it has been demonstrated in literature for the CAR-

fraction (144,230). This technical shortcoming applies to all stromal cell studies to date which 

should be acknowledged while interpreting the results. Nonetheless, our bulk analysis of 

iMSCs, SCs and endothelial cells revealed previously unappreciated cell-type specific functions 

and molecular signatures upon inflammation challenge highlighting that the cell types differ 

not only in their surface marker expression and BM localization but also in their role in stress 
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response. For instance, while both stromal sub-sets respond to IFNα at 3 h, the iMSCs expressed 

functionally different cytokines and chemokines than their BM stromal counterparts suggesting 

defined tasks for the two stromal cell types in acute stress response. Further, the inverse trends 

in matrisomal transcriptional levels at the 72 h timepoint between the iMSC and the two BM 

cell types (SCs & endothelial cells) suggested an iMSC-mediated ECM re-modulatory 

mechanism with compensating feedback signaling from the two BM cell types. Furthermore, 

our single-cell sequencing dataset revealed that the bulk-defined iMSC population can be 

further sub-segregated into transcriptionally distinct stromal and fibroblast-like cell types. 

Interestingly, the inflammation response at the single-cell level could not be resolved using the 

well-studied stromal markers including Cxcl12, Vcam1 & Pdgfrα (46,125,226) emphasizing the 

advantage of a cell-type specific transcriptional response signature over a skewed single marker 

approach for characterizing the perturbed BM niche. Whilst we have shown that the iMSC were 

defined based on their distinctive functional response to IFNα, we haven’t methodically 

compared their overlap with known murine MSC sub-types. One can address this question 

bioinformatically by correlating our iMSC single cell signature with that of mice lacking one 

or more of the defined MSC populations including Lep-/-, Nestin-/- and Col2.3-/- mice or 

functionally by conditional deletion of IFNAR in different MSC cre-mouse lines including 

Lepr-Cre, Nes-Cre & Prxx1-Cre (26,46,236,237).  

 

4.1.3 The iMSCs modulate HSC response to acute inflammation 

 

Elegant studies have demonstrated that HSCs can not only sense but also respond to 

inflammatory cytokines, in particular the HSCs can directly respond to IFNα treatment via the 

IFNAR receptor and enter active cell cycle. Our data reveals the compounding effect that the 

iMSCs have on the HSC response to inflammation. Even though the concept of stromal cells 

modulating the HSC stress response is not novel, with several studies showing that MSC sub-
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types can alter niche and HSC response (26,42,45,46,125,138), our data supplements the 

literature by describing crucial iMSC and HSC interactions upon inflammation. Interestingly, 

our dynamic ligand-receptor analysis revealed no change in well-established HSC-specific 

interaction pairs including Cxcr4-Cxcl14, Cxcr4-Cxcl12, and Kit-Kitl (42,198,238) suggesting 

that these interactions are crucial at steady state for HSC maintenance but do not regulate HSC 

response to acute-stress. In contrast, previously unknown interaction pairs composed of iMSC 

ligands Col5a3, Col5a1 and Mdk with the HSC receptor Sdc3 seemed to be key for the 

modulation of the iMSC-mediated HSC inflammation response.  Further, co-culture of HSCs 

with iMSCs indicated that the HSCs lose their proliferation and cell cycle capabilities when the 

iMSC response to IFNα was compromised suggesting a direct role of iMSCs in HSC stress 

response in vitro. Mechanistically, our data showed that the HSCs in monoculture can still sense 

IFNα, as demonstrated by the increased ISG expression. But HSCs only respond phenotypically 

when in co-culture with iMSCs indicating a potential functional codependence of HSCs on the 

iMSCs for stress response. Furthermore, we observed that the HSCs also effect the iMSCs pro-

inflammatory function inferring a cellular cross-talk between iMSCs and HSCs upon acute 

inflammation. To test whether the variance in receptor-ligand interaction and the profound 

iMSC-mediated functional changes observed in the HSCs hold true in vivo, we need to study 

the functional HSC and iMSC response in a conditional deletion murine-model of IFNAR and 

STAT in Vav1-Cre (hematopoietic cell-specific) and Lepr/Nes/Il7-Cre (stromal cell specific) 

(74,136,239). Once the iMSC inflammation-modulatory effect on HSCs is established, it will 

be interesting to identify the mechanisms by which they promote and regulate the hematopoietic 

stress response.   
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4.1.4 The effect of iMSCs on its broader bone marrow microenvironment 

 

Within the bone marrow, iMSCs typically make up about 0.01% of total cells and 0.1% 

of stromal cells, not accounting for the variability due to digestion. Thus, it is important to put 

iMSCs in perspective when interpreting the broader consequences of their inflammation 

response on the bone marrow as a whole. In addition to iMSCs, the bone marrow is also home 

to immune cells, which account for a proportionally larger fraction of the total bone marrow 

and function as professional inflammation responders (153,240,241). Our data showed that the 

iMSCs upregulated the antigen-processing and presenting gene sets at the 3 h time point 

suggesting a potential role of the iMSCs in the modulation of the immune cells in the bone 

marrow. Further, the iMSCs, upon IFNα treatment, directly interacted with macrophages in co-

culture resulting in a skewing towards pro-inflammatory macrophages with marked decrease in 

the anti-inflammatory and tissue repair macrophage fraction, suggesting that the iMSCs play a 

broader pro-inflammatory role in orchestrating the immune cell response within the bone 

marrow. In contrast, the iMSCs exhibits an in vitro immunosuppressive effect on the T-cells 

upon inflammation stress. The concept of stromal cell-mediated immunomodulation of T-cells 

has already been postulated (242–244), but to the best of our knowledge it’s here for the first 

time that we could dissect the functional T-cell response and link it to a specific stromal sub-

type. Recent literature has used the revolutionary single-cell technology to show that the 

immune cells depend on multiple cues provided by tissue-resident stromal cells for their 

development and survival (245–248). Hence, it is of great interest to understand the cellular 

interactions and their mediators that are responsible for the immunomodulatory effect of the 

iMSCs on bone marrow immune cells. Whilst our complex transcriptional and functional 

dataset served as a foundation in understanding the broader bone marrow response to 

inflammation, it also raised important questions: How much cross-regulation is there among 

cell types in the bone marrow and what might this mean for crosstalk with various niche 
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components? The conditional deletion of specific niche factors including stromal cells and 

immune cells would make it possible to determine whether they have non-cell-autonomous 

effects on other cells in the bone marrow. 

 

4.1.5 The role of iMSCs in disease setting 

 

Given that inflammation is a hallmark of infection and most diseases, it is important to 

unravel the role of inflammation-responding iMSCs in these settings. In our attempt of doing 

so, we overlaid our single-cell transcriptional iMSC gene signature onto a Myeloproliferative 

Neoplasms (MPN) stromal dataset. Interestingly, our iMSC signature marked and identified the 

disease propagating IFNhigh MSCs within the MPN bone marrow stromal data set suggesting 

that iMSCs might be directly involved in the pathogenesis of MPN. Further, our data also 

confirmed the widely studied stromal genese Cxcl12 and Vcam1 as potent iMSC markers at 

homeostasis but in contrast to literature both these marker genes do not exhibit major changes 

upon inflammation (42,46,249,250). These finding suggested that the iMSC inflammation 

response was independent of Cxcl12 and Vcam1 expression, and this in turn is very different 

from our current understanding where MSC/CAR-cell responses in a diseased stromal 

microenvironment are defined by changes in either of the two markers. To overcome the 

skewing due to the reliance on a single-marker approach for studying the disease bone marrow 

stroma, we proposed a comprehensive iMSC transcriptional signature (~100 genes) defined by 

the unbiased functional bone marrow response to inflammation. The iMSC-signature has 

potential application in characterizing the bone marrow stroma in diseases like myelodysplastic 

syndrome (MDS), myelofibrosis and other leukemias. In the immune context, the iMSC-

signature might also be instrumental in our understanding of immunopathology resulting in 

autoinflammatory disease and tissue fibrosis as studies, including ours, have highlighted the 

importance of the communication channels between the immune cells and the stromal 
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environment (149,243,245,246). It will be necessary to systematically examine the expression 

of bone marrow stroma genes including iMSC-factors in hematopoietic tissues after injury or 

during the course of disease progression, and to conditionally delete these factors from 

candidate niche cells to functionally identify their key sources during bone marrow 

regeneration/recovery.  
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4.2 Ex vivo Hematopoietic Stem Cell (HSC) expansion for personalized medicine using 

reinvigorating Mesenchymal Stem Cells (rMSCs)  

 

Bone Marrow Transplants (BMTs) have highlighted the Hematopoietic Stem Cells (HSCs) 

potential to restore a new functional hematopoietic system in diseased recipients. However, a 

major roadblock for this scientific breakthrough is our limited potential for ex vivo HSC 

expansion. In this study, we try to address this shortcoming by proposing a potent ex vivo HSC 

expansion system based on bone lining-derived reinvigorating Mesenchymal Stem Cells 

(rMSCs). Using a functional approach, we created a robust pipeline for the fluorescence-sorting 

based isolation and ex vivo expansion of rMSCs from both murine and individual human 

samples. The bulk and single HSCs were expanded long-term using rMSCs to maintain 

phenotypic stemness over multiple cell differentiation cycles and functional bone marrow 

reconstitution capabilities upon transplant. Our rMSC-based system for HSC expansion can 

play a pivotal role in research to reduce the number of mice used for ex vivo experiments. 

Moreover, our individual donor rMSC-based human HSC expansion system could potentially 

be used for curative therapy for numerous diseases including immunodeficiencies and 

leukemia. 

 

4.2.1 The rMSCs as a unique cellular substrate 

 

The use of cellular substrate for ex vivo HSC expansion is not a novel concept, with 

earlier studies using fibroblast-like cells for this purpose which were later replaced in most parts 

by commercially available OP9-murine stromal cell line (23,97,214). Even in the clinic plastic 

adherent stromal cells (PASCs) are routinely used for human HSC expansion (23,251). These 

approaches offer only limited success with no advancement in clinical transplants, in part due 

to the intra-cellular heterogeneity and inadequate ex vivo HSC expansion potential of the 
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cellular substrates (96,252,253). In our study, we addressed this problem using a functional 

approach to identify and define a sub-stromal population of cultured rMSCs based on their ex 

vivo HSC maintenance and expansion capabilities. Our data showed that the bone lining-

derived rMSCs, unlike the bone marrow-derived counterpart (PASCs), are a homogenous 

cellular population isolated by fluorescence-activated cell sorting (FACS) using a robust 

mouse-matched and donor-individualized pipeline. Further, the significantly higher expression 

of stromal genes Leptin and Nestin by the rMSCs in comparison to PASCs might contribute to 

their superiority in HSC expansion, as both Leptin and Nestin have been shown to play a direct 

role in HSC maintenance, homing and transplantation (26,67,125). Additionally, the 

dramatically higher stem cell frequency of rMSCs in contrast to PASCs highlights the 

homogeneity within the rMSC pool and hints towards a more stem cell like nature of the rMSCs 

which might contribute to their enhanced HSC expansion potential. To better understand the 

differences between the rMSCs and other cellular substrates, one should systematically 

compare their stromal marker expression and HSC expansion potential over multiple passages 

in culture. It is also of interest to unravel both the inter-cellular heterogeneity between rMSCs 

and other cellular substrates using bulk-sequencing approaches and intra-cellular heterogeneity 

within the rMSC pool using single-cell sequencing techniques.  

 

4.2.2 The potent HSC expansion potential of the rMSC co-culture system 

 

Our data shows that proliferating rMSCs serves as the focal point of attachment and cell 

division for the LT-HSCs in culture, suggesting the rMSCs actively contribute to HSC 

expansion, unlike the other established cellular substrates that serves as a passive support and 

feeder-layer for the HSCs/HSPCs in culture (99,254,255). Our 10-day ex vivo murine HSC 

culture dataset highlights the significant improvement in HSC culture, with a marked fold 

change in expansion, higher maintenance in stemness, and better bone marrow reconstitution 
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capabilities upon transplantation. Further, our long-term HSC culture data showed that the 

rMSC co-culture system maintained the highest frequency of phenotypic HSCs, which means 

that in the presence of rMSCs the HSCs do not differentiate as quickly. The transcriptional data 

confirmed that instead of losing maintenance and function genes, the expanded HSC population 

had a marked increase in these genes after long-term expansion up to 4 weeks indicating that 

rMSC co-culture enhanced the stability of the expanded HSCs. Consequently, the rMSC-based 

HSC expansion protocol exceeded all expectations and provided a reproducible and robust 

approach to expand phenotypic and functional HSCs to absolute numbers that were ~100 times 

higher than any other described method could produce. Furthermore, our assessment of single 

LT-HSC expansion data revealed the HSC in co-culture with rMSCs exhibited a more 

homogenous expansion of the single-HSC clones while maintaining their phenotypic 

characteristics, their stemness, and their function to reconstitute the bone marrow upon 

transplantation of 100 clonally expanded HSCs post 30-day ex vivo culture of the starting single 

LT-HSC with the rMSCs into lethally irritated recipient mice. These experiments confirmed 

bona fide HSC self -renewal potential of the rMSC co-culture system, with a potential to play 

pivotal role in research to reduce the number of mice used for ex vivo experiments. To further 

assess the potential of our rMSC co-culture expansion system, it would be interesting to perform 

transplant experiments in non-irradiated and non-conditioned recipient mice as radiation-based 

bone-marrow conditioning is the gold-standard prerequisite to make space for donor HSCs in 

bone-marrow transplantation (256,257). Donor engraftment in non-irradiated and non-

conditioned recipient animals (including NOD/SCID mice and cKIT deficient mice) has shown 

to be possible but normally not feasible, in part, because of the large numbers of HSCs required 

for the transplant (213,258–260). Thus, such an experimental approach would push the 

functional HSC ex vivo expansion limits of our rMSC-based expansion system. 
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4.2.3 The superiority of the rMSC-based culture system  

 

The concept of HSC expansion in itself is not new, with studies proposing innovative 

solutions and companies providing optimized media. Over the past decade a multitude of 

different cellular and non-cellular HSC expansion systems have been established 

(23,214,253,254).We performed a comprehensive study comparing these expansion systems 

with our rMSC-based HSC expansion technique. Our data revealed that not only is our rMSC-

based expansion system superiors to the conventional OP9-murine stromal cell line (261–263), 

they also outperform all the tested non-cellular compound-based expansion systems (96–

98,213,223,252) in their absolute HSC numbers and fold expansion of phenotypic HSCs. These 

findings demonstrated the advantage of the rMSC-based HSC expansion system over the other 

established expansion techniques and suggested a role for the bone marrow niche cellular 

component in HSC ex vivo maintenance and expansion.  Further, our data comparing the rMSC-

based HSC expansion to alternative media compositions (152,213) highlights the synergistic 

effect of our co-culture system by combining a serum-free cytokine optimized medium with 

functionally defined rMSCs on the HSC stem cell frequency. Though, our data shows 

significantly higher HSC expansion potential upon co-culture with rMSCs in comparison to 

HSC expansion in defined Walters and Yamazaki media (152,213), we are yet to determine the 

causative factors responsible for this characteristic effect of the rMSCs. In future work, the 

expansion potential of HSCs by the rMSCs should be studied comprehensively by RNA 

sequencing, mass spectrophotometry and electron-microscopy to identify potentially novel 

rMSC-specific HSC expansion factors, deduce rMSCs ECM components in-vitro and visualize 

the physical interaction dynamics between HSCs and rMSCs.  
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4.2.4 The human HSC expansion capabilities of the rMSCs 

 

A substantial goal of stem cell research is to provide human HSCs for different clinical 

applications including bone marrow transplantations. However, the major roadblock in bone 

marrow transplants is the limited availability of human HSCs, which cannot be addressed with 

currently existing ex vivo expansion protocols (23,251). As we have shown the successful long-

term ex vivo expansion of murine HSCs using murine rMSCs, our obvious next goal was the 

translation of this approach from the murine to the human system. As our first step, we 

identified a human bone lining-derived stromal analogue to murine rMSCs and created a robust 

pipeline for donor-individualized human rMSC isolation. Further, our characterization and 

comparison data for human rMSCs and human PASCs revealed significantly higher expression 

of crucial human HSC support and maintenance genes by the rMSCs, suggesting that the human 

rMSCs might be superior to the conventional human PASCs for ex vivo HSC expansion in a 

donor-individualized system. In future work, the human HSC expansion potential of the rMSCs 

will be studied comprehensively. This includes the analysis of the expansion potential, the 

maintenance of the stem-cell frequency and the function to reconstitute peripheral blood and 

bone marrow upon transplant into immunodeficient mice. Our eventual goal is to demonstrate 

that the rMSC co-culture system can be used to promote clinically meaningful ex vivo expansion 

of donor-specific HSCs.  

 

4.2.5 Personalized medicine application of rMSC-expanded HSCs  

 
The modern idea of personalized medicine is based on the concept of tailoring 

diagnostics and treatments to the need of an individual patient. This idea of individualized 

medicine for bone marrow transplants has been described as a paradigm shift in patient-

treatment but has been limited by the lack of patient-specific HSC expansion that could be 
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genetically engineered for therapy. In this study, we propose a patient individualized 

experimental strategy that allowed for the isolation of both HSCs and rMSCs from the same 

patient sample, followed by patient-specific HSC ex vivo expansion. Our work demonstrated 

that the human rMSCs isolated from individual patients using our pipeline can be ex vivo 

cultured and expanded while maintaining their characteristic fibroblast-like architecture and 

plastic adherent property. Further, our data also suggests that the human rMSCs might 

outperform the existing clinically used PASCs in their HSC maintenance and expansion 

potential. Thus, we believe that our patient individualized rMSC-based human HSC expansion 

system could potentially be used for curative gene therapy of HSCs and re-transplantation back 

into the patient for numerous diseases including immunodeficiencies and leukemia.  
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4.3 General Discussion 

 

The bone marrow microenvironment in itself has a complex biological makeup with 

numerous cell types interacting with each other through both juxtracrine and paracrine 

signaling. Thus, it is important to put both our studies of the in vivo inflammation-responding 

and in vitro reinvigorating MSCs in the perspective of the broader bone marrow niche. With 

our data shedding new light on the function, dynamics and clinical capabilities of the bone 

marrow, we are inclined to revisit our conceptual understanding of the bone marrow niche. In 

this section, I have addressed and discussed a few such conceptual ideas about the broader bone 

marrow niche.  

 

4.3.1 A functionally characterized BM niche 

 

Our current model of the BM niche is centered around the HSC microenvironment 

termed HSC-niche or HSC-instructive niche. The majority of recent studies focuses on defining 

the bone marrow components in the context of HSC maintenance, activation and proliferation 

(26,125,136). While such research supplements our understanding of HSC biology, it 

underrepresents the broader role of the cellular bone marrow microenvironment. In our studies, 

we addressed this shortfall by opting for a non-conventional functional approach of 

characterizing the cellular diversity of the bone marrow. Using this approach in vivo, we 

identified a sub-population of MSCs, termed iMSCs, that both specifically and dynamically 

responds to inflammation. Further, our in vitro datasets revealed a novel population of rMSCs 

with a potent function of ex vivo HSC expansion. Thus, our data highlight the importance of a 

functionally designed study for the unbiased bone marrow niche resulting in a practical and 

applicable model of the bone marrow. To further improve our understanding of a functionally 

characterized niche, it would be interesting to study changes in the cellular niche after 
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myeloablation and transplantation, using systematic whole-bone imaging and global 

sequencing approaches.  

 

4.3.2 Static vs. dynamic BM niche concept 

 

The advent of multiplex single-cell sequencing and advanced bone microscopy 

techniques have contributed to the recent surge in bone marrow niche research, with studies 

reporting novel cell types and an ever-so-intricate communication with their microenvironment 

at homeostasis (40,143,157,262). Given that most biological processes occur over-time, 

including the body’s inflammation response to infection, injuries and toxins (148,149,245), we 

accounted for time as a variable in our study of the bone marrow niche upon inflammation 

stress. Our bulk data revealed characteristic proliferation kinetics of the different bone marrow 

cellular components and highlighted the distinct transcriptional dynamics of the iMSCs. These 

are findings that might have been underrepresented in previous single end-point analysis 

(26,86). Further, using our over-time single-cell RNA sequencing dataset, we could 

systematically correlate distinct stress response processes to individual bone marrow cell types 

and delineate the cellular sources of inflammation response within the stroma. Thus, our 

temporal kinetics study upon acute inflammation suggest a new dynamic niche model of the 

bone marrow demonstrating previously unappreciated functions and cross-talk among the cell 

types in the bone marrow.   

 

4.3.3 From a structural to a functional definition of the BM niche 

 

The current strategy in bone marrow research is increasingly focused on a few cell types 

and their function, sometimes taking them out of the context of the entire bone marrow niche. 

For example, multiple studies suggested a direct role of SCF and CXCL12-expressing stromal 
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cells in HSC function and stress response but did not account for the fact that in vivo there are 

100 times fewer HSCs than stromal cells that express high levels of SCF and CXCL12 in the 

bone marrow (42,46,124,195). Moreover, our current convergent approach of studying the bone 

marrow also falls short in understanding the broader crosstalk with or co-regulation by various 

cellular niche components. In our study, we characterized an unbiased bone marrow niche with 

focus on the functional response without a selection for cell types rather than studying the 

response of structurally pre-defined cell-types. Our experimental approach unravels a 

previously unacknowledged cellular compartmentalization of the bone marrow response. 

Hence, our data underlines the importance of studying the bone marrow in its broader context, 

and further studies are needed to understand the proximity of niche cells to each other and what 

it might mean for the co-regulation and function of the bone marrow as a whole.  

 

4.3.4 BM microenvironment or organ system  

 

Taking a step back from the concept of the bone marrow ‘niche’, the bone marrow in 

itself also acts as a vital and complex organ with a unique balance between its mechanical 

structure and cellular composition (17,264,265). In this context, it will be of interest to decipher 

if the bone marrow as an organ system has different ‘niches’ that home specific stromal cell 

types and support independent hematopoietic processes. An innovative way to address this 

question would include using the cutting-edge spatial transcriptomic analysis techniques on the 

whole bone mount-sections at the single-cell level. Given that the majority of the studies on the 

bone marrow, including ours, are performed in isolation of the physiological changes in the 

body, it raises considerable interest in understanding the extent to which the bone marrow 

cellular components and their processes are regulated by long-range signals from the systemic 

physiological changes, such as pregnancy and nutrition.  
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4.3.5 Potential future of the BM niche  

 
The model of the bone marrow niche has evolved over the course of history, pitted with 

controversial concepts and challenging ideas, along with the evolution in scientific technology. 

Our current model of the bone marrow microenvironment comprises a multitude of novel cell 

types with intricate interactions and a sophisticated nomenclature of cellular sub-types (41,266–

268). Our work complements previous studies and underlines the efficacy of an alternative 

approach to study the bone marrow niche. In light of the upcoming research, the model of the 

bone marrow might shift away from an ‘HSC instructive-niche’ to a broader ‘cellular bone 

marrow niche’ as more studies unravel the crucial HSC-independent functions of the different 

cell types in the bone marrow. Further, the advancement of technologies, like single-cell spatial 

transcriptomics, Saturn capture microdissection technique, advanced whole-bone spectral 

deconvolution imaging and tailored genetic animal models, will greatly contribute to our 

understanding of the bone marrow and perhaps challenge our current conceptualization of it, in 

both the healthy and the disease setting.  
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5 MATERIAL & METHODS 

 
5.1  Materials 

 

If not listed in the ‘materials’ section, used materials are mentioned in the ‘methods’ 

sections. 

 
5.1.1 List of antibodies- Murine 

Antigen Clone Fluorochrome Company 

B220 RA36b2 AL700 eBiosciences 

c-Kit 2B8 BV711 BioLegend 

CD11b M1/70 AL700 BD Horizon 

CD140a (PDGFRA) APA5 PE-Cy7 BioLegend 

CD150 TC15-12F12.2 PE-Cy7 BioLegend 

CD31 390 Pacific Blue eBiosciences 

CD34 RAM34 BV421 BD Horizon 

CD4 RM4-5 AL700 eBiosciences 

CD45 30-F111 AL700 eBioscience 

CD48 HM48-1 FITC BioLegend 

CD51 RMV-7 BV711 BD Horizon 

CD8a 53-6.7 AL700 BioLegend 

GR1 Rb6-8c5 AL700 BioLegend 

Ter119 Ter119 AL700 eBioscience 

Yellow zombie - BV570 BioLegend 

TotalSeq™ anti-mouse Antibody A0301 Hashtag BioLegend 

TotalSeq™ anti-mouse Antibody A0302 Hashtag BioLegend 
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TotalSeq™ anti-mouse Antibody A0303 Hashtag BioLegend 

TotalSeq™ anti-mouse Antibody A0304 Hashtag BioLegend 

Sca-1 D7 APC-Cy7 BD Horizon 

CD45.1 A20.1 FITC eBioscience 

CD45.2 104 Pacific Blue BioLegend 

CD45.2 104 Alexa Fluor 700 BD Pharmigen 

 

5.1.2 List of antibodies- Human 

Antigen Clone Fluorochrome Company 

CD105 MJ7/18 BV711 BD 

CD140a Alpha-R1 BV421 BD 

CD271 ME20.4 APC Thermo Scientific 

CD31 WM-59 APC-eFluor 

780 

Thermo Scientific 

CD51 13C2 PE Thermo Scientific 

CD73 AD2 PE-Cy™7 BD 

CD90 5E10 Alexa Fluor 

700 

Thermo Scientific 

Human Hematopoietic Lineage 

Antibody Cocktail 

RPA-2.10, OKT3, 61D3, CB16, 

HIB19, TULY56, HIR2 

FITC Thermo Scientific 
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5.1.3 List of kits 

Kit Source Identifier 

APC BrdU Flow Kit BD Pharmigen 552598 

Arcturus® PicoPure® RNA Isolation Kit Life Technologies KIT0204 

CellTraceTM Far Red Cell Proliferation Kit ThermoFisher Scientific C34564 

CellTraceTM Violet Cell Proliferation Kit ThermoFisher Scientific C34557 

Chromium Next GEM Chip G Single Cell Kit 10x Genomics 1000120 

Chromium Next GEM Single Cell 3' GEM, Library & Gel 

Bead Kit v3.1 

10x Genomics 1000121 

Dynabeads® Untouched™ Mouse Kit ThermoFischer Scientific 11415D 

MesenCult™ Expansion Kit Stem Cell Technologies 05513 

Mouse IFN Alpha All Subtype ELISA Kit PBL Assay Science PBL42115-1 

StemMACS™ MSC Expansion Kit XF, human Miltenyi Biotec 130104182 

StemPro™ Adipogenesis Differentiation Kit Gibco A1007001 

StemPro™ Chondrogenesis Differentiation Kit Gibco A1007101 

StemPro™ Osteogenesis Differentiation Kit Gibco A1007201 

SuperScript® VILOTM cDNA Synthesis Kit Life Technologies 11754250 

 
5.1.4 List of reagents  

Reagent Source Identifier 

BioCoatTM Poly-D-Lysine Corning 354210 

CD45 MicroBeads, human Miltenyi Biotec 130-045-801 

CD45 MicroBeads, mouse Miltenyi Biotec 130-052-301 

Collagenase Type IV, Powder ThermoFisher Scientific 17104-019 

CryoStorTM CS10 cell cryopreservation media Sigma-Aldrich C2874 

Dispase II, Powder ThermoFisher Scientific 17105-041 
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GibcoTM DMEM (1X) + GlutaMAXTM-I ThermoFisher Scientific 21885-025 

GibcoTM Fetal Bovine Serum, Qualified, Brazil ThermoFisher Scientific 10270-106 

GibcoTM Ham’s F-12 Nutrient Mix ThermoFisher Scientific 11765-054 

GibcoTM Hank’s Balanced Salt Solution (1X) ThermoFisher Scientific 14175-053 

GibcoTM IMDM (1X) – Iscove’s Modified Dulbecco’s 

Medium 

ThermoFisher Scientific 21980-032 

GibcoTM Insulin-Transferrin-Selen 

Ethanolamin (ITS- X) (100X) 

ThermoFisher Scientific 51500-056 

GibcoTM StemProTM-34 SFM (1X) ThermoFisher Scientific 10640-019 

Giemsa’s azur eosin methylene blue solution Merck 109204 

HEPES solution Sigma-Aldrich H0887 

L-Glutamine 200 mM (100X) ThermoFisher Scientific 25030-024 

Matrigel, Growth Factor Reduced (GFR) Corning 356231 

MesenCultTM 10X Supplement (Mouse) StemCellTM Technologies 05515 

MesenCultTM Basal Medium (Mouse) StemCellTM Technologies 05514 

MesenPureTM 1000X StemCellTM Technologies 05500 

MethoCultTM GF M3434 StemCellTM Technologies 03434 

Penicillin-Streptomycin Sigma-Aldrich P4458 

Poly-L-Ornithine Solution (0.01%) Merck-Millipore A-004-C 

Poly(vinyl alcohol) Sigma-Aldrich P8136 

PrimocinTM InvivoGen ant-pm-1 

Recombinant Murine SCF PeproTechTM 250-03 

Recombinant Murine TPO PeproTechTM 315-14 

Retronectin TAKARA Clontech. T202 

RPMI-1640 Medium Sigma-Aldrich R8758 
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StemPro™-34 SFM Gibco™ 10639011 

Trypsin – EDTA Solution Sigma-Aldrich T3924 

UltraPureTM Distilled Water DNase/RNase Free ThermoFisher Scientific 10977-035 

 
5.1.5 List of special material 

Instrument/Material Source Identifier 

Corning® HTS Transwell® 96 well CORNING CLS3380-1EA 

LS Columns Miltenyi Biotec 130-042-401 

PrimariaTM 75 cm2 Rectangular Straight Neck Cell Culture Flask Corning 353810 

PrimariaTM Tissue Culture Plate, 24 Well, Flat Bottom with Low 

Evaporation Lid 

Corning 353847 

PrimariaTM Tissue Culture Plate, 6 Well, Flat Bottom with Low 

Evaporation Lid 

Corning 353846 

PrimariaTM Tissue Culture Plate, 96 Well, Flat Bottom with Low 

Evaporation Lid 

Corning 353872 

µ-Plate 96 Well Black for Immunofluorescence  Ibidi 82626 

µ-Slide 8 Well Glass Bottom for Immunofluorescence Ibidi 80827 

 

5.1.6 List of instruments  

Instrument/Material Source Identifier 

10X Chromium Controller 10x Genomics 1000202 

BD LSRFortessa™ Flow Cytometer BD BD Fortessa 

BD™ LSR II BD BD LSR 

Cell Observer ZEISS Zeiss Axio 

CytoSMARTTM Lux2 CytoSMART JAB-1004 

CytoSMARTTM Omni CytoSMART XAB-1002 
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FACSAria™ Fusion Cell Sorter BD BD 

FACSAria 

FACSAria™ I Cell Sorter  BD  BD 

FACSAria 

FACSAria™ II Cell Sorter BD  BD 

FACSAria 

NovaSeq Sequencing System Illumina NovaSeq 

Primo Vert Inverted Routine Microscope ZEISS 3842000827 

QuadroMACS Separator Miltenyi Biotec 130-090-976 

Thermo ScientificTM HeracellTM 240i CO2 Incubator, 

Electropolished Stainless Steel 

ThermoFisher Scientific 51026331 

Thermo ScientificTM HeracellTM VIOS 160i CO2 Incubator, 

Electropolished Stainless Steel 

ThermoFisher Scientific 50145515 

ZEISS LSM 710 ConfoCor 3 ZEISS LSM 710 
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5.2 Methods  

 
5.2.1 Mouse strains 

 

All animal experiments were approved by the Animal Care and Use Committees of the 

German Regierungspräsidium Karlsruhe für Tierschutz und Arzneimittelüberwachung. Mice 

were maintained in individually ventilated cages at the DKFZ animal facility. Experiment 

matched female and male mice were used, with a minimum weight of 20 g per mice and of age 

between ten to fourteen weeks. Wildtype (WT) mice (C57BL/6J or B6.SJL-Ptprca Pepcb/BoyJ) 

were purchased from Harlan Laboratories or Charles River Laboratories, respectively. Ifnar-/- 

(Muller et al., 1994), Stat1-/- (Durbin et al., 1996), Ifitm3eGFP (Lange et al., 2008), FUCCI-

reporter (Miyoshi et al., 2002), ISRE_eGFP (Tovey et al., 2006) have been previously 

described.  

 

5.2.2 In vivo mice treatments 

 

To induce an inflammation, mice were injected intraperitoneal with a single dose of 

5mg/kg pI:C (Invitrogen) or 5x106 units/kg IFNα (Miltenyi Biotec) at the time points indicated 

in the figure legend. For BrdU proliferation assay, mice were injected intraperitoneal with a 

single dose of 200 µL (100µg/g) of BrdU solution (BD Biosciences) 16 hours before sacrifice.  

 

5.2.3 Mouse bone preparation & bone lining-MSC isolation 

 

In generally unless otherwise indicated in figure legend, a minimum of six mice with 

the same genetic background were used for BL-MSC preparation. To isolate mouse BL-MSCs, 

the hips, the bone marrow of femur and tibiae were flushed out with RPMI 1640 +2% FCS and 
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resulting bones were digested with 2 ml Digestion Buffer (2mg/ml collagenase IV and 1 mg/ml 

dispase in HBSS buffer) for 10 minutes at 37 °C. Digestion was blocked with 2 ml of FACS 

buffer (PBS with 2% FCS). Bone digestion was repeated twice, and the digested medium was 

centrifuged. Pelleted cells were digested with 1 ml of ACK lysing buffer (Gibco, ref. 

A1049201) to discard red blood cells for 10 minutes at room temperature. Lysis was blocked 

by adding 2 ml of FACS buffer and centrifuged. Hematopoietic cell depletion was performed 

by incubating cells with the CD45 microbeads (Miltenyi Biotech, ref. 130-052-301) for 15 

minutes on ice, followed by filtering through magnetic LS columns. The resulting cells were 

incubated with a staining mix contacting zombie yellow, CD31, CD45, Ter119, PDGFRα & 

CD51 antibodies (details as listed in the material section) and FACS sorted into collection tubes 

containing DMEM medium (Gibco, ref. 21885-025) supplemented with 15% FCS, 1% 

Penicillin-Streptomycin (P/S) (Thermo Fischer, ref. 15070063), 0.2% Primocin (InvivoGen, 

ref. ant-pm-1) and 1% L-glutamine (Gibco, ref. 25030-024). 

 

5.2.4 Mouse bone marrow preparation & HSC isolation 

 

Bone marrow was prepared from femur, tibia, humerus, ilium, and columna vertebralis 

by crushing bones in RPMI-1640 medium supplemented with 2% FCS. For cell sorting, cells 

expressing the lineage markers CD11b (M1/70), Gr-1 (RB6.8C5), CD4 (GK1.5), CD8a 

(53.6.7), Ter119 (Ter119) and B220 (RA3-6B2) were depleted by incubation with rat 

monoclonal antibodies. Subsequently, cells were washed and incubated with anti-rat IgG-

coated Dynabeads for 15 min (4,5µm supermagnetic polystyrene beads (Invitrogen), 1mL of 

beads / 3x108 bone marrow cells). Cells expressing lineage markers were depleted using 

magnetic separation and the remaining lineage-negative cells were isolated. The resulting cells 

were incubated with a staining mix contacting zombie yellow, Lin, Kit, Sca1, CD48,  CD150 

& CD34 antibodies (details as listed in the material section) and FACS sorted into collection 
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tubes containing StemPro-34 SFM medium (Gibco, ref. 11580356) supplemented with 10 

ng/ml mouse SCF and 100 ng/ml mouse TPO, 0.2% Primocin (InvivoGen, ref. ant-pm-1) and 

1% L-glutamine (Gibco, ref. 25030-024). 

 

5.2.5 Bone lining-MSC in vitro culture  

 

Sorted primary BL-MSCs were plated and expanded in Primaria cell culture vessels 

(Corning) in DMEM supplemented with 15% FCS, 1% P/S, 1% L-glutamine. Cells were grown 

under hypoxia (5% O2, 5% CO2) at 37ºC. Cell passage was performed by using Trypsin-EDTA 

solution (Sigma, ref. T3924). Generally, cells in passage nº 3-6 were used for the experiments. 

For long-term conservation, primary MSCs were frozen in CS10 cell cryopreservation medium 

(Merck, ref. C2874). 

 
5.2.6 BrdU proliferation assay 

 

For BrdU incorporation assays, mice were injected i.p. with 200 µL (100µg/g) of BrdU 

solution 16 h prior to the experiment. BM and BL were isolated as described and stained for 

surface markers. Subsequently, cells were fixed and BrdU staining was performed according to 

instructions of the BrdU Flow kit (BD Biosciences). 

 

5.2.7 Ki67 cell cycle analysis  

 

For Ki67-Hoechst cell cycle analysis, surface staining was performed as described for 

iMSCs and HSCs. Subsequently, cells were fixed and permeabilized using cytofix-cytoperm 

buffer (BD Biosciences) and incubated with Ki67 antibody (BD Biosciences) overnight at 4°C. 

Cells were stained with 25µg/mL Hoechst 33342 (Invitrogen) and analyzed.  



MATERIAL & METHODS 

 107  

5.2.8 Bone lining-MSC differentiation assay 

 

For osteocyte, chondrocyte and adipocyte differentiation respectively, 5*103 cells/cm2, 

1.6*107 cells/mL and 1*104 cells/cm2 iMSCs were seeded in Primaria 24-well plates 

(500µL/well). The iMSCs were thereafter allowed to attach overnight at 37˚C and 5% O2. 

Subsequently, as per the manufactures protocol, the respective differentiation medium was 

added (StemPro® Osteocyte/Chondrocyte Differentiation Basal Medium + StemPro® 

Osteogenesis Supplement, StemPro® Osteocyte/Chondrocyte Differentiation Basal Medium + 

StemPro® Chondrogenesis Supplement or StemPro® Adipocyte Differentiation Basal Medium 

+ StemPro® Adipocyte Supplement; ThermoFisher Scientific, MA, USA). The wells were 

supplemented with either PBS as negative control or 1,000 IU/mL IFNα according to the 

experimental conditions. Media were refreshed every two to three days and differentiation was 

monitored weekly by light microscopy. The experiment was terminated after 21 days, 24 days 

and 14 days for osteocyte, chondrocyte and adipocyte differentiation respectively, followed by 

staining, visualization and spectrophotometry quantification using 2% Alizarin Red S solution 

(pH 4.2; Sigma-Aldrich), 1% Alcian Blue (Sigma-Aldrich) or 2% Oil Red O (Sigma-Aldrich), 

correspondingly.  

 
5.2.9 iMSC-HSC co-culture experiments 

 

Generally, unless otherwise indicated, the co-cultures were performed in 96-well plates. 

2000 MSCs were plated in each well 10-12 hours prior to HSC seeding. The BD FACS Cell 

Sorter was used to sort 2000 LT-HSCs (Lin- Kit+ Sca1+ CD48- CD150+ CD34-) freshly isolated 

from the mouse bone marrow. Cell number matched HSCs were seeded into the wells 

containing MSC previously plated. The HSP-iMSC co-cultures were cultured in an albumin-

free medium composed of StemPro-34 SFM medium (Gibco, ref. 11580356) supplemented 
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with 10 ng/ml mouse SCF and 100 ng/ml mouse TPO and 0.1% polyvinyl alcohol. The IFNα 

treatment was initiated 12 hours post-HSC seeding by adding mouse IFN-α subtype 4 (Miltenyi 

biotech, cat no. 130-093-131) or PBS (as a negative treatment control) into the respective wells. 

Unless otherwise indicated the working concentration for IFNα was 1000 IU/ml.  

 

5.2.10 RNA isolation, reverse transcription & quantitative real-time PCR 

 

The FACS sorted cells were spun down, and pelleted cells were resuspended in 

extraction buffer (Arcturus Therapeutics) and snap-frozen. RNA isolation was performed using 

the PicoPure RNA isolation kit (Arcturus Therapeutics) following the manufacturer’s protocol. 

The isolated RNA was used to synthesize the cDNA using the SuperScript VILO cDNA 

Synthesis Kit (Invitrogen, ref. 11754-250) and a thermocycler. The RT-qPCR was performed 

by mixing the resulting cDNA with the primer pair amplifying the genes of interest and the 

Power SYBR Green PCR Master Mix (Applied Biosystems, ref. 4367659) in the QuantStudio 

5 Real-Time PCR System (Applied Biosystems). If not indicated otherwise, gene expression 

values were normalized to GAPDH and β-actin housekeeping genes and calculated using the 

ΔΔ-CT-method.  

 

5.2.11 Flow cytometry analysis of bone marrow cell-types 

 

Bone lining and bone marrow mononuclear cells were used for flow cytometric analysis. 

For FACS-sorting BD FACSAria II/III or Fusion flow cytometers (BD Bioscience) equipped 

with 405nm, 488nm, 561nm and 633nm (Aria) / 642nm (Fusion) lasers were used. For flow 

cytometric analyses, LSRII and LSRFortessa flow cytometers (BD Biosciences) equipped with 

350nm, 405nm, 488nm, 561nm, and 640nm lasers were used. To stain iMSC, HSC, Endo and 

SCs, cells were incubated for 15 minutes with zombie yellow at room temperature (as per 
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manufactures protocol), followed by 30 minutes at 4°C with the respective pre-conjugated 

surface antibodies (as detailed in the material and results section). Subsequently, cells were 

washed in PBS twice and sorted/analyzed. Post-acquisition data analysis was done using 

FlowJo 10 software. 

 

5.2.12 In vitro proliferation assay 

 

The iMSCs and HSCs were stained with the Cell Trace Far-Red and Cell Trace Violet 

Cell Proliferation kit, respectively, using the manufacturer’s protocol. The cells were plated in 

24 or 96-well plates either in monoculture or co-culture followed by the IFNα treatment in vitro. 

The Cell Trace stained cells were collected 48-72 hours after treatment, and stained with iMSC 

and HSC markers as indicated above followed by flow cytometric analyzed using the FACS 

Fortessa equipment (BD Biosciences). 

 

5.2.13 Bulk RNA sequencing 

 

Mouse matched bone marrow HSCs and bone lining iMSCs from four WT mice were 

isolated and surface stained as detailed above. Followed by, FACS sorting of HSCs and iMSCs 

populations from the four independent biological replicates directly into the RNase-free 

microfuge tubes (ThermoFisher) containing extraction buffer (Arcturus Therapeutics) at 4 C 

until 1500 cell to 5000 cells were collected for each cell type. RNA isolation was performed 

using the PicoPure RNA isolation kit (Arcturus Therapeutics) following the manufacturer’s 

protocol. The quality of the isolated RNA was measured using a Bioanalyzer 2100 (Agilent, 

Waldbronn, Germany). Library preparation, cluster generation and sequencing were performed 

at the Genomics and Proteomics Core Facility, DKFZ. The libraries were prepared using the 

SMARTer Stranded Total RNA-Seq - Pico Input Mammalian - kit (Takara Bio, USA) following 
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the manufacturer’s instructions. For each sample 600 pg of input total RNA were used. The 

TruSeq SR Cluster Kit v4-cBot-HS (Illumina, Inc, California, USA) was employed for cluster 

generation using 8 pM of pooled normalized libraries on the cBOT. Sequencing was performed 

on the Illumina HiSeq 4000 single end 125 bp using the TruSeq SBS Kit v4-HS (Illumina, Inc, 

California, USA). 

 

5.2.14 Single-cell RNA sequencing  

 

Mouse bone marrow stroma was isolated from four independent WT mice at the 

indicated time-points by sequentially digesting flushed bones using digestion buffer containing 

collagenase IV and dispase at 37 °C. Hematopoietic cell depletion was performed by incubating 

cells with the CD45 microbeads (Miltenyi Biotech, ref. 130-052-301), following manufactures 

protocol. Subsequently, each of the four biological replicates for a time-point were stained with 

a unique Hashtag (TotalSeq A, Biolegend), following manufactures guidelines. The resulting 

cells were pooled for each time-point before immune-stained with zombie yellow, CD31, CD45 

& Ter119 surface antibodies (details as listed in the material section) and FACS sorted into a 

96-well round-bottom plates for the 10x platform. Unstained cells were used as negative 

controls to define gating. The libraries were prepared using the Chromium Single Cell Reagent 

Kits (v3.1), Chromium Single Cell G Chip Kit v3.1 and i7 Multiplex Kit (10x Genomics), and 

following the Single Cell Reagent Kits (v3.1) User Guide. Finalized libraries were sequenced 

on a Novaseq-6000 platform (Illumina), aiming for a minimum of 50.000 reads/cell using the 

10x Genomics recommended number of cycles (28-8-0-91 cycles). We used cellranger (version 

2.1.1) to align reads to mouse genome mm10 and for detection of cells with default parameters. 

Next, we used Seurat (v3.1.0) for high level analysis of the scRNA-seq.  
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5.2.15 Mouse multiplex immune assay 

 

Conditioned media were collected at the time points indicated in the figure legends. The 

Immune Monitoring 48-plex Mouse ProcartaPlex Panel (Invitrogen, ref. EPX480-20834-901) 

was used according to the manufacturer’s recommendations with a Bio-Plex 200 system (Bio-

Rad). The experiment included a single replicate per experimental condition. Due to the absence 

of biological and technical replicates, no significant analysis could be performed. Instead, 

experimental conditions were compared to a reference condition, WT iMSC (+PBS) 

conditioned media, and targets with a log FC > 2 were considered potential candidates 

differentially expressed. As validation, IL-6 and CCL2 concentrations were obtained using the 

Mouse Inflammation Cytometric Bead Array (CBA) kit (BD Biosciences, ref. 552364), 

according to manufacturer’s instructions. 

 

5.2.16 HSC ex vivo expansion 

 

The murine 100 LT-HSCs or single LT-HSC (Lineage- cKIT+ Sca1+ CD48- CD150+ & 

CD34-) were fluorescence-sorted from three pooled WT mice and cultured either in 

monoculture or in co-cultured with the same number (3000 cells) of PASCs or rMSCs for the 

indicated number of days ex vivo. The HSCs were expanded using serum-free Han’s F-12 media 

supplemented with 1% ITSX, 10 mM HEPES, 1% P/S/G, 100 ng/ml mouse TPO, 10 ng/ml 

mouse SCF and 0.1% polyvinyl alcohol. Media change was performed every three days for the 

HSC mono-culture, while the HSCs in co-culture were re-platted onto fresh PASCs and rMSC 

every five days. The expanded HSCs from the different culture systems were assesses at the 

indicated end-point by CFU assay, ELDA, viable cell count, flow cytometry and transplantation 

(were indicated).  
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5.2.17 Colony-forming unit (CFU) assay 

 

The CFU assay for multipotent granulocyte, erythroid, macrophage and megakaryocyte 

progenitor cells (CFU-GEMM) for different HSC single- and co-culture systems was performed 

with the complete MethoCult GF M3434 media from StemCell Technologies. As per the 

protocol suggested by StemCell Technologies. For the fresh HSC condition, the cells were 

taken for the CFU assay immediately after FACS cell sorting. All other conditions were firstly 

cultured for 7-10 days in their respective culture conditions and only then taken for the CFU 

assay. The CFU assays were performed with 20 replicates in 24-well plates (Falcon). Starting 

cell numbers for each condition were 100 cells per well for the primary CFU and 1000 cells per 

well for the secondary CFU. The plates were incubated for 6-10 days at normoxia and 

afterwards scanned with a high-resolution scanner (CytoSMART). For the secondary CFU, 

PBS was added to all wells in order to dissolve the viscous CFU medium. The cells were then 

counted for the absolute cell count and re-plated for the secondary CFU. Colony Count and 

confluency were analyzed and evaluated with the software Fiji/ImageJ. 

 

5.2.18 Extreme limiting dilution analysis (ELDA) 

 

The ELDA experiments were performed in 96-well plates (Primaria for rMSCs and 

PASCs, Falcon for HSC culture systems) with 32 replicates per condition and 50 cells per 

well as a starting point for the serial dilutions. 200 µl of cell suspension were plated into the 

first column of the 96-well plate and two-fold serial dilutions were performed all along the 

corresponding rows with a multichannel pipette. After 7 days of incubation, cell growth was 

evaluated under a normal brightfield microscope as either positive or negative. The raw data 

was then inserted into the ELDA software application (Hu and Smyth 2009). The algorithm 

provided a lower, an upper and an estimate value for the stem cell frequency of the analyzed 
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stem cell population, as well as a p-value to calculate the statistically significant. rMSCs and 

PASCs were taken for the ELDA immediately from a culture flask, whereas the different HSC 

conditions were firstly cultured for 7-10 days in their respective culture conditions and 

subsequently taken for the ELDA experiment. 

 

5.2.19 Immunofluorescence time-lapse imaging  

 

One day prior, rMSCs were collected, stained with Cell Trace Far-Red and plated into 

multiple wells of a 96-well plate designed for imaging experiments (µ-Plate 96 Well Black from 

Ibidi) at a plating density of 2000 cells per well. On the experiment day, HSCs were freshly 

sorted, stained with Cell Trace Violet and subsequently added into the corresponding wells 

either as monoculture or co-culture at a plating density of 2000 cells per well. The time-lapse 

experiment was performed using the Cell Observer from Zeiss for the indicated time duration 

as per figure legends. The rMSCs were visualized using the Far-red channel, whereas HSCs in 

the DAPI channel.  

 

5.2.20 Material testing & substrate coating  

 

This experiment was conducted with 5 replicates per coating material in 96-well plates 

(Primaria). The rMSCs, PASCs and OP9 cells were plated one day prior to the experiment at a 

plating density of 2000 cells per well in order to give them enough time to attach to the surface. 

Non-cellular substrates included fibronectin, retronectin, gelatin, matrigel, poly-lysine and 

ornithin were used to the coat wells of the 96-well plate at a volume of 50 µl per substrate. Fresh 

isolated and FACS sorted, 2000 HSCs were added to each well and the plate was incubated for 

10-14 days at hypoxic conditions. Cell counts were assessed via the trypan blue and Neubauer 

cell counting chamber technique, along with FACS analysis.  
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5.2.21 Transplantation experiments  

 

For the bulk expanded HSC transplantation experiment, 100 LT-HSCs was co-cultured 

with rMSCs were transplanted into C57BL/6-CD45.1 lethally irradiated mouse (2x500 rad) 

post 10-days ex vivo expansion, along with 200K supportive total bone marrow cells from 

C57BL/6-CD45.1/CD45.2 mouse.  For the single-HSC ex vivo expansion and transplant 

experiment, 100 clonally expanded HSCs using the rMSC culture system transplanted into 

C57BL/6-CD45.1 lethally irradiated mouse (2x500 rad) post 30-days ex vivo expansion of the 

starting single LT-HSC, along with 250K supportive total bone marrow cells from C57BL/6-

CD45.1/CD45.2 mouse. Peripheral blood was collected at indicated time points and analyzed 

by flow cytometry. Bone marrow engraftment was analyzed 16 weeks post-transplantation by 

sacrificing the mice and preparing the bone marrow as detailed above.  

 

5.2.22 Human rMSC isolation, expansion & characterization 

 

We designed a patient individualized experimental strategy that allowed for the isolation 

of both HSCs and rMSCs from the same patient sample. To isolate human rMSCs, the patient 

femur-head were sawed into small cubes and serially digestion using collagenase IV and 

dispase at 37 °C. Hematopoietic cell depletion was performed by incubating cells with the 

human CD45 microbeads (Miltenyi Biotech), following manufactures protocol. Subsequently, 

the results cells were fluorescence-sorting for human rMSCs using the cell surface markers: 

Lineage- CD31- CD51+ and PDGFRα+ into RNase-free microfuge tubes (ThermoFisher) 

containing DMEM medium (Gibco, ref. 21885-025) supplemented with 15% FCS, 1% 

Penicillin-Streptomycin (P/S) (Thermo Fischer, ref. 15070063), 0.2% Primocin (InvivoGen, 

ref. ant-pm-1) and 1% L-glutamine (Gibco, ref. 25030-024). Sorted primary human rMSCs 

were plated and expanded in Primaria cell culture vessels (Corning) under hypoxia (5% O2, 5% 
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CO2) at 37ºC. Cell passage was performed by using Trypsin-EDTA solution (Sigma, ref. 

T3924). Generally, cells in passage nº 3-5 were used for the experiments. For long-term 

conservation, primary human rMSCs were frozen in CS10 cell cryopreservation medium 

(Merck, ref. C2874). The patient-individualized rMSCs were characterized by flow cytometry 

using established human mesenchymal stromal markers: CD271, CD90, CD105 and CD73 (as 

detailed in the materials section). 

 

5.2.23 Statistics  

 

If not indicated otherwise statistical analyses were performed using an unpaired, two-

tailed student's t test or a Mann–Whitney–Wilcoxon test and results are presented as mean ± 

SEM with n ≥ 3. For bulk and single-cell RNAseq analysis p-values were adjusted for multiple 

testing. 

 

5.2.24 Data analysis & visualization 

 

Flow cytometry data were analyzed using FlowJo 10 software. Gene expression data 

were analyzed and visualized using Prism and R packages. Heatmaps are based on FPKM 

expression values if not stated otherwise and were generated using the online tool Morpheus 

(Broad Institute). Gene set enrichment analyses (GSEA) were performed and visualized using 

broad GSEA-software. Gene ontology analysis was performed using the PANTHER 

Overrepresentation Test (GO database release: 2018-04-04). For each test a background list 

containing all detected genes in this study was provided and statistics evaluated using Fisher’s 

Exact test with FDR multiple test correction. Principal Component Analysis (PCA) and 

Hierarchical Clustering were created using R (v3.4.1) and the ggpubr and dendextend packages 

over the normalized FPKM expression values. The Hierarchical Clustering used the Euclidian 
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distance and the Ward.D2 algorithm as the clustering method. In PCA plots, individual dots 

represent different biological replicates.  
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8 APPENDIX 

 

8.1 List of abbreviations 

Abbreviations Explanation 

BL Bone lining 

BM Bone marrow 

BrdU Bromodeoxyuridine / 5-bromo-2'-deoxyuridine 

CAR cell CXCL12-abundant reticular cells 

CFU-F Colony-forming unit-fibroblasts 

CFU-GEMM Colony-forming unit − granulocyte, erythroid, macrophage, megakaryocyte 

CTFr Cell Trace Far-red 

CTV Cell Trace Violet 

ECM Extracellular matrix 

ELDA Extreme limiting dilution analysis 

Endo Endothelial cells 

FUCCI  Fluorescent Ubiquitination-based Cell Cycle Indicator 

GSEA  Gene Set Enrichment Analysis  

HSC  Hematopoietic stem cell 

HSPC Hematopoietic stem and progenitor cell  

IFITM  Interferon-induced transmembrane  

IFN  Interferon 

IFN-I  Type I IFN 

IFNAR IFN-α receptor 

Ifnar-/- Type-I IFN receptors knockout 

iMSC Inflammation-responding mesenchymal stem cells 
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IRF9 Interferon regulatory factor 9 

ISG  IFN stimulated gene 

ISGF3 ISG factor 3  

ISRE  IFN stimulated response elements  

LT-HSC Long-term HSC 

MDS Myelodysplastic syndrome 

MPN Myeloproliferative neoplasm 

MSC Mesenchymal stem/stromal cell 

PASC Plastic adherent stromal cells 

PB Peripheral blood 

PCA  Principal component analysis 

pI:C  Polyinosinic:polycytidylic acid 

rMSC Reinvigorating mesenchymal stem cells 

SC Single cell-RNA-seq. 

SCs Stromal cells 

Sca-1 Stem cell antigen 1 

SCF Stem cell factor 

Stat-/- Cytoplasmic transcription factor STAT1 knockout 

TF Transcription factors 

WT Wildtype  
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8.2 List of figures 

Figure Explanation 

Figure 1 The components of an adult bone marrow niche 

Figure 2 The canonical type-I interferon signaling pathway 

Figure 3 Ex vivo Hematopoietic Stem Cell (HSC) expansion systems 

Figure 4 Identification of inflammation-responding bone lining-derived MSCs (iMSCs) 

Figure 5 The bone lining-derived iMSCs directly respond to IFNα stress via their IFN receptor 

Figure 6 Interferon stimulated gene expression in iMSCs show temporal kinetics upon IFNα stimulation 

Figure 7 Global transcriptomic analysis of the iMSCs response to acute inflammation over time 

Figure 8 iMSCs exhibit distinct time-point specific transcriptional changes upon inflammatory stress 

Figure 9 iMSCs show an early pro-inflammatory response upon IFNα treatment 

Figure 10 Immunomodulatory effect of iMSCs in the early phase of the bone marrow IFNα response 

Figure 11 Extracellular matrix re-modulatory function of the iMSCs in the recovery phase of the IFNα 

response 

Figure 12 Downregulation of extracellular matrix transcriptional signature in iMSCs at the recovery 

phase of the IFNα response 

Figure 13 Dynamic interactions between iMSCs and HSCs during the acute inflammation response in the 

bone marrow 

Figure 14 Unique changes in receptor-ligand interaction pairs between HSCs and iMSCs upon acute 

inflammatory response 

Figure 15 Functional response of HSCs to inflammatory stress is modulated by the presence of iMSCs 

Figure 16 Changes in the pro-inflammatory cytokine profile of the iMSCs at the protein level upon IFNα 

stimulation 

Figure 17 Dissecting the iMSC heterogeneity at the single cell-transcriptomic level 

Figure 18 Identification of bone marrow stromal cell types by SC-RNA-seq 

Figure 19 Characterization of the bone marrow stromal inflammatory response by SC-RNA-seq 
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Figure 20 Inference of a unique transcriptional iMSC signature with application in a disease model 

Figure 21 Isolation and identification of the murine bone lining-derived reinvigorating Mesenchymal 

Stem Cells (rMSCs) 

Figure 22 rMSCs promote phenotypic and functional ex vivo HSC expansion 

Figure 23 Functional characterization of the HSCs expanded ex vivo with rMSCs 

Figure 24 Comparing rMSC-based HSC expansion with alternative HSC ex vivo expansion systems 

Figure 25 rMSCs serve as a focal point of attachment and active proliferation for the ex vivo cultured 

HSCs 

Figure 26 rMSCs enable long term ex vivo HSC expansion 

Figure 27 HSCs expanded long-term by rMSCs maintain their functional potential 

Figure 28 Single HSC ex vivo expansion is facilitated by co-culture with rMSCs 

Figure 29 In vitro and in vivo function of single LT-HSC expanded ex vivo using rMSCs 

Figure 30 Characterization of human rMSCs for ex vivo HSC expansion in a donor-individualized system 

 

 
 
 

 


