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Abstract 

Unlike most other tissues found in land vertebrates, the bone marrow (BM) has unique 

characteristics: It is a soft, gelatinous tissue in which cells are freely moving and distributed in 

a seemingly random manner. In terms of cell components, the BM houses a wide variety of cell 

types, especially those of the hematopoietic system. These include the hematopoietic stem cells 

(HSCs), the hematopoietic progenitor stem cells (HPSCs) and all types of downstream myeloid 

and lymphoid cells. Cells from the myeloid lineage represents the most frequent cell types in the 

BM, and include billions of red blood cells and platelets, as well as cells from the innate immune 

system.  

The BM is located inside the cavities of some of the strongest tissues in the body, the 

skeletal bones. These are composed of connective tissue rich in mesenchymal cells (osteoblast-

lineage cells, chondrogenic cells, marrow stromal cells, stromal fibroblasts, endothelial cells and 

perivascular cells) and complex extracellular matrix (ECM) components. Hence, the biophysical 

peculiarities of the bone-BM ecosystem have made studying the in situ hematopoietic anatomy 

and its physiological spatio-temporal cell dynamics quite challenging.  

Our group has developed strategies for analyzing entire bone units and their components. 

These strategies have been optimized and used to preserve the BM of postnatal mice. This enables 

the present study to focus on the in situ exploration of the spatial niches of the BM.  

The aims of this study were therefore to characterize the spatial distribution of proliferative 

hematopoietic-myelopoietic progenitors with respect to their niche; and analyze the inferred 

communication networks between bone and BM cells using single-cell transcriptomics in silico.  

First, a proliferation-labelling assay was performed on unperturbed mice. Second, the 

femurs were collected, processed, and stained using immunofluorescence (IF) targeting markers 

to distinguish between niche-specific cells and the hematopoietic cells of interest. Third, femur 

sections were imaged to collect 3D spatial Bone-BM data. Fourth, image cytometry was used to 

compute the relevant spatial variables of the selected markers and random distributions. Finally, 

integration and cell communication networks were inferred using publicly available BM single-

cell transcriptomic datasets.  
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My results reveal a novel mapping of proliferative myeloid-Gr1+ cells, distributed among 

privileged BM regions characterized by trabecular bone (TB). These cells preferentially locate at 

cell-contact distance to the BM-vasculature and at 10-cells distance to the osteogenic niche in a 

non-random fashion. I used a comprehensive integrated scRNA-seq dataset to identify and infer 

cell communication networks between niche and GMPs-neutrophils, with relevant reported 

functions identified through the secreted signaling communication context.  

This work ultimately advanced the efforts to reach a comprehensive understanding of the 

unperturbed proliferative myeloid niches in the post-natal BM of mouse femurs. 
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Chapter 1: Quantitative approaches to study native bone marrow hematopoietic niches  

The BM is a key tissue in mammalian organisms that is responsible for producing all the cell types 

of circulating blood, known as the hematopoietic system. This system involves two lineages: 

myeloid-derived and lymphoid-derived cells1. Consisting of billions of cells constantly being 

replenished, the hematopoietic system has one of the most robust and extensive proliferative 

capacity, as it contains stem cells with remarkable self-renewing and multipotent functions. 

Downstream of hematopoietic stem cells (HSCs) are hematopoietic stem/progenitor cells (HSPCs) 

primed towards specific lineages, and their respective oligopotent progenitor cells that generate 

either red blood cells, innate immune cells, and adaptive immune cells1. These ultimately give rise 

to a wide range of mature cells that enter circulation, including erythrocytes, platelets, 

macrophages, neutrophils, basophils, eosinophils, dendritic cells, mast cells, natural killer (NK) 

cells, immature lymphoid B cells and lymphoid T cell precursors1. Furthermore, the BM 

impressively produces all of these cell types in a finely tuned, coordinated fashion, capable of 

maintaining consistent physiological cell proportions under unperturbed conditions, while also 

capable to adapt cell frequencies according to the needs during pathological conditions2–4. 

Compared to most tissues, the BM has unique characteristics: It is a non-solid/soft tissue 

that lacks a readily distinguishable and defined anatomical shape, where cells reside in a seemingly 

non-specific/homogeneous spatial arrangement, making its micro- and macro-states a spatially 

indeterminate and dynamic system5,6. Meanwhile, the BM is located inside the bone units of the 

skeletal system, filling the enclosures of these solid tissues with drastic contrasting features, as the 

bones are amongst the strongest tissues in the organism, with mechanical weight-bearing 

functions, and with specific cell and ECMs compositions distributed in discrete, consistent and 

well-characterized locations6,7. 

Remarkably, despite differences in size, location and developmental origin among bone 

units, the composition and activity of the BM remain consistent: Multipotent and self-renewing 

HSCs in low frequencies and in a quiescent state, followed by a larger proportion of oligopotent-

committed myeloid and lymphoid HPSCs and their downstream hierarchical cell identities8. These 

identities span across diverse differentiation and maturation stages, up to their respective cell state 

prior to full maturation and circulation release to perform their physiological functions1,8,9. Hence, 

the hematopoietic potential is dynamic and adaptable, receiving and interpreting signals from its 
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bone microenvironment as well as systemic signaling revealing either homeostatic or stress 

conditions requiring adaptative hematopoietic measures. 

 Within the hematopoietic lineages, the myeloid cells represent the greatest variety and 

frequency of cells, as they possess the most remarkable oligopotent potential in producing the red 

blood cells and the innate immune system, representing the first line of defense and the most 

dynamically active cells present in circulation9. These cells perform functions ranging from 

oxygen and nutrient transportation, systemic immune scanning, stress and pro/anti-inflammatory 

response, coagulation, phagocytosis, and initial antigen collection, processing and presentation to 

induce lymphoid responses, and inflammation resolution ultimately leading to tissue repair and 

healing10. 

The bone tissue is formed by cells of mesenchymal origin, comprised mostly of osteogenic 

cells (osteoblasts and osteocytes) and chondrogenic cells (articular and growth plate 

chondrocytes). The bone and BM are also rich in stromal cells (also called mesenchymal stromal 

cells or mesenchymal stem cells, MSCs), endothelial cells, perivascular cells, adipocytes (in an 

age dependent manner), and neurons11. 

Historically, the endothelial, osteoblastic, stromal and MSCs have been closely 

investigated and revealed that they provide both the environmental infrastructure necessary for 

bio-mechanical functions such as adhesion, migration, release and arrest; and the basic functional 

signaling allowing for hematopoiesis, together forming the micro-environment known as the 

‘hematopoietic niche’11. Nonetheless, several mechanisms regulating and coordinating such 

complex processes remain to be characterized, especially regarding spatial, cellular, and molecular 

interactions between BM niches and hematopoietic/myeloid cells in situ.  

1.1 The Bone Marrow niche, background 

The study of the BM as the blood forming source stems back from the 19th century when, 

according to the new cellular theory of life, ‘precursor cells’ were theorized to be the origin of the 

cells present in the blood12,13. Since then, the notion of stem cells was formalized in experiments 

studying HSCs and their capacity for clonal expansion and repopulation to restore the entire blood 

system after irradiation and BM transplantation14,15.   
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The development of cell sorting techniques such as fluorescence activated cell sorting flow 

cytometry (FACS) made it possible to isolate HSCs with self-renewal properties to near purity as 

tested by single-cell transplantations capable of restoring hematopoietic functions16. This revealed 

that the hematopoietic induction and function depend directly on the complex and unique signaling 

in the environment where the BM resides, the hematopoietic microenvironment17. This, defined 

by the non-hematopoietic stromal cells coexisting with the BM. 

The conceptualization of the microenvironmental niche was introduced in 1978 by Ray 

Schofield, who studied the "immortal behavior" of BM cells from either young or old mice, both 

of which, when transplanted into W/Wv mice (mast cell-deficient mice by mutation in the Kit 

gene), were capable of restoring hematopoiesis indefinitely18. Schofield concluded that cells with 

the ultimate stemness capacity must reside in the BM as fixed progenitors, otherwise removal from 

their BM niche results in loss of “immortality”18. The formulation of the hematopoietic niche 

concept required three features: 1) discrete anatomical locations within the BM microenvironment; 

2) defined units formed by sets of actively interacting cells that provide HSC maintenance; and 3) 

a scaffold that provides active cell attachment as the main mechanical stimulus for HSC stemness, 

meaning that active detachment would result in differentiation and fate decision into myeloid or 

lymphoid lineages18. Hence, niches are specialized micro-environments in discrete anatomical 

locations providing the stimuli necessary for inducing cellular functions.  

Since then, the study of the cell dynamics responsible for the complex hematopoietic 

process was achieved through in vivo and in vitro studies, these strategies aiming to understand 

the BM functions either by recreating or directly studying the hematopoietic niche in situ19–26. 

However, most of these attempts have focused mostly on BM transplantation to study how HSCs 

act upon reinsertion in their bone niche (in conditional knockout mice, for instance) and analysis 

using FACS, or by means of imaging of thin cryosections, ultimately disrupting the native tissue 

architecture and lacking 3D spatial information21,23,25–29. 

The study of the BM using imaging approaches has historically been technically 

challenging. Part of the difficulties lie in the biomechanical contrasts between the solid and hard 

bone matrix and the soft marrow, which makes sectioning difficult. Autofluorescence and the 

random organization of BM cells, which require whole organ imaging to effectively identify the 

cells of interest. There is also a need for complex marker combinations to identify cell types based 
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on specific surface proteins and to optimize multiplexing strategies. The complex organization of 

BM niches (e.g. BM vasculature) and the time-consuming tissue processing, staining and 

3D/optical clearing also present challenges. For this reason, the understanding of the BM’s in situ 

spatio-temporal homeostasis remains poorly understood.  

1.2 Myeloid lineages and granulopoiesis 

The myeloid lineage generates progenitors and mature blood cells, as well as the immune 

cells known to make up the innate immunity30–32. On the other hand, the lymphoid lineage in the 

BM produces mostly long-lived cells capable of registering and collecting the immune memory of 

the adaptive immunity and their progenitors31,32.  

With the addition of scRNAseq and lineage tracing analyses, it has been possible to extend 

the understanding of the differentiation pathways from in vitro and transplant protocols30–36. 

Myelopoiesis is initiated once the common myeloid progenitors (CMPs) are derived from HPSCs, 

these oligopotent CMPs can differentiate in megakaryocyte-erythrocyte progenitors (MEPs), 

monocyte-dendritic cell progenitors (MDPs), and granulocyte-monocyte progenitors (GMPs). 

MDPs follow the Gfi1-low monocyte progenitor route, resulting in Ly6C-high/low monocytes and 

common dendritic cell progenitors (CDPs), the latter producing dendritic cells37. In the case of 

GMPs, they follow the Gfi1-high monocyte progenitor and granulocyte progenitors (GMPs) 

pathways, resulting in monocytes, and poly-morpho nuclear (PMNs) cells also known as 

granulocytes (neutrophils, basophils and eosinophils)8,37–39. Finally, the MEPs produce the 

megakaryocyte and erythroid progenitor cells, the former responsible of platelet production, the 

latter responsible for mature red blood cells8. 

1.3 The hematopoietic and myelopoietic niche 

Several cell types and molecules have been proposed to be integral to the BM 

hematopoietic niche. Molecules such as CXCL12, Stem Cell Factor (SCF/KitL), IL-7, and 

osteopontin (OPN) have all been shown through knockout experiments to play a role in 

maintaining hematopoiesis40–45. Similarly, several cell types have been postulated to be integral to 

the BM niche: osteoblasts, marrow stromal cells (CXCL12-abundant reticular cells/CAR – and/or 

LepR+ stromal cells), adipocytes, pericytes-smooth muscle cells, endothelial cells (arteriolar or 

sinusoidal), neurons, as well as non-myelinating Schwann cells40,46–54. Experiments where these 
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cell types are manipulated or ablated all result in defective hematopoiesis41,43,55. However, no study 

so far has been able to demonstrate that HSCs self-renew in a specific niche in situ, in close spatial 

relationship with specific cell types or molecules. The same holds for more committed progenitors 

(CMPs, GMPs, MEPs), where the precise anatomical location and cellular/molecular composition 

of their proliferation and differentiation niches remain unknown. An intriguing theory is that there 

might not be a single niche for each of these stem/progenitor cell types, but rather multiple niches 

with progenitor cells mobilizing between them constantly.  

So far, early attempts to define the in situ hematopoietic regulator proposed the endosteum-

osteoblast system, postulated following in vitro studies, and the competitive repopulation unit 

(CRU) assays22,29,46,47. While these techniques poorly conserved the native tissue organization, the 

introduction of further immunostaining approaches, confocal imaging and tissue processing 

revealed that the osteoblastic niche was not the exclusive niche capable of inducing hematopoiesis, 

as HSCs and HSPCs were located scattered across the BM and in proximity of vascular sinusoids 

and peri-vascular BM arterioles28,40,56–58.  

This switching of paradigm towards a vascular sinusoidal-based niche perspective has been 

derived by emphasizing the cell source of key chemokines responsible to induce quiescence exit 

from HSCs, while inducing specific cell adhesion-migration stimuli59–61. Nonetheless, despite the 

fact that perisinusoidal and periarteriolar endothelial cells actively produce crucial cytokines for 

hematopoiesis maintenance, this niche poses several questions, such as the fact that these 

sinusoidal and arteriolar networks are both virtually and practically so abundant throughout the 

bone and BM that it is consequently not possible for HSCs and other progenitor cell populations 

to be at a significant distance considered distal to them60,62,63. Other criticism questions the lack of 

matched proportions between the vascular niche and HSCs, if the extensive vascularity represents 

their niche, why are these HSCs so scarce? Moreover, the factors produced by BM vascularity are 

also expressed by other major cell types, notably osteoblasts and stromal cells46–48,64. This leads to 

biased interpretations of the effects of niches, either inductive or stochastic, there is a clear need 

to thoroughly map the BM and its niche architecture. 

The knowledge regarding the regulation of myelopoiesis in specialized BM niches is less 

clear. The consensus to date is that the induction of HSCs and myeloid progenitors is mediated by 

niche cells that express HSC-proliferative growth factors and chemokines38,41,65,66. The most 
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relevant and well-described inductive elements in unperturbed conditions identified so far are KitL 

(SCF), CXCL12, Gfi1, G-CSF and GM-CSF, which promotes and regulates the myeloid 

differentiation through different mechanisms8,66–68. Meanwhile, the BM-non hematopoietic cells 

that produce these factors and build up these niches’ functions have largely been confirmed to 

consist mostly of vascular and osteogenic cells67,69,70. 

 Factors such as SCF bind to the Kit receptor on HSCs and HPSCs-myeloid progenitors, 

while CXCL12 targets the CXC-chemokine receptor 4 (CXCR4) also present in HSCs and myeloid 

progenitors. Deletion of any of these two factors leads to depletion of HSCs and myelopoietic 

disruption40,41. Despite their historically well-known functions, several questions remain regarding 

the mechanisms employed to induce these effects at niche-level. 

Meanwhile, inflammatory stimuli resulting from pathogenic agents and stress induce a 

wide variety of systemic expression of interleukins such as IL-6 and IL-17 to directly induce the 

proliferation and release of myeloid-immune cells, represented mostly by neutrophils and 

monocytes71,72. These inflammatory signaling impact the niche populations and induce the release 

of further stimulatory and growth factors, such as GM-CSF, G-CSF, and fibroblast growth factors 

1 and 266,71,73. These systemic stimuli promoting the production of innate immune cells to react to 

such stress conditions is known as ‘emergency granulopoiesis’. 

Based on the functions of these factors, it is assumed that the myeloid-inductive niche 

should comprise cells that can produce these factors locally, the deletion of which induces the 

depletion of the hematopoietic-myeloid system. 

Research into the cell source of these factors has explored their niche functions, revealing 

further heterogeneity of BM stromal cells with hematopoietic-myelopoietic inductive competence, 

as is the case with CAR cells. CAR cells, which are abundant in CXCL12, are mostly vascular-

sinusoidal and perivascular cells derived from mesenchymal populations, followed by adipocytes 

and osteoblasts to a lesser extent40,41,45,70,74. Related cells expressing the LepR usually represent 

MSCs with differentiation potential into bone and stromal cell types75. 

Beyond the induction of proliferation and cell cycle entry, further myelopoietic induction 

functions rely on the acquisition of cell mobility functions dependant on adhesive and migratory 

signals of the niche. Research on HSC mobilization has shown that sinusoidal endothelial cells 
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(SECs) are the most relevant niche cells regulating these migratory functions with specific HSCs 

and myeloid mechanisms. For example, impaired EphnB4 expression and interaction with 

EphrinB2 on the surface of HSCs results in reduced HSC mobilization and a reduction in myeloid 

subsets76. Similarly, the binding dynamics of CXCL12-CXCR4 dictate the homing capacity of 

HSCs and HSPCs, meanwhile for granulocyte-neutrophil cells this interaction dictates cell 

mobility arrest/retention to the niche, which prevents further release and terminal maturation40,77.  

Furthermore, the osteogenic niche also displays relevant niche-adhesive roles, as 

demonstrated by Dicer1 deletion in the osteogenic compartment (Dicer1 floxed alleles under 

transcriptional control of Osterix expressing osteoprogenitors), an RNase III endonuclease 

responsible of miRNA biogenesis, a transcriptional machinery necessary for lineage definition; 

leading to loss of osteocalcin (OC)-expressing osteoblasts and mesenchymal-osteoprogenitors, 

impairing HSC adhesion-mobilization, aberrant proliferation and further myeloid differentiation 

disruption to the point of producing myelodysplastic conditions55,78.  

These reveal critical and complex functions of specialized niches in BM homeostasis and 

further concepts of niche-disruption related to myeloid leukemias.   

1.3.1 Myelopoietic niche under pathological conditions 

Among the hematopoietic-myelopoietic research exploring the effects and functions of the 

BM niche upon the inductive proliferative stimuli, one of the fields that have provided a robust set 

of findings is the research focused on malignant-leukemic diseases, especially those focused on 

myeloid leukemias. 

Studies on acute myeloid leukemia (AML), myelodysplastic syndrome (MDS), multiple 

myeloma (MM) and chronic myeloid leukemia (CML) are increasingly providing relevant 

information on how niche alterations by means of inflammatory signals, and proteolytic-

remodeling dynamics of the osteogenic, endosteal-sinusoidal vascular and sympathetic neuronal 

niches impacts and promotes myelopoietic induction79–85.  

One of the most notable disruptions to the osteoblastic niche is the severe impairment of 

trabecular bone. Cases involving AML result in disruption and loss of trabeculae, as revealed by 

microCT techniques. It is inferred that disruption to the osteogenic niche removes myeloid 

regulatory stimuli and avoids inflammatory signaling, enabling the leukemic permissive 
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pathological environment to evade the immune system80,86. Meanwhile, the BM vascular niche is 

also severely impaired under AML, as studies have shown that increased leakage and pathological 

permeability impair the vascular network, inducing leukemic-friendly environments that promote 

malignant growth due to metabolic adaptations79,82. 

1.3.2 Myelopoiesis approach on regenerative medicine   

Finally, given the growing interest in regenerative medicine and ageing research, studies 

have observed drastic changes in the BM composition over time, with disruption to the 

heterogeneous BM niches and their specialized regulatory functions. 

In general, MSC niches show increasing impairment of osteogenic potential, leading to an 

adipogenic bias resulting in accumulation of BM adipocytes known as yellow marrow, 

increasingly occupying major proportions compared to the hematopoietic BM. In contrast, the 

hematopoietic-BM known as red marrow, also experiences a multipotential impairment, as it 

becomes biased towards myelopoiesis with age. This results in a decrease in lymphopoietic 

potential and marked overall niche changes within the sinusoidal vasculature and neuronal 

innervation. The former is increasingly impaired by downregulation of endothelial Notch signaling 

and loss of Endomucin+CD31high vessels. The latter shows loss of b3-adrenergic neurons. Notably, 

the diameter of sinusoidal vessels increases inversely with the number of ECs with age 69,87–91. 

Moreover, ageing also induces extensive cell intrinsic changes with regards to telomere 

shortening and dysfunction, which, in combination of inflammatory cytokines such as G-CSF, 

impairs further the lymphoid potential, as demonstrated by telomerase knockout mouse models. 

Which impairs the BM stromal populations, in particular, the osteoblastic compartment92.  

For regenerative medicine approaches, one of the most relevant findings emphasizing the 

importance of BM-specific age-related niche composition were obtained from HSCs transplanted 

from mice of different ages. Young-mice’s HSCs transplanted into aged recipients exhibited 

similar age-related impairments, while aged-mice’s HSCs transplanted into young recipients 

showed recovered multipotent characteristics and increased engraftment 93–95. This crucial finding 

is the core proof that the BM niches and their changing-remodeling dynamics are sufficient to 

impact by means of induction or suppression the entire hematopoietic system, while these 

quiescent HSCs keep their intrinsic multipotent features. With regards to myelopoiesis in specific, 
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the loss of osteogenic potential among mesenchymal stromal cells leads to believe that there are 

crucial specialized osteogenic cells that act as key myeloid regulatory niche elements, crucial for 

maintaining a homeostatic myeloid-lymphoid ratio. Hence, niches not only act as inductive 

elements but regulatory as well. 

This compendium of evidence demonstrates that the in vivo hematopoietic-myelopoietic 

functions under both homeostatic and pathological conditions are not cell-autonomous, but rather 

dependent on the signaling at systemic and niche scales, where the former is reactive to 

inflammatory and stress conditions while the latter provides a homeostatic-basal stimuli. A 

dysfunctional niche can alter HSC-HPSCs and myeloid functions, impair multipotency by means 

of myelopoietic bias under malignant conditions and the aged phenotype. However, there is 

currently a lack of crucial knowledge in terms of the robust and comprehensive characterization 

of the detailed spatial-temporal baseline of the in situ niche architecture associated with 

hematopoietic, myelopoietic and lymphopoietic functions. 

1.3.3 Granulopoietic-neutrophilic niche and signaling 

 Stemming from GMPs, neutrophils are the most prevalent cell type derived from the 

granulocyte lineage-PMNs. Many of the mechanisms identified for neutrophil induction, 

maturation and their terminal state are partially shared with those necessary for the CMP-GMP 

transition. Additionally, specific signaling directs neutrophil differentiation have been identified. 

Derived from the CMPs (Sca-1-Lin-Kit+CD34+), the GMPs undergo downstream 

induction through c-Kit and SCF stimulation. GMPs are characterized by a higher expression of 

c-Kit in comparison to quiescent HSCs. This increase then declines as the GMPs differentiate 

towards PMNs, triggering the necessary proliferative program for generating neutrophils96. 

GMPs with neutrophilic commitment depend on the deregulation of the interactions 

between CXCL12 and CXCR4, as specific CXCR4 receptor activity is characterized by the 

maintenance of neutrophil retention in the BM niche prior to their terminal maturation and release 

into circulation. CXCR4 is downregulated also by specific cytokines identified to lead the 

neutrophilic stimuli: GM-CSF and G-CSF97. 

GM-CSF, which is expressed by a variety of immune and BM stromal cells, acts on GMPs 

via the GM-CSF receptor (GM-CSFr). The expression of this receptor is controlled by the 
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transcription program defined by PU.1 and C/EBP. Binding to the GM-CSFr inhibits apoptosis, 

and promotes proliferation and further downstream maturation98,99. Meanwhile, G-CSF is a growth 

factor that plays a specific role in neutrophil differentiation. The G-CSF receptor (G-CSFr) is 

expressed at the highest levels in neutrophilic granulocytes undergoing terminal maturation100. G-

CSF can also be expressed by a wide range of cells, from BM stromal cells to other immune cells. 

Its production and release, which induce neutrophil maturation, are closely promoted by 

inflammatory factors that operate systemically and provide signaling indicating systemic immune 

needs, to further control the frequency of neutrophils in circulation necessary. Two of the most 

relevant inflammatory factors involved include IL-23 and IL-17, whose dosage can either dictate 

steady-state or perturbed neutrophil requirements, as well as products released from the gut 

microbiota that stimulate toll-like receptor signaling, which functions as a mechanism of pathogen-

sensing101,102. This dictates either basal, steady-state neutrophil production or the need for 

emergency-induced neutrophilia in response to inflammation. Nevertheless, even though 

inflammatory GM/G-CSF signaling are among the historically best-described pathways known to 

directly promote and induce GMPs-neutrophil differentiation, these stem from systemic factors 

and are not unique to BM. Furthermore, deletion of either of these CSFs produces neutropenia, but 

not complete neutrophil depletion in the BM. Therefore, specific BM-neutrophilic niche stimuli 

are still present and primordial to GM/G-CSFs but have not yet been fully identified100,103.  

1.3.4 Granulopoietic-neutrophilic development  

As part of myeloid differentiation towards GMPs-PMNs, developmental stages involve 

gaining the competence to form primary azurophilic granules, both transcriptionally and 

phenotypically, the latter mostly described in the human context. Following differentiation of the 

CMPs into myeloblasts, the latter undergo a transition from an early phenotype lacking granules 

(type I myeloblast) to a next stage with formation of primary granules in the cytoplasm (type II 

myeloblast). This maturation process continues until the myeloblast increases in size and is filled 

with primary granules (promyelocyte/progranulocyte). Ultimate maturation of the 

myelocyte/granulocyte is characterized by the transition in phenotype towards secondary granule 

production and a decrease in primary granules and cell size smaller than promyelocytes104,105. 

These myelocytes represent the final stage at which cell division occurs, achieving a ratio of 16–
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32 myelocytes per myeloblast. These cells then commit to either of the PMNs, which is dominated 

by neutrophils104. 

As previously mentioned, the signalling required for the CMP-GMP transition depends on 

IL-3, GM-CSF and IL-6 stimuli. Meanwhile, the GMP-neutrophil transition is primarily marked 

by G-CSF signalling, which induces the acquisition of adhesive, chemotactic and phagocytic 

functions99,100. Changes in adhesion are mostly characterised by a decreased capacity for cell 

retention in the BM niche, which is dominated by attachment to vascular surface proteins. 

Meanwhile, cells gain adhesive-rolling capabilities through surface proteins such as CD11b104. 

Furthermore, the granule formation program matures from primary or secondary azurophilic 

granules in CMPs and GMPs to secretory granules105.  

1.3.5 Granulopoietic-basophilic and eosinophilic development 

In addition to neutrophils, GMPs have the oligopotent capacity to produce the remaining 

two types of PMNs: basophils and eosinophils.  

 In mouse, eosinophils derive from the GMPs, meanwhile in humans, the eosinophil 

progenitor can directly arise from the CMPs106. In contrast to GMP-derived neutrophils, 

eosinophils have low c-Kit expression and high IL-5 receptor (IL-5r) expression. This competence 

is acquired through a transcriptomic program mediated by GATA-1, PU.1, C/EBPα, C/EBPβ and 

interferon regulatory factor‐8 (IRF8). Further induction of the eosinophil progenitor program 

depends on IL-3, GM-CSF and IL-5, in the absence of G-CSFR. Hence, eosinophils do not respond 

to the main neutrophil-inductive signalling. Once terminal differentiation of eosinophils is 

achieved, IL-5 signalling dominates the inductive stimuli, while the relevance of GM-CSF is 

relegated to the early eosinophil progenitor106. Ultimately, IL-5 prevents apoptosis and promotes 

release from the BM. 

 Meanwhile, the origin of basophils is less clear, as basophil progenitors have been 

identified as developing from both CD34+ HPSCs-CMPs and bipotent progenitors derived from 

GMPs107–109. The transcriptomic program involves the upregulation of GATA-2 and the 

subsequent transient downregulation of C/EBPα. The reactivation of C/EBPα then directs the final 

stage of basophil production110. The specific inducers of basophil fate are not yet known, unlike 

for neutrophils with G-CSF and eosinophils with IL-5. Instead, basophils depend mostly on IL-3 
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and GM-CSF for the proliferative stages, as well as IL-5, nerve growth factor (NGF) and 

TGFb107,108. However, despite IL-3 seemingly being the most relevant factor in basophilic 

induction, mice deficient in IL-3 do produce basophils in unperturbed conditions111. Finally, upon 

basophil maturation, IL-3 and GM-CSF induce effector functions based on histamine production, 

resulting in the migratory phenotype of the mature basophil and its release into circulation111. 

1.4 Multiplexed immunofluorescence for 3D imaging of bone marrow  

 The BM microenvironment contains a great variety of cell types, along with complex ECM 

components on which stromal cells depend to perform their tissue-specific physiological and 

inductive niche stimuli functions. These cell populations and their roles have been studied 

extensively, as the functional composition of BM niches that direct hematopoiesis and 

myelopoiesis is considered the holy grail of the field. However, as previously mentioned, this 

robust body of research, techniques and results relies on processes that either heavily disrupt the 

architecture of the BM (in vitro and flow cytometry assays), provide inadequate 2D information 

(imaging of thin cryo-sections), or analyze niche cells and hematopoietic cells separately 

(transcriptomics studies).  

 Imaging bone and BM pose several challenges. Skeletal tissues and their matrix 

components are notoriously auto fluorescent (AF), which is a physical reaction resulting from the 

intrinsic composition of ECM such as collagen and crosslinking induced by tissue fixation112. This 

AF decreases resolution and signal-to-noise ratio, impeding the detection and collection of useful 

data with sufficient thickness to generate 3D spatial data112. These challenges limited the 

characterization of the in situ BM-niche architecture and sometimes led to controversial 

interpretation among reported findings59,113,114.  

To overcome these challenges and advance the effective and efficient exploration of the 

spatial composition of complex cell types and ECM components within the ecosystem, my 

supervisor, Dr. Daniel Coutu, led the design, optimization and implementation of effective 

pipelines for IF-based multi-colour 3D imaging of thick bone-BM sections. Capable of robust 

identification of cell types, such as bone and BM stromal cells (e.g. osteoblasts, osteocytes, 

chondrocytes, endothelial cells, perivascular cells, adipocytes, neuronal innervations, Schwann 

cells and mesenchymal stromal cells), bone ECM components (e.g. bone, cartilage, vasculature 

and periosteum) and hematopoietic cells. Achievements were made possible by means of bone 
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tissue collection, fixation, decalcification, thick sectioning, immunostaining, tissue clearing and 

confocal microscopy 3D imaging62,115,116.  

Moreover, the robustness of the spatial data collected is another limitation of the deep 

exploration of in situ data. Image segmentation tools are crucial for processing the extensive data 

collected per analyzed sample, which can exceed 100 GB (representing >1.5e5 individual images) 

and result in lengthy processing times. To relieve the strain on these essential computing functions, 

such as counting, morphology, fluorescence intensity and spatial distances, for each of the millions 

to billions of cells available in the dataset, our lab also pioneered the development of the open-

access software XiT. This tool relies on statistical parameters collected through image 

segmentation to efficiently reduce data size and processing time, enabling image cytometry 

analysis of the spatial data by means of fluorescence intensity statistics117. 

1.5 Immunostaining of surface markers, granulocytes-neutrophils  

The epitope targeted by the anti-Gr1 (RB6-8C5) antibody (AB) has historically been one 

of the most applied antibodies in immune cell research. First characterized in 1993 as an antibody 

for depleting mouse neutrophils, it has since become one of the main myeloid-related epitope-

targeting tools for granulocytes with neutrophilic potential, particularly in mouse BM, as it is 

absent in human neutrophils and its expression is almost absent in circulating neutrophils118. It has 

since been used in immunophenotyping panels to target diverse cell types across GMP-neutrophil 

early differentiation stages, primarily alongside CD11b, CD11c, and CD16, illustrating the range 

of cells that exhibit Gr1 binding119–121. 

Anti-Gr1 AB targets the surface protein resulting from the expression of the Ly6G gene 

with high affinity, and to a lesser extent the surface protein encoded by Ly6C, which is mostly 

representative of monocytes118. Therefore, Gr1 staining is not exclusively associated with 

neutrophils; it has been demonstrated that BM Gr1+ cells exhibit both neutrophil and monocyte 

potential, reflecting its relevance for detecting downstream cells originating from myeloid 

progenitor GMPs. 

Moreover, as mentioned above, the Gr1 epitope is reduced or absent in circulating 

neutrophils and mostly represents BM-resident granulocyte-neutrophilic cells. Further scRNA-seq 
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experiments confirm the Ly6g gene's transcriptomic expression profile in the early stages of 

neutrophils in the BM121. 

Other myeloid cell types can be labelled using further highly specific surface markers. 

These include erythroid-derived lineages, labelled using ABs anti TER119 and Glycophorin A 

(CD235a); megakaryocytes, using anti-CD36; and monocytes, labelled using anti-CD16, CD11b 

and CD11c121–125. However, many of these ABs were developed for flow cytometry applications 

and may require further optimization of tissue processing conditions for IF applications. 

1.6 Immunostaining of surface markers, niche cells  

As previously mentioned, the cell populations in the bone-BM ecosystem that have been 

identified as active inductive niche cells for myelopoiesis include BM stromal cells and 

mesenchymal lineage cells, which are mostly represented by MSCs, as well as osteogenic lineage 

cells, endothelial cells and perivascular cells. These cells are characterized by the expression of 

the crucial chemoattractant and proliferative inducing factors, CXCL12 and SCF. However, the 

mechanisms of these factors (mostly considered soluble-secreted elements), have made it difficult 

to identify these specific elements using IF strategies. Hence, the IF strategy to follow takes 

advantage of the pipelines and methods described and optimized by our lab62,115,116. 

The osteogenic niche can be identified by means of bone-specific ECM or osteoblastic 

staining. The ECM protein most representative of the structural portion of the bone, is collagen 

type I. Meanwhile, the osteoblastic protein alkaline phosphatase (ALP), which is crucial for 

hydroxyapatite deposition and bone formation, can stain osteoblasts actively participating in 

osteogenic niche remodeling62.  

Despite not being considered a niche element of hematopoietic-myelopoietic functions, 

chondrogenic cells are one of the most relevant cell types present in bone units. They cover regions 

of bone in a relevant anatomical position to act as a putative niche; an example is the growth plate 

cartilage (GP)126. Unlike the articular cartilage (AC), the GP delineates the metaphysis from the 

epiphysis in bones. It is a proliferative and metabolically active region of differentiation of growth 

plate chondrocytes (GPCs), which undergo cell division to induce longitudinal bone growth126. 

The GP is characterized by ECM staining of collagen type II, type XI and aggrecan (ACAN)127.  
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Among the most relevant cells that make up a myelopoietic niche are endothelial cells 

(ECs). The vascular network is one of the most abundant non-hematopoietic elements available in 

the BM ecosystem. In particular, the niche function is identified among sinusoids, LepR+ cells and 

cells expressing CXCL1264,76,128. This niche can be identified by the specific ECM that forms the 

basal membrane of the vessels in the bone-BM context, such as collagen type III, which is an active 

ECM component during embryonic skeletal development and osteoblastogenesis in adult mouse, 

and vitronectin (VTN)62,129. Meanwhile, cell surface markers represent a pan-endothelial target 

that can be used to identify the entirety of the vascular network, such as CD31 (Pecam-1), which 

is an adhesive protein that is known to be involved in the adhesion dynamics of myeloid cells62,130.  

Finally, another vascular niche cell associated with this process is the perivascular portion, 

including pericytes. These smooth muscle cells, which some of them surround the arteriolar 

vasculature, are among the most extensively studied components of the hematopoietic inductive 

niche52. They are readily distinguished by their expression of the muscle-associated surface protein 

SM22 (encoded by Tagln), in combination of the hematopoietic stemness marker Sca-1 and CD90 

(Thy1)62.  

1.6.1 Measuring proliferation in bone marrow using imaging  

One option for image-based techniques to identify proliferative cells is to detect the 

incorporation of nucleoside analogues (e.g. thymidine analogues used in BrdU or EdU-based 

assays), whereby a modified thymidine nucleoside is incorporated into the de novo synthesized 

DNA during the S phase. In the case of EdU proliferation assay, these analogues can then be 

labelled using a copper-catalyzed (click-it) reaction with azide-containing fluorescent dye, 

providing a robust, non-specific dye for dividing cells131–133. 

1.7 Single-cell RNA sequencing 

 Protocols and technologies that can identify and collect the entire transcriptome of 

biological samples, including complete tissues, at single-cell resolution have represented one of 

the most valuable advances in the study of cell-intrinsic genetic competence associated with 

specific cellular functions134,135. Generally speaking, unlike the genome, which stores all available 

data on genes and non-coding DNA sequences shared by all cells in an organism, the transcriptome 

reveals the set of genes that are actively expressed in a given cell type and their associated 
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functions134,135. This reveals the unique competence of the cell of interest in the context of the 

study. These techniques rely on detecting, amplifying and identifying RNA content to generate 

libraries134,135. Similar to approaches in flow cytometry, this process relies on the isolation of single 

cells to extract RNA. Consequently, extensive transcriptomic data collection relies on the 

destruction of innate tissue architecture and lacks complete spatial tissue context. 

 Several commercially available single-cell RNA sequencing (scRNA-seq) assays and 

platforms have been developed. These are capable of detecting and generating transcriptomic 

libraries using different cell isolation and sorting strategies, as well as analyzing cells, mRNA 

architecture targets, and amplification strategies. Examples include Smart-seq, Smart-seq2, Drop-

seq, and 10x Genomics135–139. 

 The extensive data collected, ranging from thousands of genes detected at single-cell 

resolution among thousands of cells collected and sorted, is robust and poses several analytical 

challenges. To enable the analysis of such extensive libraries, open-source bioinformatics tools 

have been developed and are readily available for in silico transcriptomics analysis. 

1.8 Bioinformatics tools for in silico transcriptomics analysis 

The introduction of techniques capable of detecting the transcriptome of large portions of 

cells in specific tissues has provided the capacity to collect the transcriptomic profile of entire cell 

series, offering new insights into the expression patterns of genes associated with cell functions, 

heterogeneity and developmental stages140,141. 

These techniques have naturally been applied to study the mechanisms by which 

myelopoiesis operates and regulates the differentiation and maturation steps necessary for 

acquiring required phenotypes31,142–145. Furthermore, it is possible to identify transcripts of actively 

expressed proteins that are involved in ligand-receptor dynamics and have the potential to reveal 

cell communication146. 

Given the extensive and robust data volumes that the transcriptome represents conformed 

by thousands of cells, open-source bioinformatics tools R and Python-based have been developed 

to identify, classify, cluster, represent and analyze the vast transcriptomic data. 
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1.8.1 Single cell transcriptomics datasets, integration tools  

One of the most in-demand tools for analyzing scRNA-seq is the ability to integrate 

transcriptomic libraries generated by different laboratories140. As these transcriptomic analyses are 

time-consuming and complex, it is difficult for individual groups to capture large numbers of cells 

and tissues. Moreover, many of these efforts restrict their analyses to specific tissues in an attempt 

to avoid contamination or biased results in subsequent transcriptomic analyses. Therefore, cell-

tissue approaches, especially those concerning the holistic capture of both bone and BM cells, are 

limited. Most studies have focused on niche cells or tracking cells expressing the known ligands 

CXCL12 and/or SCF, and the LepR, or on osteogenic-specific or vascular-specific cells36,74,142. 

Meanwhile, other efforts have effectively captured BM cells only, usually by lineage depletion of 

mature cell identities143. Many of these efforts target the aforementioned cell surface proteins. 

Only the library generated by Baccin et al. aimed to capture a holistic series of BM cells with 

mature immune types (including granulocytes and neutrophils)142. 

Thanks to available informatics tools such as the Python-based ScANVI-SCVI, it is 

possible to use machine learning-based strategies to identify, classify and determine transcriptomic 

states, and produce latent representations of shared transcriptomic states by means of probabilistic 

modelling. This modelling approach is novel compared to gene expression patterns based on linear 

models, as it implements a series of full dataset reconstructions to reach robust posterior 

probabilistic parameters. The aim is to infer, after different reconstruction rounds, the latent space 

of shared transcriptomic states with great confidence, while also identifying previously unknown 

heterogeneity among cell types145,147. This is particularly relevant considering that HPSCs, GMPs 

and PMNs do not operate as fully distinct cell identities, but rather as a series of cells in a 

continuum-like spectrum of highly shared transcriptomic competence among their downstream, 

more specialized cell identities. 

1.8.2 Cell communication inference tool CellChat  

For the purpose of cell communication dynamics, the available transcriptome includes 

genes that are actively expressed and associated with protein units that are known to form receptor 

complexes with their associated ligands. Hence, tools such as CellChat take advantage of robust 

databases of ligand-receptor interactions146,148. By registering the genes expressed by each cell in 
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its respective cluster, it is possible to identify which genes encode either the ligands or the receptors 

and use this information to infer cell communication.   

In the case of CellChat, these inferred cell communications are classified under four 

interaction mechanisms: cell-to-cell contact; secreted signaling; ECM-receptor; and non-protein 

interactions. Within each context, CellChat classifies cells expressing the ligand as the signaling 

source of the signaling pathway (outgoing role), and cells expressing genes associated with 

targeted receptors as the signaling target (incoming role). Moreover, these inferences fall under 

known pathways, including those with an extensive physiological magnitude. The proportion of 

gene transcripts detected can provide a probabilistic value for each inferred pathway146,148. 

Finally, these inferred communication crosstalk function as a valuable resource for forming 

hypotheses to be explored in further research. 

1.9 Research rationale  

Clearly, there is a need to study the in situ architecture of the BM more thoroughly and to 

identify the specific niches in which cells operate, self-renew, proliferate and differentiate. This 

information could help to fill significant gaps in our understanding of the in vivo dynamics of BM-

myelopoietic cells. It could also provide new tools for diagnosing pathological hematopoietic-

myelopoietic diseases by assessing niche changes. Furthermore, it could offer new therapeutic 

targets and help us to better understand how ageing affects myelopoiesis and to design novel 

regenerative medicine approaches to treat hematological disorders. 

Bearing this in mind, I took advantage of the tools and imaging pipeline developed in our 

lab, whose research focuses primarily on skeletal stem cells, and applied them to the study of 

hematopoiesis. I first noticed that EdU was preferentially incorporated in BM hematopoietic cells 

in specific areas in mouse femurs. This EdU+ incorporation was primarily found in BM cells 

located in the distal portion of the mouse femur, within the trabecular bone cavities of both the 

metaphysis and the epiphysis. 

To further characterize these EdU+ BM cells, we asked our collaborators at the University 

of Toronto led by Dr Tikhonova and MSc student Ximing Li, to replicate the EdU regimen in mice 

and analyze EdU incorporation in BM cells using flow cytometry. The marker panels including 

Lin- HSCs and HPSCs, Lin+ myeloid and lymphoid lineage progenitors and mature hematopoietic 



19 

 

cells. As expected, they found that EdU integration was reproducible in BM cells, with the majority 

of incorporation occurring in cells associated with the myeloid-granulocyte lineage 

(Lin+Gr1+CD11b+), such as GMPs and granulocytes, with lower incorporation in B-cell 

progenitors and HSPCs. 

Therefore, I set out to map and characterize the BM cells in active proliferation, as well as 

the spatial, cellular, and molecular composition of their niche. 

1.10 Hypothesis  

I hypothesize that bone marrow (BM) cells incorporating the proliferation label EdU 

among femur bone sections, particularly in the trabeculae of the distal epiphysis and metaphysis, 

are composed of granulocytes and neutrophils undergoing cell division. These cells are arranged 

in a specific spatial configuration within the bone-BM ecosystem, reflecting their inductive niche. 

This niche composition is characterized by osteogenic lineage cells (osteoblasts) and vascularity 

(endothelial and perivascular cells). 

Finally, I hypothesize that once I have identified the relevant BM niche composition by 

means of IF microscopy and 3D imaging analysis, integrated single-cell transcriptomic datasets 

will reveal potential cell communication pathways between the pertinent niche and GMP-

neutrophils of interest, based on their genetic competence with regard to the actively expressed 

genes of paired ligands and receptors.  

1.11 Specific aims 

Aim1. Identification of proliferative myeloid cells in the BM 

 Identify, map and characterize the BM myeloid-granulocyte cells with EdU+ incorporation 

in mice femurs by means of IF staining of myeloid markers, confocal imaging and cytometry. 

Aim2. Identification of the niche composition of the proliferative myeloid cells in the BM 

Identify, map and characterize the BM niche composition of the proliferative myeloid-

granulocyte cells in mice femurs by means of IF staining of niche markers for osteogenic, 

chondrocyte, endothelial and peri-vascular cells, confocal imaging and cytometry.  

Aim3. Inference of cell communication crosstalk between identified BM niche cells and the 

myeloid cell types of interest  
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 In silico analysis of cell communication inferred pathways between granulocyte 

progenitors, neutrophils and the previously identified BM niche cells using publicly available 

scRNA-seq datasets, integration tool SCVI, and cell communication inference tool CellChat v2. 

Chapter 2: Materials and methods 

General  

Reagents used and described in the present project were used following the specifications stated 

by the manufacturer’s user manuals and guidelines. The chemical solutions were prepared using 

commercial reagents. Reagents and solutions with pH specific requirements were tested using the 

accumet® AE150 pH meter (Thermo Fisher Scientific Inc.). Reagents here described were 

prepared using phosphate-buffered saline (PBS, pH = 7.4) (preparation in Sections 2.4), list of 

reagents in section 2.11 Appendix. 

2.1 Animal care  

Ethics  

All animal experiments were conducted following the approved animal protocols in 

compliance of the regulations upheld by the animal care and veterinary service (ACVS) of the 

University of Ottawa, Faculty of Medicine.  

Animals  

20 wild type mice C57BL/6 (strain code: #:027) at 8 to 9-week-old age (considered here 

as juvenile), from which 10 were male and 10 were female, were acquired from Charles River 

Laboratories©. All animals were received and processed using the University of Ottawa’s ACVS 

at the Roger Guindon Hall (RGN) campus of the Faculty of Medicine.  

Injections and drug administration 

 EdU solid compound (Sigma-Aldrich, catalogue number: 900584), dosage preparation of 

12.5mg/kg in PBS vehicle were performed under sterile conditions al BSC2. Dissolved EdU 

injections were used for the in vivo proliferation assay. Stock concentration per pulse/mouse 

2.5mg/ml (stored at -20 °C until required for injection), EdU stock at room temperature 

administered via intraperitoneal (IP) injection. 
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 EdU injections regime consisted of IP injections performed once during three consecutive 

days per mouse (3 pulses) of the abovementioned dosage. 

2.2 Bone harvest, preparation and processing 

 Once the EdU injection regime was completed all mice were chased during 48 hours before 

euthanasia. Mice euthanasia was performed at the designated ACVS necropsy facilities, following 

the SOPs described and approved for CO2 inhalation and cervical dislocation at endpoint 

Following euthanasia, both femur bones were dissected from each mouse, immediately 

placed in cold PBS, and cleaned from muscle and excessive connective tissue without 

compromising the innate structural composition of the femur bone. 40 femurs were collected and 

immediately transferred to 4% PFA (paraformaldehyde in PBS) for overnight fixation (between 

16 to 18 hours maximum) with gentle shaking, at 4oC. Fixed bones were transferred to 10% EDTA 

(pH=8) solution for the purpose of decalcification during 14 days (2 weeks), with gentle stirring, 

EDTA volumes were refreshed every 48 hours, and kept at 4oC. After decalcification, the bones 

were stored in cold PBS until needed for embedding. 

All the 40 decalcified femurs were placed individually laying down with their anterior 

portion facing up, on plastic embedding molds. Embedding was performed with agarose prepared 

at a 4% concentration of low-gelling, high gel strength agarose (Fisher scientific, catalogue 

number: BP160-500), dissolved in PBS and heated in microwave. The prepared agarose intended 

for embedding was placed in a water bath to reach 41oC, then each bone was embedded 

individually. Each embedded unit was transferred to ice for 1 hour and then placed in 4oC until 

further use. 

For the purpose of sectioning, the embedded samples were glued to the sample holder of 

vibratome (Leica Biosystems VT1200 S) and kept in cold conditions in PBS at 4oC, then sectioned 

using zirconia ceramic injector-type blades (Cadence Inc.), keeping the thickness at 300µm per 

section. The collected sections were stored in PBS and kept in 4oC refrigeration until further use. 

Each section containing relevant portions of visible femur bone and BM selected for 

immunostaining were placed in custom-designed silicone slide spacers (Grace Bio-Labs ©) glued 

to Superfrost microscopy slides (Fisher), and sitting on nylon mesh (Ted Pella, inc.). 
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2.3 Immunostaining 

Antibodies were resuspended as per manufacturer specifications followed by 1:1 dilution 

in glycerol (GLY001), to store at -20 °C while preventing freezing and crystallization.  

Antibody dilutions remained consistent throughout the project. Antibody washes were 

prepared using a dilution ratio of 1:50 for primary antibodies, 1:200 of all secondary/tertiary 

antibodies, and 1:500 for the DAPI nuclear counterstain. 

Bone sections were placed in blocking buffer for one hour prior to initial staining. If 

necessary, streptavidin/biotin blocking was then performed by placing samples in streptavidin 

solution for one hour followed by fifteen minutes in wash buffer, with the same process repeated 

for biotin solution.  

Sections were then submerged in each iterative AB-solution overnight (O/N) followed by 

five washes of one hour each in wash buffer.  

To summarize, the comprehensive staining progression is as follows:  

Blocking buffer (30 min), streptavidin solution (1 hr), wash buffer (15 min), biotin solution (1 hr), 

wash buffer (15 min), Click-iT™ EdU imaging kit (O/N), wash buffer (5 x 1 hr), primary antibody 

(O/N), wash buffer (5 x 1 hr), biotin antibody (O/N), wash buffer (5 x 1 hr), secondary (or tertiary) 

antibody (O/N), wash buffer (5 x 1 hr).  

2.4 Optical clearing & Mounting 

Samples were submerged in Histodenz (pH = 8.5) and left on active stirring, in the dark 

O/N. Histodenz was then aspirated and refreshed, followed by mounting. Samples were stored 

faced down at 4°C in the dark until imaging.  

2.5 Confocal Microscopy 

Confocal microscopy for 3D Imaging was performed on Leica SP8 Confocal Microscope 

at ambient conditions.  

Microscope lasers: ultraviolet diode (405nm), visible argon (458, 476, 488, 496, and 

514nm), and three helium-neon (561, 594, and 633nm) lasers.  
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Microscope emission detectors: three photomultiplier tube (PMT) and two hybrid (HyD) 

detector modules using virtual filters.  

Fluorescence signal acquisition: sequential scanning, in which fluorophores were separated 

based on their excitation (Ex) and emission (Em) bandwidths. All regions-of-interest were imaged 

in their entirety using a 20x multiple immersion lens (NA = 0.75, FWD = 0.680 mm) and Type G 

(Glycerol) immersion liquid. 

Voxel settings: For sections with distal femur epiphysis and metaphysis only were acquired 

by 8-bit, 1024x1024 resolution, 600 Hz, bidirectional mode with phase correction, 3 sequences, 

2.5μm z-spacing, with 10% tile overlap for stitching. For whole femur sections were acquired by 

8-bit, 512x512 resolution, 600 Hz, bidirectional mode with phase correction, 3 sequences, zoom 

factor 2x, 2.5μm z-spacing, Galvo-flow, with 10% tile overlap for stitching. 

2.6 Image segmentation and cytometry 

Images segmented using Imaris v10.2.0 software, after which statistical data for 

segmentation was exported. Data collected: Spots function (cells), surface function 

(surfaces/extended fluorescence patterns), distance (shortest) to spots and to surfaces, fluorescence 

intensity (mean, median, min, max) and position (x-position, y-position, z-position). 

Analysis was performed using the open-access data analysis platform XiT116.based on 

fluorescence intensity mean of Gr1-associated signal, and statistical spatial data. 

Random dots generated by XiT, 500 RDs in triplicates among the bones with best preserved 

femur and BM tissue. 

2.7 Statistical analysis 

 All statistical analyses were performed using GraphPad Prism version 10.2.1 (GraphPad 

Software ©).  

Statistical test used: Two-way ANOVA (Ordinary), alpha value: 0.05. P value “ns”, when 

not significant. P value “*”, “**”, “***”, and “****”, when significant (**** when P value 

<0.0001).  
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2.8 Solution & reagent preparation 

The following section describes the preparation of in-house solutions required for the 

methodologies in the present project. The only omissions are common laboratory preparations, 

which are simple to prepare following manufacturer’s instructions and general SOPs and leave 

little room for error or variation (e.g., NaOH, HCl, TAE solutions). All reagents necessary are 

listed in section 2.11 Appendix, table 2.1 List of reagents. 

4% Paraformaldehyde (PFA)  

1. 16% Formaldehyde (w/v) (Thermo Fisher Scientific Inc. catalogue number: 28908), in 

10mL deionized water per ampule. 

2. The volume in the ampule was dissolved in 30.0mL PBS, final volume: 40mL. 

3. Final concentration per 40mL: 4% PFA (w/v) in 40mL volume, 3.33milimolar. 

4. Each formulation was prepared and used fresh for each fixation step. 

5. Any remaining 4% PFA solution was either stored at 4 °C and used within 24 hours or 

discarded. 

Blocking buffer  

1. 10.0mg normal donkey serum powder (Jackson ImmunoResearch Inc., catalogue number: 

017-000-121) dissolved in 10.0mL ddH2O, for a concentration of 0.1% w/v. 

2. 0.5mL aliquots of dissolved donkey serum stored in -20 °C until needed. 

3. Each aliquot dissolved in 9.5mL permeabilization wash buffer (wash buffer with 0.03% 

Triton X-100), final volume: 10mL. 

4. Each solution was then stored at 4 °C for up to one week for use, after which it was 

discarded. 

10% Ethylenediaminetetraacetic acid (EDTA) 

1. 100.0g of EDTA powder (Bio Basic Inc., catalogue number: 6381-92-6) dissolved in ~800 

mL ddH2O with active stirring. 

2. NaOH salt added gradually to adjust pH at 8.0 (basic). 

3. ddH2O added to a final volume of 1.0L, 10% EDTA (w/v), 268.64millimolar. 

4. Final solution was autoclaved and stored at 4 °C. 
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Histodenz clearing solution 

1. 40.0g of Histodenz powder (Sigma-Aldrich®, catalogue number: D2158) dissolved in 30.0 

mL of 1x TBS (pH = 7.5), stirred at room temperature. 

2. Final concentration of 88.0% Histodenz w/v in TBS, 1.62molar.  

3. Addition of 50.0µL of Tween-20 and 5.0µL of 10% NaN3 stock solution in active stirring 

until incorporated.  

4. 1.0M NaOH solution was added gradually to adjust pH at 8.5.  

5. The refractive index expected value must be of 1.46.  

6. Once prepared, the solution was stored at room temperature in the absence of light. 

Phosphate-buffered saline (PBS, 10x stock)  

1. In 800 mL ddH2O dissolved 80.0g NaCl, 2.0g KCl, 14.4g Na2HPO4, and 2.4 g KH2PO4. 

2. Gradual addition of HCl until pH is adjusted at 7.4. 

3. Volumes of ddH2O was added to achieve a final volume of 1.0 L. 

4. The final solution was autoclaved and stored at room temperature. 

5. Working PBS solutions used at 1x by diluting the 10x stock 1:10 with ddH2O.  

6. Diluted working PBS solutions were stored at room temperature. 

Tris-buffered saline (TBS)  

1. TBS I: 75.71g tris base and 54.79g NaCl in ddH2O for a final volume of 500.0 mL, pH= 

~10.4. 

2. TBS II: 98.5g tris HCl and 54.79g NaCl in ddH2O for a final volume of 500.0 mL, pH= 

~4.4. 

3. 12.5x TBS stock was prepared by adding TBS I in volume of TBS II until pH was adjusted 

to 7.5 (a 1:6 ratio approximately). 

4. Stock was then autoclaved and stored at room temperature. 

Wash Buffer  

1. Prepared in volumes of 100.0mL by mixing 8.0mL of 12.5x TBS (pH = 7.5), 72.0 mL 

ddH2O, 20.0mL DMSO, and 50.0µL Tween-20.  

2. Wash buffer was stored at room temperature.  
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2.9 Bioinformatics analysis, SCVI integration and DE analysis 

ScRNA-seq datasets 

• Baccin C, et al. 2020, GEO: GSE122467. Raw counts142. 

C56Bl/6J female mice, 8-12 weeks old (Jackson Laboratory). Single cell RNA-seq commercial 

assay used: Chromium Single Cell 3’ v2 Reagent Kit protocol (10x genomics, Pleasanton, CA). 

• Baryawno N, et al. 2019, GEO: GSE128423. Raw counts from steady-state only mice74. 

C57BL/6 male mice, 6-8 weeks old (Jackson Laboratory). Single cell RNA-seq commercial assay 

used: Chromium Single Cell 3’ v2 Reagent Kit protocol (10x genomics, Pleasanton, CA). 

• Tikhonova A, et al. 2019, GEO: GSE108892. Raw counts from non-treated mice with 

chemotherapy drug 5-FU36. 

B6.FVB-Tg(Cdh5-cre)7Mlia/J (VE-Cad–Cre, 12 weeks old, Jackson Laboratory), B6.129-

Leprtm2(cre)Rck/J (LEPR–Cre, 12 weeks old, Jackson Laboratory), and B6.Cg-Tg(Col1a1-

creERT2)1Crm/J (COL2.3–Cre, 16 weeks old, Jackson Laboratory). Single cell RNA-seq 

commercial assay used: Chromium Single Cell 3’ v2 Reagent Kit protocol (10x genomics, 

Pleasanton, CA). 

• Kucinski S, et al. 2024, GEO: GSE207412. Raw counts from 7w11w and 16w labelled 

mouse143. 

Hoxb5-CreERT2-Tomato, 8-12 weeks old (mouse line produced by themselves). Single cell RNA-

seq commercial assay used: Single Cell 3’ v3 Reagent Kit protocol (10x genomics, Pleasanton, 

CA). 

Pre-integration design 

Programming language used and version: Python version: 3.12.11, packaged by Anaconda. 

Main package used and version: Single-cell variational inference tool (SCVI-tools), 

version: 1.3.2 

Data preprocessing design: Mitochondrial and ribosomal gene metrics for QC were 

defined, and I decided to remove cells with more than 5% mitochondrial reads, higher 
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mitochondrial percentages lead to generated clusters with mitochondrial marker genes. Minimum 

gene count was set to 200, and gene filter was set to minimum of 3 cells to account for the low 

frequency of HSCs and HSPCs, and raw counts were persevered before any normalization with 

the key "raw_counts". 

Initial cell type scoring and merging 

DecoupleR, Bioconductor package, version: 2.1.1. And CellTypist (Teichlab), version: 

1.7.1149,150. 

Markers list from the database PanglaoDB based on mouse tissue and cell type.  

Tissues selected: 'Brain', 'Immune system', 'Connective tissue', 'Vasculature', 'Blood', 

'Bone', 'Skeletal muscle', and 'Smooth muscle'. 

Cell types selected from such tissues: 'B cells', 'B cells memory', 'B cells naive', 'Basophils', 

'Cholinergic neurons', "Dendritic cells", 'Dopaminergic neurons', "Endothelial cells", 

'Eosinophils', 'Erythroblasts', 'Erythroid-like and erythroid precursor cells', 'Gamma delta T cells', 

'Glycinergic neurons', 'Hematopoietic stem cells', 'Macrophages', 'Mast cells', 'Megakaryocytes', 

'Monocytes', 'Motor neurons', 'Myeloid-derived suppressor cells', 'Natural killer T cells', 

'Neuroendocrine cells', 'Neutrophils', 'NK cells', 'Noradrenergic neurons', 'Osteoblasts', 'Osteoclast 

precursor cells', 'Adipocyte progenitor cells', 'Adipocytes', 'Chondrocytes', 'Fibroblasts', 'Stromal 

cells', 'Osteoclasts', 'Osteocytes', 'Pericytes', 'Plasma cells', 'Plasmacytoid dendritic cells', 

'Platelets', 'Red pulp macrophages', 'Reticulocytes', 'Schwann cells', 'Serotonergic neurons', 'T 

cells', 'T follicular helper cells', 'T helper cells', 'T memory cells', 'T regulatory cells', 'Myoblasts', 

'Myocytes', and 'Vascular smooth muscle cells'.  

From each cell type, the marker genes to be considered were set to reach higher score than 

0.5. 

Merging and integration 

Merging of the raw datasets was performed with simultaneous data preprocessing 

parameters. The resulting combined anndata object consists of 114,085 cells and 21,018 variable 

genes.  
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Final integration settings: Hidden nodes 256, dimensionality of latent space 45, and number 

of hidden layers 2. Based on these settings the model was trained through 150 epochs (complete 

passes through the entire dataset). The trained model achieved a flat reconstruction loss 

measurement below 7,200 starting before the 20th Epoch, closely following the validation curve. 

Clustering and DE analysis 

Leiden method clustering resolution: 1.2. 

Leiden clusters ran through DE model analysis function on ‘1 vs all DE test mode’, where 

each cluster’s identified marker genes set is compared against the rest clusters. After performing 

DE analysis, marker genes were selected based on top 5 scored marker genes. 

Subclustering was performed by Leiden resolution: 0.15, 45 iterations. Followed by UMAP 

reduction, filtering of genes and cells with minimum counts of 3, and final ranking of gene by T-

test method. 

2.10 Bioinformatics analysis, CellChat communication inference 

Programming language used and version: R version 4.5.0. 

Main package used and version: CellChat v2, version: 2.2.0 

CellChat parameters 

 CellChat analysis was performed as described in vignettes, unless otherwise specified 

below. 

 CellChat database used: CellChatDB.mouse. Subset database: "Cell-Cell Contact", 

“Secreted Signaling”, and “ECM-Receptor”. 

 CellChat smoothdata function was used based on PPI.mouse. Communication probability 

method: TriMean, raw.use = false. 

 Communication filter with minimum of 4 cells. 

 Communication source cells for vascular niche: sources.use = "Pericytes", "ECs", "ECs1", 

"CD34+SCA1+Ng2- BMECs", "Sinusoidal Ecs1", "Sinusoidal Ecs". 
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 Communication source cells for osteo-chondro niche: sources.use = "BM-MSCs-LepR”, 

"MSCs-Osteo", "Col-Osteoblasts", "BM Fibroblasts", "MSCs Subpop", "MSCs-Chondro". 

 Communication target cells for granulocytes and neutrophils: targets.use = "Neutro Prog", 

"Neutro Prog1", "Baso Prog", "Eo/Baso-Prog", "Neutrophils", "Neutrophils1". 

2.11 Appendix: Reagents, antibodies and miscellaneous 

Table 2.1. List reagents used for the present project. 

Antibody Manufacturer Host 
Catalogue 

number/ID 

Anti-rat biotin Thermo Fisher Scientific Inc. Mouse SA1-25262 

Anti-goat AlexaFluor™ 488 Invitrogen Donkey A32814 

Anti-rabbit AlexaFluor™ 633 Biotium Donkey 20125 

Streptavidin, AlexaFluor™ 555 

conjugate 
Invitrogen - S32355 

Anti-mouse Gr1 (Ly6g/Ly6c) Thermo Fisher Scientific Inc. Rat 14-5931-82 

Reagent Manufacturer Catalogue number/ID 

Agarose (Electrophoresis)  Thermo Fisher Scientific Inc BP-160 

Normal donkey serum Jackson ImmunoResearch Inc. 017-000-121 

DMSO 67-68-5  Sigma-Aldrich® 67-68-5 

EDTA 6381-92-6  Bio Basic Inc 6381-92-6 

EdU  Sigma-Aldrich® 900584 

Histodenz™ Sigma-Aldrich® D2158 

16% Formaldehyde Solution 

(w/v) 
Thermo Fisher Scientific Inc. 28908 

Click-iT™ EdU Alexa Fluor™ 

488 Imaging Kit 
Thermo Fisher Scientific Inc. C10337 

Streptavidin/Biotin Blocking Kit MJS BioLynx Inc. SP-2002 

Triton X-100 BioShop® Canada Inc. RX777 

Tween® 20 BioShop® Canada Inc. TWN510 

DAPI Thermo Fisher Scientific Inc. D1306 
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Anti-mouse TER119 Biolegend® Rat 116202 

Anti-mouse CD11b Thermo Fisher Scientific Inc. Rat 14-0112-82 

Anti-mouse PDPN (Podoplanin) R&D/Bio-techne Canada Goat AF3244 

Anti-mouse ALP (Alkaline 

phosphatase, tissue non-specific) 
Cedarlane/R&D Goat AF2910 

Anti-mouse THBS4 

(Thrombospondin 4) 
Abcam Rabbit ab263898 

Anti-mouse CD31 (PECAM-1) R&D Biotechne Goat AF3628 

Anti-mouse SM22 

(TAGLN/Transgelin) 
Abcam Rabbit AB14106 

Anti-mouse CD16 Thermo Fisher Scientific Inc. Rabbit bs-6028r 

Anti-mouse CD235a 

(Glycophorin A) 
BioOrbyt Rabbit orb447561 

Anti-mouse Aggrecan (Acan) LSBio Rabbit LS-C359243 

Anti-mouse Collagen type 2 Thermo Fisher Scientific Inc. Rabbit BS-0709R 

Table 2.2. List antibodies used for the present project 

Item Manufacturer Catalogue number/ID 

10 x 32 x 0.75 mm A18 

Adhesive silicone isolator 
Grace Bio-Labs © RD500370 

55 mm No. 1.5 Cover Slips Epredia © 152455 

Endurium® Injector Solid 

Ceramic 0.010” Blades 
Cadence Inc. EF-INZ10 

Nylon screen Ted Pella, Inc. 41-3110 

Superfrost Plus Microscope 

Slides 
Thermo Fisher Scientific Inc. 12-550-15 

Table 2.3. List miscellaneous items used for the present project. 
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Chapter 3: In situ characterization of proliferative myeloid cells in their bone marrow niche 

3.1 Introduction 

Myeloid-lineage cells derive from Lin-negative HPSCs primed towards myeloid differentiation up 

to the fully mature cell populations that form the red blood cells, platelets, and the innate immune 

system such as macrophages, neutrophils, eosinophils, basophils, and dendritic cells. This process 

is called myelopoiesis and occurs in the BM where it follows intricate steps defined by fast paced 

events of cell division and differentiation across cell identities including CMPs, MEPs, GMPs.  

Myelopoiesis is a complex multistage process that always maintains consistent numbers of 

mature cells in circulation across tissues. Moreover, these mature cells differ in lifespans and 

functions, and their numbers vary depending on cases such as diseases, trauma, and infection. 

Hence, myelopoiesis is regulated and reactive to feedback from cells and molecules in the BM 

niche and from systemic factors.   

Myelopoiesis has been extensively studied using flow cytometry, transplantation assays, 

and in vitro colony forming assays (CFUs). However, the BM niches where myeloid cells 

proliferate and differentiate remain elusive, with perhaps the exception of erythrocytes and 

megakaryocytes. Therefore, little is known about the BM niche cells and molecules that drive other 

aspects of myelopoiesis, including granulopoiesis.  

Our lab recently identified a pattern of proliferative BM cells incorporating EdU that 

spatially distribute among the bone trabeculae of the epiphysis and metaphysis of the distal mouse 

femur. Moreover, our colleagues at the University of Toronto led by Dr Tikhonova determined 

that EdU incorporation occurs mostly among myeloid/granulocyte progenitor cells defined by the 

phenotype of Gr1 (Lin+Gr1+CD11b+), by means of flow cytometry (erythroid cells were not 

included in this assay, as they are known as the most proliferative cell type in BM) (Figure 3.2). 

Following these findings, my thesis aimed at: 1. Confirming that the discrete patterns of 

proliferating BM cells observed in the metaphysis and epiphysis were indeed granulocyte 

progenitors, and 2. Identifying cells and molecules surrounding these proliferating cells to 

determine the composition of spatially relevant niches for granulocyte progenitors. 
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3.2 Results 

 

Figure 3.1 Chapter 3 workflow followed to map the Gr1-myeloid proliferative niches in adult mouse femurs in situ. Summary 

on the main steps followed to generate results described in Chapter 3, including details of the mouse model used, the amount 

of femur units, the femur bone processing (fixation and decalcification), IF staining, 3D imaging, image cytometry and 

statistical analysis of the distance variables. 

  

 

 

Figure 3.2 EdU incorporation on hematopoietic panel reveals myeloid lineage cells as the most proliferative cells in the BM in 

homeostasis. Flow cytometry performed by collaborators at the University of Toronto, MSc Candidate Li, Ximing led by 

Dr Tikhonova, Anastasia. EdU regime similar as described in Chapter 2, followed by hematopoietic panel to identify 

lymphoid (B220+high/int for progenitors or mature B cells, and CD3+. CD4+ and CD8+ for T cells, not shown) and myeloid 

lineage cells discarding the erythroid lineage. (A) Ungated BM cells (i), gating on specific Lin+ myeloid lineage 

Gr1+CD11b+ cells (ii), EdU proportion (Alexa 647, x-axis) in Gr1+CD11b+ counts (y-axis) (iii), and the plotted values of 

EdU frequency (%) and MFI (intensity) in y-axis across lineages included in the present assay in x-axis (iv, and v 

respectively), second gating strategy identifying EdU+ cells first in Lin+ myeloid lineage Gr1+CD11b+ cells among EdU+ 

counts (vi), and the plotted values of lineage frequencies (%) in EdU+ cells (vii). Data from X. Li & A. Tikhonova, 

University of Toronto. 
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3.2.1 EdU+ cells can be identified and imaged across the BM with great specificity by means of 

confocal microscopy  

To confirm the specificity of EdU incorporation in proliferative cells, I initially looked at 

areas of the bone known to contain readily identifiable proliferative cells, such as the growth plate 

(GP) cartilage (Figure 3.3. B-D, GP). The GP can be divided in three distinct zones based on the 

size, shape and arrangement of chondrocytes: 1. A resting zone (RZ) towards the epiphysis where 

cells are quiescent, round, small sized and lack specific organization; 2. A proliferative zone (PZ) 

where cells are flat-shaped and arranged into columns of highly proliferative cells; and 3. A 

hypertrophic zone (HZ) where cells are larger in comparison to the previous regions and cease 

proliferation (Figure 3.3. D).  

The PZ is composed of growth plate chondrocytes (GPCs) undergoing rapid proliferation 

and differentiation towards a hypertrophic phenotype151. Considering that the mice used were of 

juvenile age (12 weeks old), these GPCs in the PZ are known to be in active proliferation 

maintaining the longitudinal growth of the femoral bone. Given the cellular proliferation kinetics 

described in the GP, I confirmed the specificity of EdU incorporation and detection to proliferative 

cells (Figure 3.3). Therefore, I proceeded to screen antibodies for their capacity to detect myeloid 

cells in optically cleared, thick bone sections from postnatal mice.  

3.2.2 Screening of antibodies to identify myeloid cells in the BM 

In accordance with literature and our collaborators' initial flow cytometry screening (Figure 

3.1), different antibodies were tested to attempt to detect different myeloid cell types, and these 

were as follows: 1) Granulocytes-neutrophils: Gr1 (Ly6G/Ly6C), 2) Monocytes-macrophages: 

CD11b (ITGAM, CD11b/CD18 Mac-1 heterodimer), 3) Monocytes, polymorphonuclear 

neutrophils and NK cells: CD16 (FCGR3A and FCGR3B, FC gamma receptor III), 4) Early and 

late-stage erythroblasts: CD235a (Glycophorin A), 5) Pan-erythroid cells: TER119 (Glycophorin 

A associated antigen). 
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Figure 3.3 EdU incorporation across the BM, cartilage, and bone. 12-week-old C57Bl/6 mice were pulsed with EdU via IP 

injections for three consecutive days and femurs were harvested after 48h. 300μm-thick sections were stained with EdU 

Click-IT AlexaFluor594 detection kit (green) and nuclei were counterstained with DAPI (blue). (A) Whole femur section 

of female mouse, dashed region representing the area of interest containing the GP to identify EdU+ cells, full Z-volume 

snapshot, Scale bar: 2000μm. (B) Closer view of the distal femoral epiphysis and metaphysis shown in (A), red dashed 

region representing the GP. 35μm optical Z-volume slice shown. (C) Closer view of the GP (white dashed region in B) 

where columns of EdU+ GPCs are observed in the PZ and pre-hypertrophic zone, 35μm optical Z-volume slice shown. (D) 

Close up of the GP (white dashed region in C) showing each part of the GP: RZ with DAPI-only cells, PZ with DAPI and 

EdU+ cells arranged in columns, HZ with mostly enlarged DAPI EdU- cells. EdU+ integrates exclusively in nuclei of cells 

following cell division and de novo synthetized DNA, hence the specificity and differential fluorescent patterns between 

DAPI and DAPI EdU+ (green) stained nuclei. 
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From all antibodies tested, I was only able to optimize the use of Gr1 and TER119 

antibodies. Other antibodies did not produce a detectable fluorescence signal when compared to 

controls or produced non-specific staining patterns (in bone, blood vessels, adipocytes, or other 

tissues) (not shown). 

TER119 antibody produced an expected staining pattern (Figure 3.4. A-ii). Most TER119+ 

cells were found distributed within the vascular network (vascular network, Figure 3.4. A-i. 

TER119+ inside vascularity Figure 3.4. B-i). TER119+ with DAPI signal have prominent nuclei, 

with sizes around 6-10μm (Figure 3.4. B-ii, arrows). Meanwhile, TER119+ without DAPI are 

small sized around 2-5μm in diameter, sometimes smaller than DAPI stained nuclei, and appear 

flattened when seen perpendicularly to the Z-axis (Figure 3.4. Bi). Furthermore, these TER119+ 

cells appear clumped in confined vessels, impeding further segmentation (Figure 3.4. B-i, arrows). 

As expected, TER119+ cells depict cell morphology characteristics consistent to the series of 

myeloid cells from the early/late-stage erythroblast to erythrocytes in circulation, where is not 

possible to identify particular erythroid maturation stages by this signal alone (Figure 3.4).  

Gr1 antibody produced a strong fluorescent signal when detected with streptavidin Alexa 

Fluor 555 amplification (Figure 3.5. A-B). The staining pattern observed was consistent with 

previous observations from our group (Coutu DL, personal communication) and recent literature 

also achieving staining of the BM tissue directly in situ152. The staining was restricted to the cell 

membrane of small and mostly round hematopoietic cells with prominent nuclei in the BM (Figure 

3.5. C-ii), with clear distinguished signal from background staining (Figure 3.5. C i-ii). Overall, 

Gr1+ cells present in BM are nucleated small-sized with most of them ranging between 6-8μm in 

diameter, with prominent round nuclei that occupies most of the cell volume (Figure 3.5. C-ii). 

In summary, I was able to optimize antibody staining for two myeloid cell markers on 

optically cleared, thick femur sections of postnatal mice. While our collaborators did not analyze 

EdU incorporation in erythroid cell populations by flow cytometry, is it well known that the 

erythroid lineage represents the majority of proliferative cells in BM153. However, since their 

proliferative and differentiation niche is already well described154, I decided to pursue the study of 

Gr1+ granulocyte progenitors in subsequent experiments. The same population shown to be highly 

proliferative in the BM by our collaborators. Therefore, I proceeded to verify if the EdU+ cells we 

observed in the distal femur by means of co-staining of Gr1.   
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Figure 3.4 TER119+ cells appear clumped and saturated in enclosed volumes. 12-week-old C57Bl/6 female mice 300μm-thick 

femur section, labelling of Ter119+ cells and anti-biotin SA-AlexaFluor 555 amplification (red), CD31 (grey), and nuclei 

were counterstained with DAPI (blue). (A) Distal portion of femur bone, CD31 vasculature (i) and Ter119+ (ii); TER119+ 

cells distributed within BM and in the sinusoidal vascular network. Bone regions epiphysis (Epi), metaphysis (Meta) are 

shown; region of interest (dashed region), full volume snapshot, Scale bar: 300μm. (B) Close view of dashed regions in A), 

TER119+ small-sized cells inside CD31 vasculature (grey and arrows), cells appear clumped and saturated, not possible to 

effectively segment (i); TER119+ cells and their DAPI stained nuclei (blue) are small sized between 5-8μm with prominent 

nuclei, they appear clustered together and surrounded by non-nucleated cells saturating the signal (ii and arrows); 25μm 

optical Z-volume slice shown, scale bar: 70μm in B-i and 50μm in B-ii. 
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Figure 3.5 Gr1 cells distributed homogeneously among the BM and stain specificity. 12-week-old C57Bl/6 mice 300μm-thick 

femur section, labelling of Gr1+ cells and anti-biotin SA-AlexaFluor 555 amplification (red) and nuclei were counterstained 

with DAPI (blue). (A) Full femur bone section from female mouse (same female femur bone as in Figure 3.3), Gr1+ cells 

distributed with high homogeneity across the BM, bone regions epiphysis (Epi), metaphysis (Meta), and diaphysis (Diap); 

dashed region GP is shown. Full volume snapshot, Scale bar: 2000μm. (B) Half femur bone section from male mouse, Gr1+ 

cells distributed with high homogeneity across the BM, bone regions Epi, Meta, and Diap; revealing similar homogeneous 

distribution as seen in female femur in A, dashed region GP is shown. Full volume snapshot, Scale bar: 1000μm. (C) Close 

view of Gr1+ cells in female mouse femur epiphysis region divided by trabecular bone (TB) matrix, and BM contained 

inside trabeculae volume, 10μm optical Z-volume shown, Scale bar: 30μm (i); Close view of Gr1+ cells and DAPI as in 

(C-i), cells with clear prominent nuclei (examples indicated by white arrows), 10μm optical Z-volume shown, Scale bar: 

30μm (ii). 
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3.2.3 Detection of proliferative Gr1+ cells in their bone marrow microenvironment 

Our collaborators repeated the EdU incorporation regimen and showed, using flow 

cytometry, that Gr1+ granulocyte progenitors (Lin+Gr1+EdU+) were highly proliferative in the 

BM of juvenile mice. Following these results, I observed a spatially and anatomically enriched 

localized incorporation of EdU in BM cells located near trabecular bone (TB) in the distal 

metaphysis and epiphysis of 12wo mouse femurs. 

After having optimized the staining protocol allowing me to detect proliferating cells 

incorporating EdU (Figure 3.3) and optimized the staining for Gr1 in these postnatal mice (Figure 

3.5), I proceeded to optimize and confirm the co-staining for detection of EdU+ proliferative Gr1+ 

myeloid cells (Figure 3.6. A). 

EdU was found to be incorporated by hematopoietic cells throughout the BM but showed 

a stronger signal near TB in distal metaphysis and epiphysis, and near cortical bone (CB) in the 

diaphysis (Figure 3.6. A-iii). On the other hand, Gr1+ cells were found mostly homogeneously 

distributed among the entire BM without a clear spatial organization (Figure 3.6. A-ii). In both 

cases (EdU and Gr1 staining), the fluorescent signal was well above the background fluorescence 

observed in artifacts among controls (Figure 3.6. B and C). Finally, the signals of both EdU+ and 

Gr1+ fluorescence provide a pattern useful to identify initial spatial distribution of the proliferative 

granulocytes of interest (Figure 3.6. A-i, dashed regions). Nonetheless, this initial pattern identified 

by optical means requires further quantitative-cytometry validation explored in in section 3.2.6.   

Having established co-staining for Gr1+ and EdU+ cells useful for further co-localization, 

I next focused on exploring the spatial relationship between these cells and their microenvironment 

to identify the composition of their local niche. To do so, I screened antibodies and optimized 

immunostainings for various niche cell populations present in bone/BM that have been proposed 

to play a role on myelopoiesis/granulopoiesis, with a focus on cell types known to be abundant 

near trabecular or cortical bone (osteoblasts, chondrocytes, endothelial cells, and pericytes).  
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3.2.4 Identification of osteochondral cells in postnatal bone/marrow  

To stain, identify, image and analyze the bone and cartilage-associated tissues and cells, I 

selected three markers aimed to stain osteo-lineage derived cells. After screening several 

antibodies for their capacity to label osteoblasts and chondrocytes in postnatal bones, as well as 

 

Figure 3.6 Gr1+ EdU+ cells organized close to cortical bone and GP. 12-week-old C57Bl/6 male mice 300μm-thick femur section 

(same male femur bone as in Figure 3.5. B), labelling of Gr1+ cells with anti-biotin SA-AlexaFluor 555 amplification (red) 

and EdU incorporation with AlexaFluor 594 (green). (A) Femur bone section, merged signals, Gr1+ cells and EdU+ cells 

distributed across the BM, bone regions epiphysis (Epi), metaphysis (Meta), diaphysis (Diap), and cortical bone CB; dashed 

region of BM where Gr1+EdU+ cells can be found are shown (i). Gr1+ stains the membrane of cells mostly homogeneously 

distributed across the BM, bone regions: Epi, Meta, Diap, and CB; dashed region of BM where Gr1+EdU+ cells can be 

found are shown in A-i) (ii); EdU+ cells (stained nuclei) distributed across the BM with clear higher presence close to CB 

and especially among the trabeculae of the Epi Meta, bone regions Epi, Meta, Diap, and CB; dashed region of BM where 

Gr1+EdU+ cells can be found are shown in A-i) (iii). Full volume snapshot, Scale bar: 1000μm. (B) Distal Epi and Meta 

of control sample without AlexaFluor 594, dashed region: GP, full volume snapshot, Scale bar: 500μm. (C) Distal Epi and 

Meta of control sample, without anti-Gr1 primary antibody treated with anti-biotin SA-AlexaFluor 555 amplification, 

dashed region: GP, full volume snapshot, Scale bar: 500μm. 
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their compatibility for multiplexing with EdU and Gr1 staining. The three identified markers here 

selected and identified to be effectively stained with the present antibody strategy were: 1) alkaline 

phosphatase (ALP) antibody was found to label osteoblasts lining TB and CB matrix, 2) 

Podoplanin (PDPN) antibody to labeled osteoblasts in their final stage of their osteoblast-osteocyte 

transition most of them lining the bone surfaces across the entire femur, and a few of them 

embedded within the bone matrix; and 3) thrombospondin 4 (THBS4) antibody showed strong 

labeling of chondrocytes in the GP cartilage and articular cartilage (AC), as well as periosteal cells 

near the GP (Figure 3.7). 

ALP stained the surfaces of bone structures across the entire femur. It provides a detailed 

fluorescent pattern that allows to appreciate the intricate bone structures that define the trabeculae 

at the epiphysis and metaphysis, as well as the surface of the endosteal and periosteal surfaces of 

CB (Figure 3.7. A). Furthermore, it did not stain the inner volume of the bone matrix, suggesting 

expression in bone lining osteoblasts (Supplemental Figure 3.1. Ai-ii). ALP was also observed in 

the HZ of the GP in a less intense fluorescent pattern. 

PDPN was found to specifically stain the membrane of large cells (10-15μm radius), most 

of them located on the bone surfaces facing towards the volume where BM is found in both TB 

and CB. In a lesser extent, some PDPN+ cells are found embedded in the bone matrix of both TB 

and CB (Figure 3.7. B). This suggests that PDPN is a reliable marker of late-stage osteoblasts and 

some matrix-embedded osteocytes with their particular stellate-like morphology as literature 

suggests. Like ALP stain, PDPN is also found in the HZ of the GP with a less intense fluorescence 

(Supplemental Figure 3.1. Bi-ii). 

As already mentioned, THBS4 antibody showed expression in all cartilage structures (GP 

and AC) but also in periosteal cells located near the GP (Figure 3.7. C). It stained the entire 

thickness of the GP, which is the relevant region here explored as putative chondrogenic niche of 

Gr1+EdU+ cells (Supplemental Figure 3.2).  

All of these antibodies provided a fluorescence signal well above and specific of that from 

controls (Figure 3.7. D-E).  
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Figure 3.7 ALP, PDPN and THBS4 identifies osteo-chondral tissues. Immunostaining of ALP (AlexaFluor 488, white), PDPN 

(AlexaFluor 488, white), and THBS4 (AlexaFluor 633, yellow), reveal bone surfaces, osteoblasts-osteocytes, and 

chondrocytes, respectively. 12-week-old C57Bl/6 mice 300μm-thick femur section. (A) Distal epiphysis (Epi) and 

metaphysis (Meta) of female mouse femur, showing ALP expression at the surfaces of bone structures defining the intricated 

trabeculae spatial pattern, and the endosteal surface of CB, full volume snapshot, Scale bar: 500μm. (B) Distal Epi and Meta 

of male mouse femur, with specific PDPN staining of the osteoblasts-osteocytes across the bone structures defining the 

intricated trabeculae spatial pattern, full volume snapshot, Scale bar: 500μm. (C) Same region shown in (A), with THBS4 

staining of chondrocytes within the GP (dashed region) as well as in articular cartilage and periosteal cells, full volume 

snapshot, Scale bar: 500μm. (D) Distal Epi and Meta of control sample, without anti-ALP or anti-PDPN primary antibodies 

treated with secondary anti-goat AlexaFluor 488, dashed region: GP, full volume snapshot, Scale bar: 500μm. (E) Distal 

Epi and Meta of control sample, without anti-THBS4 primary antibody treated with secondary anti-rabbit AlexaFluor 633, 

dashed region: GP, full volume snapshot, Scale bar: 500μm. 
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3.2.5 Identification of vascular and perivascular cells in the postnatal BM 

To identify vascular and perivascular cells in the postnatal BM, I chose two of the best-

known antibodies for their capacity to detect vascular cell types and the possibility to multiplex in 

conjunction with Gr1 and EdU staining. These two antibodies were: 1) one targeting the “pan-

endothelial” marker CD31 (Pecam-1), and 2) on targeting the smooth muscle cell marker SM22 

(Transgelin, Tagln).    

CD31 successfully stains the entire, extensive and intricate network of blood vessels that 

fill most of the BM volume. The stained vessels can differ from their caliber size drastically, from 

the thin arterioles and capillaries to the larger venous sinusoids (Figure 3.8. A-i). Notably, no 

vascularity can be found across the GP, similar to the disposition of Gr1 cells.   

In contrast, SM22 stains with great specificity the pericytes surrounding the large arteries 

stained by CD31. The pericytes are clearly arranged in a ring-shaped morphology of consecutive 

smooth muscle cells covering the entire CD31+ surface of arteries. These pericytes start showing 

a scattered pattern between each other once the arteriole extends beyond the CB into the BM 

volume, until they become completely absent (Figure 3.8. A-ii), with a few exceptions seen in the 

distal epiphysis (Supplemental Figure 3.3. Red arrows). Finally, these pericytes present the 

characteristic flattened and elongated nuclei (Supplemental Figure 3.3. Red arrows). 

When merged, it is possible to identify and differentiate the arteriolar and the sinusoidal-

capillary vasculature, where arteries with SM22+ cells locate mostly embedded inside the matrix 

of CB at the metaphysis and part of diaphysis, and the remaining CD31+ extents all over the 

Bone/BM except for the GP (Figure 3.8.A-iii, and Supplemental Figure 3.3).  

Both antibodies provided a fluorescence signal well above and specific of that from the 

controls (Figure 3.8. B-C). 
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Figure 3.8 CD31 and SM22 identify vascular and perivascular cells. Immunostaining of vascularity with CD31 and AlexaFluor 

488 (white), and pericytes on arteries/arterioles with SM22 and AlexaFluor 633 (yellow) cells, reveal the entire network of 

vascularity across the BM and bone. 12-week-old C57Bl/6 female mice 300μm-thick femur section. (A) Distal epiphysis 

(Epi) and metaphysis (Meta) of femur, with highly specific extensive CD31+ marker fluorescent pattern of the entire 

vascular network, from different caliber sized vessels across the BM and the bone, with clear absence inside the GP. Full 

volume snapshot, Scale bar: 300μm (i); highly specific SM22+ marker fluorescent pattern of the pericytes cells around the 

thickest vessels mostly restricted to the CB of the distal Meta towards the diaphysis, full volume snapshot, Scale bar: 300μm 

(ii); merged CD31+ and SM22+ florescence, showcasing the specificity of the stain to identify differentially the arteriole 

vascularity depicted by the conjunction of CD31 and SM22, full volume snapshot, Scale bar: 300μm (iii). (B) Distal Epi 

and Metta of control sample, without primary anti-CD31 treated with secondary AB (anti-goat AlexaFluor 488), dashed 

region: GP, full volume snapshot, Scale bar: 500μm. (C) Distal Epi and Meta of control sample, without primary anti-SM22 

treated with secondary AB (anti-rabbit AlexaFluor 633), dashed region: GP, full volume snapshot, Scale bar: 500μm. 
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3.2.6 Spatial and anatomical relationship between EdU+Gr1+ cells and their BM niche 

Having established an IF staining panel and protocol for optimal multiplexing to identify 

and locate proliferative Gr1+ cells and niche cells within their microenvironment, I proceeded to 

compute and quantify the spatial and anatomical relationships between these cell types. This would 

allow me to identify which niche cells are spatially-locally enriched and may be involved in 

inducing proliferation of Gr1+cells. To achieve this, femurs were stained for EdU and Gr1, as well 

as the niche cell markers described in section 3.2.4 and 3.2.5. Following confocal imaging, the 

Gr1+ cells were segmented using Imaris, their EdU incorporation was quantified and their 3D 

spatial relationships with the niche cells were computed and compared with random dots (RDs) 

generated with XiT, with the RDs representing a random distribution of cells within the BM. 

Finally, these image cytometry results and analysis were performed based on the EdU-FMO, which 

determined the threshold of the mean fluorescent intensity (MFI) set at 35-MFI, generated by AF 

and artifacts detected in the EdU-fluorescent associated channel in control samples, hence, the 

results here reached are of EdU-MFI above the FMO threshold. 

To examine the spatial relationship between proliferating Gr1+ cells and bone cells, I first 

co-stained femurs with EdU, Gr1 and ALP (Figure 3.9. A-i). As previously mentioned, segmented 

Gr1+ cells showed a nearly homogeneous distribution in the BM of the distal epi-metaphysis 

(Figure 3.8. A-ii, left). However, when in conjunction, the distribution of Gr1+EdU+ cells is found 

to be enriched in hotspots across the BM located in trabeculae cavities (Figure 3.9. A-ii, right). 

Quantification demonstrated that the majority of Gr1+EdU+ cells were located within 5-cell 

diameters (50μm) of ALP+ cells (Figure 3.9. A-iii). Indeed, 81.13% (+/- 3.62 SD) of Gr1+EdU+ 

cells were located near ALP+ osteoblasts, as opposed to 18.27% (+/- 3.62 SD) located further than 

5-cell diameters from osteoblasts (Figure 3.9. A-iv). This spatial tendency was significantly 

different compared to RDs, that showed almost equal distribution close (<50μm) and far (>50μm) 

from osteoblasts. Overall, this suggests that proliferating Gr1+ cells locate preferentially close to 

ALP+ osteoblasts, in a non-random spatial distribution pattern.  

In the femoral diaphysis TB is absent, ALP+ osteoblasts are observed only restricted to the 

endosteal surface of CB (Figure 3.9. B-i). Here again, Gr1+ cells appear homogeneously 

distributed throughout the BM cavity (Figure 3.9. B-ii, left), and their incorporation of EdU 

appears higher near cortical bone surfaces (Figure 3.9. B-ii, right). However, this enrichment near 



45 

 

bone is not as pronounced (Figure 3.9. B-iii) and varies between samples analyzed. Moreover, this 

spatial distribution was not different when compared to RDs (Figure 3.9. B-iv).  

To account for the distribution and quantification of Gr1+EdU+ cells that were in direct 

contact with ALP+ osteoblast to identify the most proximal spatial niche arrangement in the distal 

epi-metaphysis, I reduced the distance value to 5μm (Figure 3.9. C). Although a significant 

proportion of Gr1+EdU+ were found in direct contact with ALP+ osteoblasts (24.25%, with +/- 

6.245 SD), the majority were found further away (75.75%, with +/- 6.245 SD). Moreover, this 

distribution was not significantly different from RDs spatial distribution. This suggests that a 

potential crosstalk between osteoblasts and Gr1+ cells promoting their proliferation is more likely 

through soluble factors rather than direct cell-cell contact. 

To confirm the preferential enrichment of Gr1+EdU+ cells near osteoblast-lineage cells, I 

performed the same analysis, this time using PDPN to identify bone cells (Figure 3.9. D-i). Once 

again, proliferating Gr1+ cells were found enriched near PDPN+ cells (Figure 3.9. D-ii). 

Furthermore, the plotted replicate values revealed a higher proportion of 91.14% (+/- 7.779 SD) 

of Gr1+EdU+ cells closer than 50μm, a tendency significantly different than a random distribution 

(Figure 3.9. D-iii).  

To further confirm the preferential enrichment of proliferating Gr1+ cells near bone-related 

cells, I then quantified their spatial relationship with THBS4+ chondrocytes (Figure 3.9. E-i). As 

expected, the majority of Gr1+EdU+ cells (50.33%, +/- 18.09 SD) localized further than 5-cell 

diameters (>50μm) from chondrocytes (Figure 3.9. E-ii), a spatial distribution pattern that was not 

significantly different from RDs (Figure 3.9. E-iii). Meanwhile, there are very few Gr1+EdU+ 

cells in direct contact with THBS4+ chondrocytes (3.9%, +/- 2.285 SD) (Figure 3.9. E-iv). 

Finally, to analyze spatial relationship between proliferating Gr1+ cells and 

vascular/perivascular cells, I co-stained EdU, Gr1, CD31, SM22, and DAPI (Figure 3.10. A). As 

in previous results, Gr1+ cells uniformly distributed across the BM volume in the distal epi-

/metaphysis (Figure 3.10. B, left), with Gr1+EdU+ consistently located in hotspots among TB 

(Figure 3.10. B, right). Here, Gr1+EdU+ cells were found enriched close to CD31+ blood vessels 

(Figure 3.10. C), which is coherent with the abundance of blood vessels in BM. However, this 

spatial relationship was significantly different from that of RDs (Figure 3.10. D), with nearly 100% 

of Gr1+EdU+ cells localizing closer than 5-cell diameters from blood vessels (98.94%, +/- 0.97 
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SD, compared to 40.75%, +/- 3.21 SD for random dots). Moreover, 63.52% (+/- 10.52 SD) of the 

Gr1+EdU+ cells were found in direct contact with CD31+ blood vessels (Figure 3.10. E), as 

opposed to the 7.26% (+/- 2.81 SD) for randomly distributed dots. In contrast, when analyzed the 

spatial relationship between Gr1+EdU+ cells and SM22+ perivascular cells, I found that 

Gr1+EdU+ cells did not show a preferential enrichment close to SM22+ pericytes (Figure 3.10. 

F). This was not surprising given to low abundance of SM22+ pericytes in BM. However, when I 

compared this spatial distribution to RDs, I found that Gr1+EdU+ cells distribute preferentially 

closer to SM22+ pericytes than a random distribution could account for (Figure 3.10. G). The 

number of Gr1+EdU+ cells in direct contact with SM22+ pericytes was on the other hand not 

different from RDs (Figure 3.10. H). 

Taken together, these results suggest that proliferation of Gr1+ cells may be promoted by 

osteoblasts-like cells through soluble factors, by endothelial cells through soluble factors and direct 

cell-cell contact, and by pericytes through soluble factors. To identify molecular pathways and 

crosstalk between Gr1+ granulocyte progenitors and their niche that could provide further clues of 

this increase in proliferation through cell communication mechanisms, I decided to interrogate 

gene expression in these target cell types using bioinformatics and single cell RNAseq databases 

available from the literature.   
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Figure 3.9 Spatial and anatomical relationship between Gr1+EdU+ cells and the osteochondral niche. Data collected from 12-

week-old C57Bl/6 mice of both male and female sex, based on 300μm-thick femur sections obtained after daily pulse of 

EdU (3 days) though IP injection, and sample collection after 48 hours. Statistical analysis done based on replicate 

(triplicates at minimum) data collected. Imaging datasets were spatially split to analyze the distal epi-/metaphysis and 

diaphysis separately. (A) Femur were stained with Click-IT EdU detection kit (green), Gr1 antibody (red), ALP antibody 

(grey), and nuclei counterstained with DAPI (blue) (i). In the distal epi-/metaphysis, Gr1+ cells were segmented (ii, left) 

and their expression of EdU quantified (ii, right). The shortest distance between Gr1+EdU+ cells and ALP+ osteoblasts was 

computed (iii) and compared to randomly distributed dots (iv). (B) Same analysis as in (A) but performed on the diaphysis. 

(C) Analysis of direct cell-cell contact between Gr1+EdU+ cells and ALP+ osteoblasts in the distal epi-/metaphysis. (D) 

Same analysis as in (A-B) but with PDPN (grey) as an osteo-lineage cell marker. Only distal epi-/metaphysis shown. (E) 

Same analysis as in (A-B-C) but with THBS4 (yellow) as a chondrocyte marker. Only distal epi-/metaphysis shown. (F) 

FMO control for EdU staining showing the gating threshold used in all analyses. Bar graphs show mean +/- SD of all 

replicates overlayed with individual data points (blue); with random dots analyses performed in triplicate (grey). 
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Figure 3.10 Spatial and anatomical relationship between Gr1+EdU+ cells and the vascular/perivascular niche. Data collected from 

12-week-old C57Bl/6 mice of both male and female sex, based on 300μm-thick femur sections obtained after daily pulse of 

EdU (3 days) though IP injection, and sample collection after 48 hours. Imaging datasets were spatially split and only the 

distal epi-/metaphysis is shown. (A) Femur were stained with Click-IT EdU detection kit (green), Gr1 antibody (red), CD31 

antibody (grey), SM22 antibody (yellow), and nuclei counterstained with DAPI (blue). (B) Gr1+ cells were segmented (left) 

and their expression of EdU quantified (right). (C) The shortest distance between Gr1+EdU+ cells and CD31+ endothelial 

cells was computed. (D) The spatial distribution of Gr1+EdU+ cells around CD31+ blood vessels was compared to randomly 

distributed dots. (E) Direct contact between Gr1+EdU+ cells and CD31+ blood vessels was compared to randomly distributed 

dots. (F) The shortest distance between Gr1+EdU+ cells and SM22+ pericytes was computed. (G) The spatial distribution of 

Gr1+EdU+ cells around SM22+ pericytes was compared to randomly distributed dots. (H) Direct contact between Gr1+EdU+ 

cells and SM22+ pericytes was compared to randomly distributed dots. Bar graphs show mean +/- SD of all replicates 

overlayed with individual data points (blue); with random dots analyses performed in triplicate (grey). 
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3.3 Supplemental data  

 

Supplemental 

Figure 3.1 

Detailed staining of ALP+ and PDPN+ osteogenic niche cells. Immunostaining of ALP (AlexaFluor 488, white) and 

PDPN (AlexaFluor 488, white), revealing distinct patterns of staining of osteoblasts and osteoblasts-osteocytes, 

respectively. 12-week-old C57Bl/6 mice, 35μm optical Z-volume slice shown. (A) Distal epiphysis of female mouse 

femur, showing ALP expression at the surfaces of bone structures defining the bone forming-remodelling osteoblasts 

(green arrows) across the trabeculae (TB) spatial pattern (i), and the specificity of the ALP staining restricted to only cells 

facing towards the TB cavities in contact with the BM cells (not embedded in bone matrix) as revealed by counterstain 

DAPI (ii). Scale bar: 50μm. (B) Distal metaphysis of male mouse femur, with specific PDPN staining of the osteoblasts-

osteocytes across the TB, PDPN+ cells can be found deriving from the GP (yellow arrows), lining the TB surfaces facing 

towards the TB cavities in contact with the BM cells (green arrows) and osteocytes embedded inside the TB matrix (red 

arrows) pattern (i), and extra detail of the BM, bone and GP cells with counterstain DAPI (ii). Scale bar: 150μm. 
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Supplemental 

Figure 3.2 

Detailed staining of THBS4+ chondrogenic niche cells. Immunostaining of THBS4 (AlexaFluor 633, yellow) defining 

the chondrocytes across the growth plate (GP). 12-week-old C57Bl/6 mice, 35μm optical Z-volume slice shown. (A) 

Distal epiphysis (Epi), GP and metaphysis (Meta) of female mouse femur, showing THBS4 expression as an ECM 

component surrounding the columns of growth plate chondrocytes (GPCs) throughout the entire thickness of the GP, and 

its restricted extension towards the TB of the metaphysis where THBS4 fades (i), and the specificity of the THBS4 

staining restricted to only GPCs as revealed by counterstain DAPI (ii). Scale bar: 50μm. 
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Supplemental 

Figure 3.3 

Detailed staining of CD31+ and SM22+ vascular and perivascular niche cells. Immunostaining of CD31+ 

(AlexaFluor 488, white) and SM22+ (AlexaFluor 633, yellow), cells staining the endothelial cells (ECs) of the entire BM 

vascularity and the BM pericytes, respectively. 12-week-old C57Bl/6 mice, 35μm optical Z-volume slice shown. (A) 

Distal epiphysis (Epi) of female mouse femur, showing CD31+ expression of the BM vascularity by staining all of the 

ECs, revealing the diverse BM vascular network such as thin vessels (CD31+ ECs, green arrows) and thicker arterioles 

(CD31+ ECs and SM22+ pericytes, red arrows) across the BM volume in one of the few instances where arterioles could 

be found across the of BM of the Epi, spatial pattern (i), and the specificity of the CD31+ and SM22+ staining restricted 

to the BM vascular network across the BM volume as revealed by counterstain DAPI (ii). Scale bar: 15μm.  
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Chapter 4: Molecular communication networks between myeloid progenitors and their niche at 

single-cell transcriptomics resolution 

4.1 Introduction 

Transcriptomic-based assays that can sequence the entire transcriptome at a single-cell resolution 

are powerful tools for identifying specific cell subpopulations and the set of differentially 

expressed genes that define their cellular identity. 

Briefly, each cell identity is determined by the combination of actively transcribed genes 

which provide the cells with competence to perform unique tasks under the context of their residing 

tissue. Therefore, identifying the transcriptome at single-cell resolution enables the effective 

differential analysis of active genes and cell functions related to the tissue of interest and has the 

potential to reveal previously unknown functional cellular heterogeneity with key features.    

For BM and niche cells, one of the most relevant public datasets was generated by Baccin, 

et al, with the purpose of exploring further the cellular source of two well-known key cytokines 

that mediate HSCs functions, CXCL12 and Stem Cell Factor (SCF, or KitL)142. Other datasets 

have been generated with the sole focus to identify the cell composition of the BM stroma and 

better describe its taxonomy (Baryawno, et al. and Tikhonova, et al)36,74. They followed the 

expression of key markers expressed by non-hematopoietic mesenchymal cells critical to the BM 

niche maintenance, such as CXCL12, SCF, LepR and NG274. Finally, to overcome the limitations 

of the low frequency of HSCs and HPSCs with relevant myeloid potential, the dataset generated 

by Kucinski, et al. became useful, as they focused on sequencing HSCs and HSPCs at different 

time points following labeling of HSCs using the  Hoxb5-CreERT2-Tomato mice line, to 

explore  kinetics of differentiation from HSCs to HSPCs towards more differentiated stages143.  

In this chapter, I used the python-based probabilistic model for single-cell transcriptomic 

data SCVI-tools, to merge and integrate these datasets, then identify and annotate relevant cell 

types representing hematopoietic, myeloid and niche cells. Finally, with this integrated dataset, I 

explored the inference of cell communication networks using the R-based tool CellChat v2, with 

particular focus on Gr1+ myeloid cells, granulocyte progenitors and niche cells. (Figure 4.1). My 

analysis focused on the molecular crosstalk between the relevant niche cell types identified in 
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Chapter 3 and the myeloid progenitors, to explain why the latter cells proliferate preferentially in 

spatial proximity to the former. 

4.2 Results 

4.2.1 Pre-integration modelling identifies shared biological features among datasets 

The datasets were initially merged based solely on their raw data, then preprocessed 

according to quality control measurements to avoid interference with gene analysis induced by 

mitochondrial genes. The resulting merged scRNA-seq object contained a total of 114,085 cells 

and 21,018 genes. The merged object was then processed as indicated in the vignettes to identify 

relevant clusters and neighbours, as well as a spatial projection, without any biological or 

functional context coming from their previous annotations (Figure 4.2). 

The resulting UMAP projection coloured by data source shows distinctive neighbourhood 

patterns, with the data from Kucinski, S. et al. (tagged as GottDatRaw0-7) remaining close to each 

other, consistent with their efforts to capture HSCs and HPSCs. Conversely, the data from Baccin 

et al. (tagged as SimDatRaw), which includes the greatest variety of bone and BM cells, is 

distributed amongst distinctive neighbourhoods dominated by the Baryawno et al. (tagged as 

BarDatRaw) and Tikhonova et al. (tagged as TikDatRaw0-6) datasets. This pattern is consistent 

 

Figure 4.1 Chapter 4 workflow followed to analyze and infer cell communication networks based on scRNA-seq data. Summary 

on the main steps followed to generate results described in Chapter 4, process including single cell transcriptomics dataset 

selection, merging, annotations, integration, and cell communication pathways inference. Further details can be found in 

Chapter 2. 
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with the efforts of Baccin et al. to capture both niche and haematopoietic cells. Finally, The 

Baryawno N et al. and Tikhonova A et al. datasets, consisting mostly of bone and bone marrow 

niche cells, share most of the neighbourhoods, with the clear distinction of TikDataRaw2 and 

TikDataRaw6. The latter two data series were included because they contain counts of Lineage 

(Lin)-SCA-1+CD117+ (LSK) cells from untreated mice (GSM3330197_LSK-CTRL.counts.txt 

and GSM3330198_LSK-KO.counts.txt). Based on the absence of 5-FU stressor stimuli, these were 

deemed a useful source of data on HSCs.  

 

The patterns shown in Figure 4.2 suggest that there are no significant batch effects 

introducing biased clustering, and that shared biological features are recognised among datasets. 

4.2.2 Automatic cell type annotations in merged object  

Having decided to work with the available raw data without cell type context and having 

achieved the initial UMAP projection, which followed the expected patterns of shared biological 

features, it was necessary to identify the initial cell type annotations (Figure 4.2). In order to gain 

an understanding of the prospective cell types I am dealing with, their neighbourhood architecture, 

 

Figure 4.2 UMAP projection of initial cluster and neighborhood architecture of merged dataset. Resulting UMAP projection of 

merged anndata object, 114,085 cells, coloured based on data source. Baccin, et al. data set: SimDatRaw, Tikhonova A, et 

al. datasets: TikDataRaw0-6, Baryawno N, et al. data set: BarDataRaw, and Kucinski S, et al. datasets: GottDatRaw0-7. All 

datasets generated with commercial assay Chromium Single Cell (10x genomics). 
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and how these neighbourhoods would be affected by integration, I opted to use automatic cell type 

scoring tools. This would provide a pre-integration reference point for downstream comparison.   

The initial cell type annotation tools, DecoupleR and CellTypist, used the publicly 

available PanglaoDB database. The cell types selected from this database are listed below: 'B cells', 

'Basophils', "Dendritic cells", "Endothelial cells", 'Eosinophils', 'Hematopoietic stem cells', 

'Macrophages', 'Mast cells', 'Monocytes', 'Neutrophils', 'NK cells', 'Osteoblasts', 'Adipocytes', 

'Chondrocytes', 'Fibroblasts', 'Osteoclasts', 'Pericytes', 'Plasma cells', 'Plasmacytoid dendritic cells', 

'Platelets', 'Red pulp macrophages', 'Schwann cells', 'T cells', 'Gamma delta T cells', and 

'Myoblasts' (to identify potential sources of contamination). 

From these automatically identified cell types (Figure 4.3), those relevant to the myeloid-

lineage identities with granulocyte-derived characteristics are basophils, eosinophils, and 

neutrophils. These three myeloid populations can be found in precise and discrete locations among 

the merged dataset, except for the neutrophil label, which spans three major neighborhoods, in part 

due to the poor specificity of gene markers for this population in PanglaoDB. Another relevant 

myeloid cell type identified with high specificity is the monocyte-macrophage identity. Finally, 

PanglaoDB failed to provide specific markers distinguishing the heterogeneous HSCs-HSPCs 

population. Therefore, most of these cell types are likely embedded under the category 

“Hematopoietic stem cells” (HSCs), spanning across the GottDataRaw and LSK cells from 

TikDataRaw2-6 (Figure 4.2). 

As expected, niche cells are distributed distinctly among neighbourhoods at the opposite 

end of the UMAP projection, which is consistent with the source datasets that aimed to collect 

mostly bone marrow stromal populations (Figure 4.4). The labelled niche cell types include 

osteoblasts, chondrocytes, pericytes, fibroblasts, Schwann cells, adipocytes and endothelial cells. 

These annotated cells have clear neighbourhood locations, except for endothelial cells and 

adipocytes, which show significant overlap. Finally, the fibroblast label, which in the database is 

a broad term associated with the highest number of markers (179), shows partial overlap with the 

osteo-lineage population. This suggests that fibroblast-like cells are poorly defined and understood 

in terms of their tissue-specific biological functions and marker expression in the context of bone. 
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Figure 4.3 Automatic cell type annotations on pre-integrated dataset identifies mature myeloid identities and HSCs. Myeloid 

cells and HSCs identified by DecoupleR and CellTypist in pre-integrated dataset. Resulting UMAP projection of pre-

integrated dataset (Figure 4.2), coloured by identified relevant myeloid-lineage cells (mature myeloid cells) and HSCs, 

identified by the automatic cell type annotation tools. Precise location of annotated cells inside red-dashed regions.  
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4.2.3 Integration of datasets provides an improved cohesive clustering of cell populations  

Following the evaluation of the initial cell type annotation described in 4.2.2, SCVI model 

training was performed. In summary, SCVI is a probabilistic-modelling tool that uses the gene 

expression data of each cell to generate a latent representation of the biological signal, representing 

transcriptomic states. By means of its probabilistic features, it integrates data based on the 

 

Figure 4.4 Automatic cell type annotations on pre-integrated dataset identifies major BM niche cell types. Niche cells identified 

by DecoupleR and CellTypist in pre-integrated dataset. Resulting UMAP projection of pre-integrated dataset (Figure 4.2), 

coloured by identified relevant niche cells identified by the automatic cell type annotation tools. Precise location of 

annotated cells inside red-dashed regions.  
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inference achieved by robust latent representation reconstruction rounds (150 rounds in the case 

of the present project) of the entire scRNA-seq dataset. This provides a hierarchical Bayesian 

integration score for the relevant transcriptomic states and integrates all datasets from different 

sources. Ultimately, this generates a model in which each transcriptome is organized by shared 

states with a reliable posterior probability value. 

The latent representation generated by the trained model was then clustered using the 

standard workflow with PCA, neighbors and UMAP reduction for visualization. When the UMAP 

of the integrated trained model is plotted based on the data source, neighbours and cells with 

improved embedded patterns are evident, particularly in the GottDatRaw series, which shares a 

neighborhood with LSK cells registered in TikDataRaw2 and TikDataRaw6 (Figure 4.5). 

Meanwhile, data series with niche cells are differentially organized into better-defined, more 

cohesive neighborhoods. 

4.2.4 Integrated dataset maintains cohesion of initial automatically annotated cell labels 

After reviewing the latent representation based on the source of the data, I decided to 

explore how the automatic annotations done in 4.2.2 remained organized based on this UMAP 

projection.  

The organization of labelled cells in this new projection remained highly consistent, which 

is most noticeable with mature immune cell types such as basophils, monocytes, macrophages, 

and plasma cells (Figure 4.6). Neutrophils are localized into two major hotspots, one clear 

dominated only by neutrophil-labelled cells, and the second one embedded in the major 

neighborhood dominated by HSCs (Figure 4.6. Neutrophils). In addition, the new distribution of 

HSC-labelled cells is now more consistent within one major neighborhood, followed by a 

divergence into three branches (Figure 4.6. Hematopoietic Stem Cells).  
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In the case of niche cells labels, Endothelial cells remained highly well organized in a 

single discrete and more condensed neighborhood compared to the previous projection (Figure 4.7 

Endothelial Cells). Osteoblasts and chondrocytes also conserved their well-organized 

arrangements in smaller discrete neighborhoods, with a portion of the fibroblasts labelled cells still 

organizing close to the osteoblast neighborhood (Figure 4.7. Osteoblasts, Chondrocytes and 

Fibroblasts). Nonetheless, adipocytes are still overlapping the region of endothelial cells. Finally, 

 

Figure 4.5 UMAP projection of cluster and neighborhood architecture of fully integrated dataset. Integrated dataset provides a 

better consistent and cohesive organization of cell neighborhoods, resulting UMAP projection of integrated dataset, after 

150 training iterations, merged neighborhoods with distinctive locations and cohesive patterns according to expected cell 

populations contained in each source dataset. 
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regarding the minor neighborhoods at the bottom, the initial labelling reveals that the most relevant 

cell type identified are Schwann cells (Figure 4.7. Schwann cells). 

 

  

 

Figure 4.6 Automatic cell type annotations on integrated dataset displays a more cohesive architecture among mature myeloid 

identities and HSCs. Myeloid cells and HSCs identified by DecoupleR and CellTypist in integrated dataset (Figure 4.5). 

Resulting UMAP projection of SCVI-integrated dataset, coloured by relevant myeloid-lineage cells (mature myeloid cells) 

and HSCs, identified by the automatic cell type annotation tools in 4.2.2. Precise location of corresponding annotated cells 

inside red-dashed regions.  
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4.2.5 Limitations of automatic cell type annotation tools and database-reference  

Since the projection of the integrated dataset showed consistent organization and patterns 

of cell labelling, Leiden-based clusters were generated. The final architecture of the integrated 

dataset comprised 35 distinct clusters. This cluster composition was then used to run a model 

analysis function in “1 vs all differential expression (DE) test mode”, comparing each cluster's 

identified set of marker genes against the remaining 34 clusters. After performing the DE analysis, 

the marker genes were selected based on the top five scored genes per cluster. Notably, the initial 

ULM-score-based automatic annotation identified only 25 cell types, which was insufficient to 

accurately describe the 35 observed clusters. Given that the PCA, neighbourhood analysis and 

UMAP reduction settings used here were deemed to perform best, it was necessary to account for 

the remaining 10 clusters without a clear annotation. 

Taking this into account, I decided to re-examine and re-run the ULM scores to identify 

the top three cell type predictions based on the PanglaoDB sets of marker genes for all 35 Leiden-

based clusters. The aim was to review the performance of the predictions and gain insight into the 

cell types representing all 35 Leiden clusters, especially with regard to HSCs or HSPCs, which are 

 

Figure 4.7 Automatic cell type annotations on integrated dataset maintains a consistent architecture among BM niche cell 

identities. Niche cells identified by DecoupleR and CellTypist in integrated dataset (Figure 4.5). Resulting UMAP 

projection of SCVI-integrated dataset, coloured by relevant niche cells of bone, cartilage, vascular, adipose and peripheric 

nervous system tissues, identified by the automatic cell type annotation tools in 4.2.2. Precise location of corresponding 

annotated cells inside red-dashed regions.  
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expected to have a transcriptome state that closely resembles those of their downstream myeloid 

or lymphoid lineages. Finally, I also reviewed the inference consistency and specificity in 

identifying endothelial cells, fibroblasts and adipocytes, which share features with other 

mesenchymal or endothelial niche cells (Table 4.1).  

Scored cell types by automatic annotation tools reveals lack of precision to account for 

heterogeneity. 

Leiden 

cluster 
Top 3 ULM-score cell types 

Leiden 

cluster 
Top 3 ULM-score cell types 

0 ‘HSCs’, 'Basophils', 'Monocytes' 18 
'T cells', 'NK cells', 'Gamma delta T 

cells' 

1 'Neutrophils’, HSCs’, 'Dendritic cells' 19 'T cells', 'Macrophages', 'Eosinophils' 

2 
'Neutrophils', 'Dendritic cells', 'Gamma 

delta T cells' 
20 

'Fibroblasts', 'Osteoblasts', 

'Osteoclasts' 

3 
'Endothelial cells', 'Adipocytes', 

'Macrophages' 
21 

'T cells', 'NK cells', 'Gamma delta T 

cells' 

4 
‘HSCs’, 'Basophils', 'Gamma delta T 

cells' 
22 

'Dendritic cells', 'Macrophages', 'B 

cells' 

5 'Osteoblasts', 'Fibroblasts', 'Adipocytes' 23 
'Gamma delta T cells', 'Platelets', 'NK 

cells' 

6 No prediction 24 
'Myoblasts', 'Fibroblasts', 'Schwann 

cells' 

7 'HSCs', 'Basophils', 'Platelets' 25 'Macrophages', 'B cells', 'Plasma cells' 

8 'HSCs', 'Platelets', 'Basophils' 26 'Platelets', 'Plasma cells', 'Osteoclasts' 

9 
'HSCs', 'Gamma delta T cells', 'Mast 

cells' 
27 

'Adipocytes', 'Endothelial cells', 

'Pericytes' 

10 'Platelets', 'HSCs', 'Gamma delta T cells' 28 
'Macrophages', 'Red pulp 

macrophages', 'Dendritic cells' 

11 
'Myoblasts', 'Red pulp macrophages', 

'Neutrophils' 
29 ‘Schwann cells', 'Neurons', 'T cells' 

12 'Platelets', 'HSCs', 'Basophils' 30 
'Fibroblasts', 'Pericytes', 

'Chondrocytes' 

13 Basophils', 'Mast cells', 'Eosinophils' 31 
'Myoblasts', 'Red pulp macrophages', 

'Osteoblasts' 

14 
'Fibroblasts', 'Chondrocytes', 'Schwann 

cells' 
32 'Monocytes', 'Basophils', 'Pericytes' 

15 
'Dendritic cells', 'B cells', 'Plasmacytoid 

dendritic cells' 
33 

'Neutrophils', 'Gamma delta T cells', 

'Eosinophils' 

16 'B cells', 'Schwann cells', 'Plasma cells' 34 'Pericytes', 'Basophils', 'Monocytes' 

17 
'Plasmacytoid dendritic cells', 'Dendritic 

cells', 'B cells' 
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The top three cell types, as scored by the automatic tools employed in 4.2.2, revealed 

inconsistencies in cell identity. Therefore, annotations were only placed temporarily in the context 

of the predictions provided in Table 4.1. These temporary annotations can be seen in the UMAP 

projection shown in Figure 4.8. 

4.2.6 Sub clustering improves resolution of cellular heterogeneity  

To achieve a curated manual cell type annotation all marker genes identified were analyzed 

and reviewed further based on published references and the expression patterns found across the 

Single Cell exploration tools available for each of the scRNA-seq datasets used in the present 

project. 

This review revealed that some clusters representing putative cell populations of niche and 

relevant myeloid identities were not precise enough, potentially underrepresenting relevant 

heterogeneity, and thus requiring sub-clustering and further manual annotation. 

Niche clusters representing mesenchymal lineage-derived cells, such as adipocyte lineage, 

osteocyte lineage and chondrocyte lineage, were initially labelled ‘5Adipo-Car*’, 

Table 4.1 Leiden clusters and their corresponding top 3 predicted cell identity by ULM-based 

scoring with DecoupleR and CellTypist, according to PanglaoDB marker database.  

 

Figure 4.8 UMAP projection and temporary labels based on automatic cell type annotations scores. UMAP projection of the 

integrated dataset coloured by Leiden clusters and their corresponding temporary annotations based on the automatic cell 

type score tools, revealing lack of precision to account for heterogeneity. 
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‘20OsteoChondro/MSCsNG2’ and ‘14FibroChonEndProg’, were found to be clustered in a 

neighbouring fashion, suggesting a closely shared transcriptomic blueprint. These clusters were 

therefore isolated and sub-clustered to refine my cell type annotations (Figure. 4.9-A).  

Eight new clusters were identified from the original three niche clusters, each with a 

significantly well-defined expression signature. The most relevant gene signatures were found in 

cluster 5, which expresses osteoblast-related genes Col1a1 and Col1a2, as well as Sparc (also 

known as osteonectin); cluster 6, which expresses chondrocyte- and SSC-related genes Mia and 

3110079o15rik (also known as secondary ossification center associated regulator of chondrocyte 

maturation, SNORC), as well as the transcription factor Sox9; cluster 7, which expresses vascular-

related genes Egfl7 (epidermal growth factor-like protein 7), Cdh5 (cadherin 5, also known as VE-

cadherin), and Mmrn2 (multimerin-2); and cluster 0, which expresses the highest level of Cxcl12 

(Figure. 4.9-B). 

In the case of cluster 3 Sinusoidal ECs, sub-clustering revealed further vascular 

heterogeneity in four new clusters. One of the top genes that define new cluster 2, which remains 

constant in clusters 1 and 0, is Ly6a (lymphocyte antigen 6 family member A). In mice, Ly6a 

encodes the membrane protein Sca-1 and has recently been described as a consistent phenotype in 

ECs of the arterial vasculature. This is followed by CD34, a gene with a strong presence among 

ECs, and Ly6c1 (lymphocyte antigen 6 family member C1), which. in combination with Ly6a 

indicates either type S vasculature or an arterial vasculature signature. Cluster 1 is defined by the 

expression of Hspa1a and Egr1, as well as the highest mean expression of Vcam1. Cluster 0 is 

defined by the genes Rps12 and Tpt1, and cluster 3 is defined by the most highly ranked gene, 

Cebpb (Figure. 4.9-C). 

The remaining cluster representing a putative endothelial niche population according to 

automatic labelling scores, cluster 27Endothelial subpop*, was also able to provide an improved 

resolution. This is the smallest cluster across the niche cell types, with only 179 cells. New cluster 

0 is defined by the differential expression of the Fabp4 (fatty acid binding protein 4) gene, which 

is involved in fatty acid metabolism and has been mainly expressed in endothelial cells (ECs) 

under homeostatic conditions. This is followed by Fam167b (family with sequence similarity 167, 

member B), which has been described in ECs of the aortic vasculature, and Tfpi (tissue factor 

pathway inhibitor), which has antithrombotic functions in ECs. Meanwhile, new cluster 1 is 
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characterised by Cxcl12 gene expression and the highest mean expression of the H2-D1 

(histocompatibility 2, D region locus 1), and Bgn (biglycan) genes, the latter recently been 

described of great importance in bone vasculature155 (Figure. 4.9-D). 

4.2.7 Sub-clustering of putative myeloid cells only improved resolution in putative megakaryocyte-

erythroid lineage cells 

The next step was to perform sub-setting and sub-clustering in putative HSCs and myeloid-

related clusters. However, only a few of these provided improved heterogeneity resolution with 

ranked genes that were mostly restricted to the expected functions of the original cluster and not 

shared across the other clusters initially annotated. 

The sub-clustering results only involved cell types related to erythroid and megakaryocyte 

identities, such as the clusters initially annotated as 1PlateletsEry, 6Erythroblasts*, 9Ery/MKProg* 

and 10MKProg/Platelets (see Supplemental Figure 4.1). This new cluster architecture was applied 

to the final annotations, which are described below. 

4.2.8 Final cell-type manual annotation and differential gene expression re-examination 

Following the improved resolution of new clusters identified in sections 4.2.6 and 4.2.7, 

which had relevant transcriptomic signatures that could be corroborated in the reviewed literature 

and identified among the original scRNA-seq datasets, new cell-type annotations were necessary 

to improve the representation of the heterogeneity revealed.  

Unfortunately, the available bioinformatics tools for cell-type annotation depend on 

previously generated and validated scRNA-seq datasets, which usually cover either immune cells 

or BM stromal cells. Very few datasets include both BM and bone-niche cell populations together. 

Furthermore, most databases do not provide a repertoire of cell annotations with extensive myeloid 

lineage identities characterized. Therefore, to avoid misrepresenting the newly found 

heterogeneity, manual verification and annotation were performed for each of the 57 clusters. This 

achieved a final integrated dataset architecture (Figure 4.10), which is useful for identifying both 

the niche and granulocyte-neutrophil cells of interest explored in Chapter 3 (Figures 4.10A–D). 

 



66 

 

 

 

Figure 4.9 Sub clustering of putative niche cells populations identified underrepresented heterogeneity. (A) UMAP projection 

and temporary labels based on automatic cell type annotations scores (Figure 7), niche clusters used for sub-clustering 

inside dashed regions, osteo-chondro clusters inside red dash box, main endothelial cell cluster inside blue dash box, 

endothelial cells subpopulation inside green dash box. (B) UMAP of newly identified 8 clusters from the clusters annotated 

in A as ‘5Adipo-Car*’, 20OsteoChondro/MSCsNG2’ and ‘14FibroChonEndProg’; followed by top genes identified per 

cluster by DE analysis, heatmap coloring format based on mean expression of gene per cluster. (C) UMAP of newly 

identified 4 clusters from the cluster annotated in A as ‘3Sinusoidal ECs’, followed by top genes identified per new cluster 

by DE analysis, heatmap coloring format based on mean expression of gene per cluster. (D) Newly identified 2 clusters 

from the cluster annotated in A as ‘27Endothelial subpop*’, followed by top genes identified per new cluster by DE analysis, 

heatmap coloring format based on mean expression of gene per cluster. 

 



67 

 

To confirm the consistency of the final manual cluster annotations used to identify the cell 

types accounting for the revealed heterogeneity, the Differential Expression function was 

performed again as described above in 4.2.5, this time analyzing each cluster against the rest of 

the 56 clusters. 

The marker genes identified in this step can be found in Supplemental Table 4.1. 

4.2.9 Molecular crosstalk between granulocyte progenitors and their niche 

The main objective of this chapter is to determine, at the molecular level, why Gr1+ 

granulocyte progenitors proliferate almost exclusively in specific BM niches rich in osteoblasts, 

blood vessels, and pericytes, as observed in Chapter 3. To achieve this, I employed CellChat, an 

algorithm designed to identify and categorize signaling interactions/crosstalk between selected cell 

types based on scRNA-seq data. The signaling patterns is then categorized as outgoing (signal 

sender) or incoming (signal receiver) depending on the ligand-receptor gene pairs expressed by 

the cells of interest. 

For this analysis, I selected the following clusters from my integrated and annotated 

dataset, representing Gr1+ cells: Neutrophils. The granulocyte progenitors: Neutro Prog, Neutro 

Prog1, Baso Prog, and Eo/Baso-Prog. Finally, I decided to include the secondary neutrophil cluster 

called Neutrophils1, despite having low to no Ly6g-Gr1 expression in case of having relevant 

interactions. 

For the osteo-lineage niche cells, I selected the following clusters: BM-MSCs-LepR, 

MSCs-Osteo, Col-Osteoblasts, BM Fibroblasts, MSCs-Chondro, and MSC-Subpopulation. For the 

vascular niche cells, the following clusters were used: ECs, ECs1, Sinusoidal ECs, Sinusoidal 

ECs1, Sinusoidal ECs Subpop, Pericytes, MSCs, and CD34+SCA1+Ng2-BMECs. Since my data 

in Chapter 3 suggested that interactions between Gr1+ cells and their niche involved different 

mechanisms, I used CellChat to infer communication pathways through: 1) direct cell-cell contact 

signaling, 2) secreted signaling, 3) and ECM-receptor signaling. 
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Figure 4.10 UMAP projection and final manually annotated labels based on sub clustering results and cross reference of 

marker genes. UMAP projection of integrated dataset achieved in section 4.2.3 with final manual annotations. (A) 

Neutrophils cluster representing the Ly6g/Gr1+ cell population of interest explored in Chapter 2. (B) clusters Neutro 

Prog, Neutro Prog1, Baso Prog, and Eo/Baso-Prog; representing the relevant granulocyte-progenitor cells identified as 

direct progenitors of the Ly6g/Gr1+ neutrophils in A). (C) Niche cells identified to represent the osteo and chondro-

derived cells and their closely related MSCs clusters. Clusters: BM-MSCs-LepR, MSCs-Osteo, Col-Osteoblasts, BM 

Fibroblasts, MSCs-Chondro, and MSC-Subpopulation. (D) Niche cells identified to represent the vascular cells. Clusters: 

ECs, ECs1, Sinusoidal ECs, Sinusoidal ECs1, Sinusoidal ECs Subpop, Pericytes, MSCs, and CD34+SCA1+Ng2-

BMECs. 
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4.2.9.1 Molecular crosstalk between granulocyte progenitors and osteo-chondro niche – cell to 

cell contact  

I selected only those pathways that showcase a communication pattern with specific roles, 

in which niche cells act as signal senders, targeting our cells of interest (granulocyte-neutrophils) 

acting as signal receivers. This concentrates the analysis on the pathways in which niche cells may 

directly act as the inductive niche of our cells of interest. 

Some of the selected pathways involve opposite mechanisms of immune function, such as 

neutrophil activation and its direct inhibitory stimuli. One example of this is ICAM and SIRP, 

where niche cells interact with both neutrophils and granulocyte progenitors. However, it is unclear 

if they have a direct function as granulopoiesis-inducing factors. Pathways that specifically target 

cells with the strongest Ly6g-Gr1 expression (Neutrophils) can also be determined, as with the 

Thy1 pathway originating from BM fibroblasts. Similarly, the ADGRG pathway, which is involved 

in inflammation, also originates from niche cells and targets granulocyte-associated progenitor 

cells. Finally, collagen-expressing osteoblasts have a direct communication mechanism that targets 

progenitors only by means of CD276 (Figure. 4.11. A-B). 

4.2.9.2 Molecular crosstalk between granulocyte progenitors and osteo-chondro niche – secreted 

signaling 

In the context of pathways involving secreted factors, this communication mechanism had 

the greatest number of identified inferences based on L-R gene pairs and the most pronounced 

contrast in signaling roles.  

The outgoing role is clearly dominated by niche cells, particularly in the Midkine (Mk), 

Osteopontin (Spp1), Pleiotrophin (PTN) and Insulin-like growth factor (IGF)/Insulin-like growth 

factor binding protein (IGFBP) pathway (Figure. 4.12. A). In this communication context we can 

identify some of the most relevant pathways involving the chemoattractant family CXCL and KIT 

(including KitL/SCF) pathways. Interestingly, despite the direct removal of cells annotated as 

MSCs-Adipo, adiponectin remains a relevant factor when exploring MSCs with LepR expression, 

stochastically targeting the remaining cell types. Further stochastic-targeting effects are also 

appreciated in the MK pathway and the osteogenesis-associated IGF/IGFBP pathways. Finally, in 

tune to relevant pathways associated with osteogenesis, the SPP1 pathway expressed by MSCs-
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LepR cells, MSCs-Osteoblasts and Osteoblasts expressing collagen have a broad inferred impact 

across all granulocyte-associated cells (Figure. 4.12. B). 

 

Figure 4.11 Cell-cell contact communication pathways inferred between osteo-chondro niche cells and the granulocyte-

neutrophil cell types. (A) Cell communication pathways inferred by CellChat under the context of direct cell-cell contact 

plotted based on pathway strength inference (green heatmap coloured format), cell types selected (X-axis) and the name of 

the pathways (Y-axis). Outgoing pattern (signal sender) niche cells (left), and incoming pattern (signal receiver) 

granulocyte-neutrophils (right) signaling roles. (B) Chord plots of the selected pathways with signaling patterns with niche 

cells as senders and granulocyte-neutrophil cell types as receivers, the direction of the signaling (coloured arrow) depicting 

what cell type produces the signal and the receptive cell type (direction of the arrow). 
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Figure 4.12 Secreted signaling communication pathways inferred between osteo-chondro niche cells and the granulocyte-

neutrophil cell types. (A) Cell communication pathways inferred by CellChat under the context of secreted signaling 

plotted based on pathway strength inference (green heatmap coloured format), cell types selected (X-axis) and the name of 

the pathways (Y-axis). Outgoing pattern (signal sender) niche cells (left), and incoming pattern (signal receiver) 

granulocyte-neutrophils (right) signaling roles. (B) Chord plots of the selected pathways with signaling patterns with niche 

cells as senders and granulocyte-neutrophil cell types as receivers, the direction of the signaling (coloured arrow) depicting 

what cell type produces the signal and the receptive cell type (direction of the arrow). 
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4.2.9.3 Molecular crosstalk between granulocyte progenitors and osteo-chondro niche – ECM 

receptor 

Finally, in the case of the ECM-receptor communication pathways, the fewest pathways 

were revealed, but at the same time, some of the most widespread effects upon our granulocytes 

and neutrophils of interest were observed. 

As expected, these osteo-chondro niche cells are responsible for ECM production in outgoing 

signaling roles (Figure. 13 A). The most well-known ECM elements identified include collagen 

and laminin, the two main components of the bone matrix, which have drastically different effects 

on granulocytes; the latter is the most active signal. Furthermore, fibronectin-1 (Fn1) is essential 

for ECM assembly and migration and interacts mostly stochastically with all granulocytes. 

However, quite surprisingly, the THBS pathway, which originates mostly among the MSC-

Chondro and MSC-Subpop cells, has the greatest stochastic incoming effect on all Gr1+ and 

granulocyte-lineage cells (greater than collagen). This is in stark contrast to the spatial relationship 

between THBS4 and Gr1+EdU+ cells reported in Chapter 3 (Figure. 4.13 B). 

4.2.9.4 Molecular crosstalk between granulocyte progenitors and vascular niche – Cell to cell 

contact 

Crosstalk pathways identified in the context of cell-to-cell contact between the vascular 

niche and our cells of interest are highly conserved and similar to those identified for osteochondral 

niche cells. This is evident in the case of MHC-1, Gap, App and Pecam-1 (Figure. 14 A). Among 

these conserved pathways, ICAM, ADGRG and SIRP remain active, targeting most granulocytes 

and neutrophils. Meanwhile, the THY1 pathway, while also conserved, now only originates from 

pericytes and targets Gr1+ neutrophils. Of the pathways found only in this vascular niche context, 

SELE stems mostly from the two sinusoid clusters and the main EC cluster, impacting the 

granulocyte clusters. Finally, the well-known murine endothelial progenitor surface marker CD34 

appears in an unexpected pattern, as it directly targets ECs and both sinusoidal ECs clusters coming 

from granulocyte progenitors. This suggests that some of the niche-granulocyte crosstalk 

mechanisms may also involve granulocyte progenitors influencing a variety of endothelial cells 

(Figure. 4.14 B). 
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Figure 4.13 ECM-Receptor communication pathways inferred between osteo-chondro niche cells and the granulocyte-

neutrophil cell types. (A) Cell communication pathways inferred by CellChat under the context of ECM-Receptor plotted 

based on pathway strength inference (green heatmap coloured format), cell types selected (X-axis) and the name of the 

pathways (Y-axis). Outgoing pattern (signal sender) niche cells (left), and incoming pattern (signal receiver) granulocyte-

neutrophils (right) signaling roles. (B) Chord plots of the selected pathways with signaling patterns with niche cells as 

senders and granulocyte-neutrophil cell types as receivers, the direction of the signaling (coloured arrow) depicting what 

cell type produces the signal and the receptive cell type (direction of the arrow). 
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Figure 4.14 Cell-cell contact communication pathways inferred between vascular niche cells and the granulocyte-neutrophil cell 

types. (A) Cell communication pathways inferred by CellChat under the context of cell-cell contact plotted based on 

pathway strength inference (green heatmap coloured format), cell types selected (X-axis) and the name of the pathways (Y-

axis). Outgoing pattern (signal sender) niche cells (left), and incoming pattern (signal receiver) granulocyte-neutrophils 

(right) signaling roles. (B) Chord plots of the selected pathways with signaling patterns with niche cells as senders and 

granulocyte-neutrophil cell types as receivers, the direction of the signaling (coloured arrow) depicting what cell type 

produces the signal and the receptive cell type (direction of the arrow). 
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4.2.9.5 Molecular crosstalk between granulocyte progenitors and the vascular niche – Secreted 

signaling 

Similarly, conserved pathways emerged among the secreted signaling of vascular niche 

cells, such as GRN, galectin, IL2 and IGF/IGFBP (Figure. 4.15. A). Some of the most important 

expected conserved crosstalk includes pathways defined by factors such as CXCL, KIT and 

adiponectin, while lesser-explored conserved pathways include MK. However, SPP1 was found 

to originate from ECs and pericytes once again, despite being mostly known for its role in 

osteogenesis. These two niche cells also interact through the IGF pathway, which targets the entire 

series of myeloid cells with great specificity. The only instance in which a pathway targets only 

neutrophil cells is the macrophage migration inhibitory factor (MIF). Finally, other interesting 

pathways with known functions in proliferation include urokinase plasminogen activator (PLAU) 

and epidermal growth factor (EGF) (Figure 4.15. B). 

4.2.9.6 Molecular crosstalk between granulocyte progenitors and the vascular niche – ECM 

receptor 

Finally, the ECM-receptor pathways inferred for the vascular niche are consistent with 

those of the osteo-chondro niche, including collagen and laminin pathways. This is as expected, 

given that these ECM components have a wide variety of subtypes and many of them are part of 

the basal lamina of the vasculature (Figure. 4.16. A). The most relevant unique pathway in this 

context is that of vitronectin (VTN), which is mostly described in terms of brain pericytes, 

capillaries or microvasculature. However, this does not align with our findings in Chapter 3, where 

pericytes are only present in large-caliber vasculature embedded in the bone matrix. Nevertheless, 

the most unexpected pattern inferred is that of thrombospondin (THBS), which remains present 

but originates only from Gr1+ neutrophils and impacts all the other cells holistically. This may 

suggest a potential marker for BM neutrophils with a Gr1+ phenotype (Figure. 4.16. B). 
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Figure 4.15 Secreted signaling communication pathways inferred between vascular niche cells and the granulocyte-neutrophil 

cell types. (A) Cell communication pathways inferred by CellChat under the context of secreted signaling plotted based on 

pathway strength inference (green heatmap coloured format), cell types selected (X-axis) and the name of the pathways (Y-

axis). Outgoing pattern (signal sender) niche cells (left), and incoming pattern (signal receiver) granulocyte-neutrophils 

(right) signaling roles. (B) Chord plots of the selected pathways with signaling patterns with niche cells as senders and 

granulocyte-neutrophil cell types as receivers, the direction of the signaling (coloured arrow) depicting what cell type 

produces the signal and the receptive cell type (direction of the arrow). 
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Figure 4.16 ECM-Receptor communication pathways inferred between vascular niche cells and the granulocyte-neutrophil cell 

types. (A) Cell communication pathways inferred by CellChat under the context of ECM-Receptor plotted based on 

pathway strength inference (green heatmap coloured format), cell types selected (X-axis) and the name of the pathways (Y-

axis). Outgoing pattern (signal sender) niche cells (left), and incoming pattern (signal receiver) granulocyte-neutrophils 

(right) signaling roles. (B) Chord plots of the selected pathways with signaling patterns with niche cells as senders and 

granulocyte-neutrophil cell types as receivers, the direction of the signaling (coloured arrow) depicting what cell type 

produces the signal and the receptive cell type (direction of the arrow). 
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4.3 Supplemental information 

 

Supplemental 

Figure 4.1 

Sub clustering of putative megakaryocyte-erythroid cell populations reveal relevant heterogeneity. (A) Newly 

identified 4 clusters from the cluster annotated in 4.2.7 as ‘1PlateletsEry’. (B) Top genes identified per cluster by DE 

analysis, heatmap coloring format based on mean expression of gene per cluster in A. (C) Newly identified 6 clusters 

from the cluster annotated in 4.2.7 as ‘6Erythroblasts*’. (D) Top genes identified per new cluster by DE analysis, heatmap 

coloring format based on mean expression of gene per cluster in C. (E) Newly identified 3 clusters from the cluster 

annotated in 4.2.7 as ‘9Ery/MK Prog*’. (F) Top genes identified per new cluster by DE analysis, heatmap coloring format 

based on mean expression of gene per cluster in E. (G) Newly identified 4 clusters from the cluster annotated in 4.2.7 as 

‘10MKProg/Platelets‘. (H) Top genes identified per new cluster by DE analysis, heatmap coloring format based on mean 

expression of gene per cluster in G. 
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Differential Gene Expression analysis per cluster  

Final cluster annotation Top5 scored marker genes 

LMPPs-Myeloid 'Hlf', 'Gcnt2', 'Gm19590', 'Ifitm1', 'Ltb' 

Neutro Prog 'Mpo', 'Prtn3', 'Ctsg', 'Plac8', 'Pgam1' 

Baso Prog 'Lig1', 'Dctpp1', 'Hells', 'Stmn1', 'Dtl' 

LMPPs-Myeloid1 'Ifitm1', 'Hist1h2ap', 'Stmn1', 'Prtn3', 'Msi2' 

MSCs-Adipo 'C2', 'Serpina3c', 'Slc26a7', 'Wdr86', 'Gpr88' 

HSCs-Lymph Prog 'Hist1h2bc', 'Ccnb2', 'Hp1bp3', 'Cenpe', 'H2afv' 

LMPPs 'Gm15915', 'Vamp5', 'Clec4d', 'Optn', 'Car1' 

MK Prog1 'Pabpc1', 'Plscr1', 'Cirh1a', 'Rad23b', 'Eif4a1' 

Sinusoidal ECs 'Ralgapa2', 'Amotl1', 'Ccdc85b', 'Zeb1', 'Map4k5' 

Erythro-Prog 'AY036118', 'Gm42418', 'Car1', 'AC160336.1', 'Rps26' 

Erythro-Prog1 'Mki67', 'Top2a', 'H2afx', 'Prc1', 'Ckap2l' 

LMPPs-Myeloid2 '2700094K13Rik', 'Casc5', 'Cks1b', 'Hn1', 'Sgol1' 

Sinusoidal ECs1 'Thrsp', 'Lgmn', 'Lrg1', 'Fcgr2b', 'Clca3a1' 

CML1 'Nrgn', 'Pf4', 'Cavin2', 'Pbx1', 'Rap1b' 

Erythroblast Subpop1 'Stard10', 'C1qtnf12', 'Tmem14c', 'Cldn13', 'Prdx2' 

CML 'Nrgn', 'Pbx1', 'Itga2b', 'Fermt3', 'Zfpm1' 

Eo/Baso-Prog 'Ms4a2', 'Cpa3', 'Csrp3', 'Fcer1a', 'Lmo4' 

Erythroblast Subpop2 'Tmsb4x', 'Car1', 'Prelid2', 'Hspd1', 'Hspe1' 

BM-MSCs-LepR 'C3', 'Aldh1a2', 'Ccl19', 'Eef1a1', 'Rnaset2b' 

Neutro Prog1 'Elane', 'Ms4a3', 'Prtn3', 'Ctsg', 'Alas1' 

LMPPs-Lymph Prog 'Dntt', 'Il12a', 'Arpp21', 'Xrcc6', 'Flt3' 

B cells 'Vpreb3', 'Cd79a', 'Chchd10', 'Igll1', 'Blnk' 

Myeloid Prog1 'Fam132a', 'E2f4', '5730508B09Rik', 'Cox17', 'Setd8' 

Ery/MK Prog 'Car1', 'Gm15915', 'Hdgf', 'Gml2', 'Ermap' 

CD34+SCA1+Ng2- BMECs 'Slc9a3r2', 'Tm4sf1', 'Ly6c1', 'Mapk3', 'Pecam1' 

Plasmacytoid Dendritic Cells 'Siglech', 'Cox6a2', 'Mpeg1', 'Bst2', 'Irf8' 

T cells/NK 'Ms4a4b', 'Cd3g', 'Cd3d', 'Skap1', 'Gimap3' 

BM Fibroblasts 'Gsn', 'Mfap5', 'Pi16', 'Igfbp6', 'Tmem100' 

MSCs-Osteo 'Alpl', 'Wif1', 'Mmp13', 'Fap', 'Kcnk2' 

GypA+ Erythroblasts 'Ctse', 'Arf5', 'Gypa', 'Hbb-bs', 'Carhsp1' 

ECs1 'Pim3', 'Sepp1', 'Mgat4b', 'Marcksl1', 'Kcnj8' 

Neutrophils 'S100a8', 'S100a9', 'Lcn2', 'Camp', 'Ngp' 

T cells/NK1 'Gata3', 'Il7r', 'Bcl11b', 'Rora', 'Id2' 

Pro B cells 'Gp9', 'Pbx1', 'Khk', 'Unc119', 'Gp1bb' 
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Dendritic cells/Monocytes 'Aif1', 'Lgals3', 'Mpeg1', 'Pld4', 'Ccr2' 

Lymph-Prog 'Malat1', 'Luc7l2', 'Atp5e', 'Rbm39', 'Prrc2c' 

MSCs Subpop 'Cilp', 'Fmod', 'Cilp2', 'Ndufa4l2', 'Chad' 

Myofibroblasts 'Pdlim4', 'Chodl', 'Des', 'Fxyd6', 'Meg3' 

Neutrophils1 'Jchain', 'C1qc', 'Gzma', 'C1qb', 'Retnlg' 

HSCs1 'Lsm5', 'Calm2', 'Sub1', 'Tacc3', 'Slc25a5' 

Col-Osteoblasts 'Cpz', 'Col1a2', 'Ifitm5', 'Col22a1', 'Bglap2' 

MK Prog 'Pabpc1', 'Plscr1', 'Cirh1a', 'Rad23b', 'Eif4a1' 

MSCs-Chondro 'Papss2', 'Mia', 'Acan', 'Col2a1', '3110079O15Rik' 

Platelets 'Ppbp', 'Gnaz', 'Gpx4', 'Ywhah', 'Rbpms2' 

Sinusoidal ECs Subpop 'S100a13', 'Cyb5a', 'Myl12a', 'Txndc17', 'Rab13' 

Erythroblast Subpop 'Fam132a', 'Bex4', 'Gnb2l1', 'Klf1', 'Rpl36al' 

Macrophages 'C1qa', 'Hmox1', 'Aif1', 'Cd163', 'Cd5l' 

B Cell Prog 'Ldha', 'Pfn1', 'Ywhah', 'Vps37b', 'Nt5c3' 

HSCs 'Gm15915', 'Csrp3', 'Tspo2', 'Gnb2l1', 'Khk' 

Schwann Cells 'Sirt2', 'Slain1', 'Slc48a1', 'Kctd13', 'Serpind1' 

Pericytes 'Olfr558', 'Rgs5', 'Higd1b', 'Tagln', 'Aoc3' 

Mature Erythroblasts 'Hba-a2', 'Hba-a1', 'C1qc', 'Hbb-bs', 'Hbb-bt' 

Monocyte small subpop 'Isg15', 'Irf7', 'Trim30a', 'Zbp1', 'Xaf1' 

ECs 'Col4a2', 'Col4a1', 'Id1', 'Gpihbp1', 'Smad1' 

Hemoglobin+ Erythroblasts 'Sox6', 'Slc25a37', 'Trak2', 'Hemgn', 'Spta1' 

Myeloid Prog 'Elane', 'Ms4a3', 'Alas1', 'Prtn3', 'Cebpe' 

Monocyte small subpop1 'Pde10a', 'Neurl3', 'Gabarapl1', 'Nr4a2', 'Map9' 

 

Supplemental 

Table 4.1 

Final DE gene expression analysis performed on the final manually annotated 

57 clusters. 
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Chapter 5: Discussion, limitations, future directions and conclusion 

Historically, studies of the BM have led to crucial discoveries that have advanced our 

understanding of stem cells, “ecological” stem cell niches, and have led to groundbreaking 

therapies that exploit the capacity for complete repopulation of the blood and immune system 

through stem cell transplantation, such as the case in leukaemia treatments. However, a significant 

knowledge gap still exists, particularly regarding how hematopoietic progenitors interact with their 

niche in situ to maintain blood and immune homeostasis, in both steady and perturbed conditions.  

In situ myelopoiesis studies are scarce, particularly those involving imaging approaches to 

study the myelopoietic BM microenvironment. This results in a lack of a well-characterised panel 

of markers for niche cells, knowledge of the cell composition of the myeloid-inductive niche, 

understanding of the mechanisms by which ligands act, and insights into the impact of pathologies 

on this ecosystem. Moreover, these knowledge gaps also make it difficult to interpret and 

extrapolate experiments involving the deletion/deficiency of well-known regulators of 

hematopoiesis. While current techniques and the rich data generated by scRNA-seq datasets show 

great potential, better and more detailed annotations representing functional cellular heterogeneity 

are needed. Therefore, it is imperative to characterize the BM niche using imaging techniques to 

help with the interpretation of transcriptomic data. Combining both approaches to account for their 

technical limitation is necessary for a better understanding of myelopoiesis at the cellular and 

molecular levels. This knowledge could then be used in future functional studies, e.g. conditional 

knock-out (cKO) of specific genes in specific cell types rather than the current approach of cKO 

specific genes in poorly defined, broad niche cell populations. 

Hematopoietic lineages can be broadly separated into two distinct branches: the lymphoid 

and myeloid lineages. The myeloid lineage includes the innate immune system, which is the focus 

of this study. While much research has been conducted into early haematopoiesis mechanisms, the 

precise manner in which the BM niche orchestrates the myelopoietic and granulocytic-neutrophil 

differentiation and maturation in situ remains less understood. To this end, I sought to take 

advantage of our lab’s quantitative multiplex immunofluorescence workflow for staining thick, 

postnatal femur sections and analyze the spatial relationship and interactions between BM niche 

cells and Gr1+ granulocyte progenitors. 
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As imaging approaches are time consuming and limited by the availability of relevant 

antibodies, I also used publicly available single-cell transcriptomic datasets collected by different 

laboratories to reveal the composition of BM cells of interest. Then, using tools for integrating 

transcriptomic data and inferring cell-cell communication pathways, I identified relevant cell 

types, including granulocytic progenitor cells, neutrophils, the osteochondral niche and the 

vascular niche. Finally, based on their transcriptional competence, I identified the molecular 

pathways through which the BM niche cells may orchestrate the proliferation and maturation of 

granulocyte progenitors in situ.  

In doing so, I have contributed to our growing understanding of how complex biological 

mechanisms such as granulopoiesis, are controlled in vivo. I optimized a staining protocol and 

used it to map the precise anatomical locations where myeloid-progenitor cells proliferate in the 

BM. I also quantified their spatial relationships with several putative niche components, 

demonstrating that both osteoblasts and endothelial cells cooperate to form the myeloid niche. 

Finally, I achieved an integrated dataset of transcriptomic profiles with a robust representation of 

LSK cells, HPSCs, mature hematopoietic cells, and BM niche cells (over 10e5 cells) and improved 

its annotation, which is a valuable resource for further efforts to identify BM-niche mechanisms 

in post-natal mice.  

5.1 BM myeloid cells preferentially proliferate in specific BM niches 

While studying skeletal stem cells in the femurs of mice using EdU incorporation, I 

observed an unexpected pattern of labelled proliferative cells in the BM of our lab’s samples. 

Pockets of BM cells close to the cortical and trabecular bone in the distal epiphysis and metaphysis 

exhibited a stronger EdU signal in a privileged, discrete and distinguishable pattern. Based on this, 

I asked our collaborators at the University of Toronto to replicate the EdU regime and identify the 

lineage of the EdU+ cells by means of flow cytometry. They determined that the clear majority of 

cells incorporating EdU displayed the Lin+GR1+CD11b+ phenotype. This indicates that these 

cells are part of the granulocyte-neutrophil lineage (erythroid progenitors, well known to 

proliferate rapidly in BM, were not quantified in this assay). The spatial pattern of proliferation 

and the phenotype of most EdU+ cells suggested a previously unknown in situ niche that promotes 

myeloid-granulopoiesis in adult mice.     
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The dividing cells in situ were identified by incorporation of the thymidine analogue EdU 

(Click-iT™, Invitrogen), after optimizing the pipeline described by our former laboratory 

colleague, Dr Stephanie Farhat156. According to the references consulted at the time of writing this 

document, this thymidine analogue has only been used once beyond the efforts of our lab to 

identify proliferating cells in bone sections by fluorescence microscopy157. In most published 

protocols and studies where thymidine analogues (e.g. BrdU and EdU) have been used, this has 

been in the context of flow cytometry-based techniques, such as FACS, or in vitro assays collecting 

proliferating BM and BM stromal cells158–164. These studies have been crucial in identifying 

proliferation rates of hematopoietic cells in different tissues158, and the of long-lived and short-

lived HSCs via EdU retention161. Specifically, with regard to myeloid and granulocyte lineages, 

the effects of CSFs, (such as G-CSF) on granulopoiesis by means of tracking of these analogues 

on circulating PMNs162,163, and the differential proliferative dynamics of neutrophils and 

macrophages164. 

There are also limited alternatives to thymidine analogues for identifying BM HSCs or 

proliferative HPSCs for imaging-based purposes. One of these alternatives is the tetracycline (Tet)-

inducible histone H2B-GFP reporter system165,166. This system is useful for the in vivo expression 

of the fluorescent reporter and for identifying low- and non-cycling HSCs, which can be examined 

using fluorescence microscopy in relation to their niche165–168. Meanwhile, for the purpose of 

staining pre-neutrophils, the FUCCI (fluorescent ubiquitin-based cell cycle indicator) detection 

system and S100A9 staining have been used to mark myeloid progenitors in a 250 µm thick femur 

section, allowing the study of their spatial association with CAR cells169. 

Based on these references and the results in Figure 3.6, administering EdU as described in 

Chapter 2 is a reliable commercial method for identifying proliferating cells in BM using imaging, 

through copper reduction reactions with a specific fluorophore. This method can reach tissues with 

different levels of vascularisation, such as highly vascularised BM and regions with low to no 

vascularisation, such as the GP of the femur. Furthermore, the click chemistry reaction alleviates 

the need to detect EdU using antibody staining, facilitating multiplexing, improving signal-to-

noise, and avoiding harsh staining conditions to permeabilize nuclei. 

Hence, having contrasted the reviewed literature on the expression pattern of Gr1 cells in 

the BM with my in situ and in silico results, I can confirm that Gr1+EdU+ cells in the BM represent 
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GMP-derived early to late neutrophil progenitor cells undergoing cell division, as confirmed by 

EdU incorporation and Mki67 gene expression.  

5.2 Cell markers for in situ staining of osteo-lineage niche cells  

Research on osteo-lineage cells and their roles as BM niches are usually performed by 

immunostaining of ECMs specific of the bone matrix, these include collagen type I (encoded by 

gene Col1a1), osteocalcin (OC, also known as BGLAP) and osteopontin (OPN, encoded by the 

Spp1 gene)62. Some of these components are associated with different stages of the osteoblastic 

maturation62,170. However, these ECM components extend throughout the entire bone matrix and 

are not useful for locating specific osteoblast-osteocyte cells to compute spatial information 

relating to niche functions62. Meanwhile, cell membrane markers for IF targeting osteoblasts-

osteocytes are limited. 

To identify osteoblasts, osteogenic reporter systems in mice have been used, such as Osx-

CreERT, 2.3Col-GFP, and OC1.7-GFP171–173. However, importing and maintaining mouse 

colonies is costly and not implementable for every lab. Furthermore, Kucinski et al. have 

demonstrated that activating the Cre recombinase by means of tamoxifen administration disrupts 

the steady-state hematopoietic dynamics143. Therefore, identifying further cell markers that can be 

used to label and effectively image osteoblasts and osteocytes in IF protocols is of particular 

importance.    

To this end, the ALP protein, which is expressed and found in the membranes of osteoblasts 

undergoing maturation and acquiring the phenotypic competence necessary for bone 

formation/remodeling, can be used in IF protocols (Figure. 3.7. A. Supplemental Figure 3.1. Ai-

ii)62,174. Physiologically, ALP catalyzes the hydrolysis of the mineralization inhibitor inorganic 

pyrophosphate and ATP, resulting in the production of the inorganic phosphate necessary for 

controlling and enabling the formation of hydroxyapatite crystals174,175.  

Moreover, during the screening for ABs targeting osteo-lineage cells with greater 

specificity than the ALP staining pattern, podoplanin (PDPN) showed specific expression on the 

cell membrane of osteoblasts and osteocytes (Figure 3.7. B and Supplemental Figure 3.1. Bi-ii). 

PDPN is a mucin-type transmembrane protein that has mostly been studied in the context of 

development, cancer research and lymphoid organs176. Regarding its relationship with myeloid 
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functions, it is known that PDPN acts as a ligand for the Clec-2 activation factor in platelets and 

dendritic cells (DCs)177,178. In humans, PDPN is expressed in chondrocytes of fetal cartilage, as 

part of the cells that define the primary ossification centre179; while in adult bones, it is part of the 

phenotype of self-renewing SSCs (PDPN+CD146−CD73+CD164+)180. Meanwhile, PDPN 

expression in mouse osteo-lineage cells defines the transition of the late osteoblast-osteocyte, as it 

marks the acquisition for the dendritic phenotype necessary for bone matrix embedding181.  

Based on the in situ results presented in Figure 3.7-B, I confirmed for the first time that 

PDPN is a reliable cell marker for IF staining of osteoblasts and osteocytes in the bones of adult 

mice. These cells have a diameter of 12–15µm and are found either lining the surfaces or embedded 

inside the bone matrix in both the TB and the CB, which are active in bone formation. Meanwhile, 

ALP stains maturing osteoblasts that are limited to the lining of bone surfaces. Together, PDPN+ 

and ALP+ cells identify the osteo-lineage cells at different maturation stages across whole-mount 

bone sections and are especially abundant in the distal epiphysis and metaphysis of the mouse 

femur. 

5.3 In situ identification of GP cartilage 

The GP is characterized by distinct populations of resting, proliferating, and hypertrophic 

chondrocytes (together referred to as GPCs)126,182. These GPCs are usually identified by expression 

of specific TFs such as Sox9; or by their ECM rich in collagen type II (Col2a1) or aggrecan (Acan), 

using in situ hybridization and inducible transgenic reporters156,183,184. However, due to the 

aforementioned limitations, the confounding effects of tamoxifen, and the fact that few cartilage-

specific antibodies are available, I decided to screen ABs for ECM markers such as Col2a1 and 

ACAN. Unfortunately, this approach did not produce a reliable fluorescent signal (not shown), 

maybe due to the shelf life of the available stock as similar IF staining protocols were followed, 

unlike the staining achieved with the THBS4 marker. 

The thrombospondin (THBS) family comprises five members. THBS4 is the least studied 

member in the context of bone-cartilage, and the literature on it has produced contradictory results. 

Deletion of the THBS4 gene in a mouse model produced a phenotype of reduced AC tissue 

thickness, without changes in the GP, suggesting that THBS4 is not required for GPCs185. 

However, in a more recent study investigating GPCs as a source of SSCs, THBS4 was stained and 

identified as being expressed in GPCs by means of IF on thin cryosections186.  
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As demonstrated by my results in Figure 3.7-C and Supplemental Figure 3.2, I confirmed 

that THBS4 is present across the entire GP in thick mouse femur sections, but not restricted to it, 

as it is also present in periosteum and AC. Therefore, since the periosteum and the AC are neither 

in contact with nor at a relevant niche distance from the BM, THBS4 can be used to quantify the 

spatial interactions between Gr1+EdU+ cells and the GP cartilage matrix.  

5.4 In situ staining of vascular endothelial niche cells   

 The BM harbours a complex network of vascular and perivascular cells. Arteries carrying 

oxygenated blood and nutrients branch into arterioles that are covered with pericytes identified by 

markers such as SM22, Sca1 and CD9052,62,187,188. These arterioles mostly feed cortical and 

trabecular bone. These arterioles then empty into venous and fenestrated sinusoids, which 

comprise most of the BM vasculature and through which hematopoietic cells migrate in and out 

of the BM76,189. Endothelial cells (ECs) in the BM are heterogeneous; some express CD105, 

VCAM1, CD34, EMCN, SCA-1, NESTIN, VWF and selectins (E- and P-selectins) to varying 

degrees28,52,190–194. However, all BM-ECs express CD31/PECAM-162,130. Hence, to study the 

spatial distribution of Gr1+EdU+ cells around blood vessels, I used the pan-endothelial marker 

CD31 and the pericyte marker SM22 described by my supervisor in detail to identify the ECs and 

arteries/arterioles present in the BM ecosystem, respectively62. 

 As expected, based on the literature, the results presented in Figure 3.8-A and 

Supplemental Figure 3.3 confirmed the pan-endothelial expression of CD31 and the expression of 

SM22 across peri-vascular cells. These antibodies were also compatible with Gr1 and EdU staining 

without the need for further optimization. 

5.5 Anatomical distribution of Gr1+EdU+ cells within the BM 

For myeloid-granulocyte inductive niche functions, most of the proposed niches follow 

similar mechanisms to those determined for the HSC niches, particularly the niche effects induced 

by factors such as KitL (SCF) and CXCL12. Preventing apoptosis, inducing cell cycle, regulating 

adhesion-migration and chemoattractant dynamics. However, the proper function of the myeloid-

granulocyte-specific mechanisms are highly context-dependen70,128.  

Studies on ageing have revealed interesting correlations between hematopoiesis and the 

niches. Firstly, during ageing, skeletal osteoprogenitors become biased towards adipogenesis and 
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lose their bone/osteogenic potential195–199. Secondly, most of the hematopoietic BM (red marrow) 

in the diaphysis of long bones is replaced by adipocytes (yellow marrow)195,199–202. Red marrow 

becomes restricted to the TB-rich epi-metaphysis195,200,201. Concomitantly, hematopoiesis also 

becomes lineage biased towards myeloid lineages in both human and mice69,203,204. It is therefore 

possible that this age-related hematopoietic lineage bias is caused by the loss of BM-lymphoid 

niche in the diaphysis, while the myeloid niche is preserved in the metaphysis69,89,90,92,95,205,206.  

My observations that myelopoiesis mainly occurs in metaphysis and close to CB of the 

diaphysis (see figure 3.9-Aii and Bii; and Figure 3.10-B) support this niche-hypothesis, although 

cell-intrinsic factors within HSCs/HSPCs (e.g. epigenetic changes) could also be involved203–205. 

I cannot rule out the possibility that epigenetic changes within HSCs/HSPCs are causing changes 

in the BM niche either. However, this would not explain why myelopoiesis is restricted to the 

metaphysis and epiphysis in younger animals.  

In this context, as described by the reviewed literature, the findings here largely align with 

the key concepts of the spatial relevance of osteogenic niches as key regulators of myelopoiesis 

across the TB-rich regions. The molecular interactions between osteoblasts and Gr1+ cells are 

likely through soluble factors, since direct contact between these cell types does not appear 

predominant (see Figure 3.9-C). On the other hand, ECs and Gr1+ cells are likely to interact by 

means of direct cell-contact, since most Gr1+EdU+ cells were found in immediate proximity with 

CD31 (Figure 3.10-D and E). Of note, close contact between these cells does not rule out soluble 

factors as potential regulators of Gr1+ cells proliferation. 

5.6 Non-random distribution of Gr1+EdU+ cells in the osteoblastic niche 

To quantify the spatial distribution of Gr1+EdU+ cells relative to osteochondral cells, I 

stained femurs for Gr1, EdU, DAPI, and the osteochondral niche markers ALP or PDPN (for 

osteoblasts), or THBS4 (chondrocytes). I then added a random distribution of spheres (random 

dots) of a diameter similar to that of Gr1+ cells, within my imaging datasets. After segmenting 

both Gr1+ cells and niche components, I then computed the distance variables between Gr1+EdU+ 

cells and RDs with the niche elements. I next split my dataset spatially to analyze the diaphysis 

separately from the meta/epiphysis by means of fluorescence intensity values. Finally, the distance 

between Gr1+EdU+ cells was statistically compared to the RDs.  
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My data demonstrates that in the distal femur (metaphysis and epiphysis), RDs distribute 

almost equally close (<50μm) and far (>50μm) from ALP+ cells, whereas Gr1+EdU+ cells are 

non-randomly enriched closer to osteoblasts, with 81.13% (Figure 3.9-Aiv) being localized <50μm 

from ALP. In the diaphysis, the percentage of Gr1+EdU+ cells localizing close to ALP remained 

superior, compared to the distal femur, but this was not different than RDs. Similarly, the 

percentage of Gr1+EdU+ cells in direct contact with ALP (<5μm) was increased in the diaphysis 

but was not significantly different from RDs. I confirmed these findings using the PDPN marker 

for osteoblasts and obtained very similar results (Figure 3.9-Diii). Not surprisingly, Gr1+EdU+ 

cells were not found enriched close to THBS4+ chondrocytes, with no direct contact observed, 

and this spatial distribution was similar to that of RDs (Figure 3.9-Eiii-iv). 

Efforts reported in the literature, based on data generated by similar approaches to the in 

situ exploration of the HSCs niche and statistical comparisons with RDs have shown that although 

HSCs localized near sinusoids, this spatial distribution was not different from RDs. The low 

frequency of HSCs and abundance of sinusoids was proposed to explain this random distribution. 

Gr1+EdU+ cells appear to distribute non-randomly close to the osteogenic niche but not 

necessarily at direct contact63,114. 

5.7 Non-random distribution of Gr1+EdU+ in the vascular niche  

To quantify the spatial distribution of Gr1+EdU+ cells relative to vascular and perivascular 

cells, I performed the same workflow as just described for the osteoblastic niche. However, I used 

the pan-endothelial marker CD31 (PECAM-1) to detect ECs, and SM22 as a marker of arterial 

pericytes. Generation of RDs, segmentation of (peri-)vascular and Gr1+ cells, minimal distances 

computation, and statistical analyses were performed as above. 

My data shows that nearly all Gr1+EdU+ cells (98.94%) are located close (<50µm) to 

CD31+ vasculature, a spatial distribution significantly different from a random distribution (Figure 

3.10-D). Contrary to the osteoblastic niche, I also observed that a majority of Gr1+EdU+ cells 

were found in direct contact with vasculature (63.52% direct contact to CD31 vs 24.25% direct 

contact to ALP), a distribution that was also different from RDs (Figure 3.10-E). On the other 

hand, Gr1+EdU+ cells distributed almost equally, close and far, from SM22+ pericytes (Figure 

3.10-G). Unexpectedly, this distribution does not appear random, as nearly all RDs are located far 

from pericytes (Figure 3.10-G gray bars, RDs). In addition, little evidence of direct contact 
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between Gr1+EdU+ cells and SM22+ pericytes was observed (Figure 3.10-H). It is worth noting 

that, Pecam-1, the epitope for the anti-CD31 AB here used, while it was overwhelmingly 

representative of the ECs and vasculature in the BM as seen in Figure 3.8, I cannot discard the 

possibility of also had stained a subpopulation of CD31+ HSCs/HPSCs, as it has been reported in 

literature that this surface marker is also present in detectable proportions of LSK (Lin-

Sca1+cKit+CD31+) cells, and preserved in both embryonic, adult and aged (2y.o.) mice207. This 

CD31+ LSK according to literature to have a strong potential towards myeloid-erythroid lineages 

worth exploring in future research207. 

Taken together, my data suggests that vascular and perivascular cells may be a relevant 

niche inducing myelopoiesis. CD31+ endothelial cells may interact with Gr1+ cells through direct 

contact and soluble factors, whereas pericytes appear to interact with them using only soluble 

factors to account for their distance. Finally, considering the sharp contrast between Gr1+EdU+ 

cells and RDs regarding their distance to CD31+ cells, this spatial distribution is not dominated by 

the abundance of the vascular niche itself. 

5.8 The single-transcriptomic dataset integration method was effective in identifying HPSCs-

granulocytes and niche cells. 

 Exploring cell markers to identify cell populations in thick femur samples, providing robust 

3D spatial data and enabling image cytometry analysis based on fluorescence intensity and 

statistics is a reliable and crucial tool for analyzing the BM niche and myeloid proliferation in situ. 

However, this approach has clear limitations stemming from the limited availability of ABs, the 

need for optimization to achieve appropriate immunostaining, the long times required for staining 

and imaging, and the number of channels that can be used in multiplex IF approaches, which are 

usually limited to around 5–7 markers. Consequently, the number of markers and cell types that 

can be targeted per sample is limited. Nevertheless, to account for these limitations, I also took 

advantage of publicly available single-cell transcriptomics libraries and analysis tools. 

 The introduction of scRNA-seq techniques to capture the transcriptome of entire cell 

components and the development of tools to analyze these data are crucial for identifying 

previously unknown functional heterogeneity and inferring molecular interactions between 

different cell types and within complex tissues75,120,194,208. Open-source Python- and R-based tools 

such as SCVI, SCANVI and CellChat are imperative for this purpose145–148. However, the study 
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of the BM has its own limitations, as the vast majority of available datasets rely on approaches 

targeting either HSCs, HSPCs, mature hematopoietic cells, or niche cells separately. Only the 

library generated by Baccin et al. aimed to capture both BM and BM niche cells together142. Hence, 

most datasets cannot be used individually if one aims to explore the niche-myelopoiesis 

interactions at single-cell resolution. For this purpose, the first step was to integrate the datasets 

here selected36,74,142,143.  

I took advantage of the machine-learning, Python-based tool SCVI as a transcriptomic 

library integration tool given its robust, probability-based approach, which is useful for identifying 

biological variations and shared transcriptomic profiles145,147. This is different from genome 

alignment integration methods such as Seurat209. My integrated dataset here achieved is the most 

extensive in terms of cell counts and cell types (LSK cells, HPSCs, mature immune cells and niche 

cells) of any reported in the literature, comprising more than 110 thousand of cells, 37 GB and a 

trained model based on 150 iterations of Bayesian variational inference on shared transcriptomic 

states145,147,210. 

For data integration, the published datasets display significant variability in cell type 

annotations, reflecting the distinct approaches adopted by each laboratory while exploring the BM-

niche ecosystem. This leads to poor consistency in the definition of cell types across datasets, with 

the greatest impact being seen in mature blood cells and niche cells. 

 Given the advantageous features of SCVI and the inconsistency of cell annotations, I opted 

to work with the raw data, which lacked any annotations that could have biased the integration and 

cell type clustering. The annotations achieved here are therefore the result of a differential gene 

expression (DE) analysis, identification of marker genes, and cross-referencing of expression 

patterns among the individual datasets, as well as cross-referencing of each marker gene with the 

available literature. This was done to achieve the most comprehensive cell annotations possible 

within the time available for each of the 57 clusters detected, as described in section 4.2.8, Figure 

4.10. 

 Considering the wide range of BM and BM niche cells identified among the 57 clusters, I 

will focus on those relevant to the osteogenic niche, GPCs, ECs, perivascular/pericytes and 

granulocyte progenitors-neutrophils.  
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5.8.1 Marker genes identified reveal 4 granulocyte progenitors populations  

The integrated dataset enabled clusters to be identified with gene expression patterns and 

DE marker genes associated with granulocyte-neutrophil cells. In most cases, these genes could 

be corroborated with the available literature and the transcriptomic exploration tools, to the best 

of my ability. However, several of the genes identified as markers behave in a continuum-like 

manner and are not restricted to a single unique cluster, given the transcriptomic similarities of 

their shared GMP-derived nature. The relevant clusters annotated are: Neutro Prog, Neutro Prog1, 

Baso Prog, and Eo/Baso-Prog (Figure. 4.10-B). Their marker genes can be seen in Supplemental 

Table 4.1. 

5.8.1.1 Neutro Prog cluster marks the acquisition of the granule-neutrophil phenotype 

This cluster was reviewed and annotated as a population of granulocyte HPSCs that are 

committed towards neutrophils. The identified marker genes reveal the acquisition of the 

transcriptomic competence to express key azurophilic granule enzymes. Meanwhile, fate 

regulatory genes prevent further differentiation downstream and maintain a progenitor identity, 

seen in Table 4.1-Neutro Prog. 

The most representative gene in this cluster is Mpo (Myeloperoxidase), which encodes an 

azurophilic granule enzyme found in both humans and mice. Mpo is a highly expressed protein in 

neutrophils, representing close to 5% of their dry weight211–213. The next marker gene identified, 

Prtn3, also functions as a negative differentiation gene in the development of functional 

neutrophils in mice by antagonizing G-CSF-induced Stat3 in LSK cells through PRTN3-dependent 

ubiquitin-mediated degradation of STAT3214–216. Furthermore, despite being mostly described in 

the context of humans, the last genes are considered to be relevant serine proteases, such as the 

Ctsg gene (cathepsin G), which is part of inflammatory granules217; Plac8 (also known as onzin) 

is crucial for neutrophil function, as its knockout impairs neutrophil phagocytosis and accelerates 

apoptosis218; and the Pgam1 gene has been identified and validated as being involved in neutrophil 

activation networks219. 

Hence, this cluster represents the major neutrophil progenitor cells marking the granule 

formation competence acquisition while also expressing the specific differentiation-maturation 

antagonist gene of downstream neutrophils. 
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5.8.1.2 Neutro Prog1 cluster represents a subpopulation of PMNs and neutrophils-progenitors 

Interestingly, the integrated model, clustering strategy and DE genes reveal a second 

transcriptomic profile closely related to that of 'Neutro Prog' (Supplemental Table 4.1-Neutro 

Prog1), where the genes Prtn3 and Ctsg were also identified. However, there is a clear gene pattern 

in that the gene Elane is differentially expressed. Elane is another gene with one of the best-known 

functions in human neutrophil differentiation. Elane mutations in humans cause neutropenia, an 

effect that is highly disputed in mouse models220,221. Meanwhile the Ms4a3 gene is a clear marker 

of GMPs that trace downstream to neutrophils, basophils, eosinophils, LY6CHI monocytes and 

LY6CLO monocytes222. The Alas1 gene is crucial for heme synthesis as it encodes ALA synthase, 

which is involved in pathways responsible for forming 5-aminolevulinic acid (5-ALA)223. 

Deficient expression and function of the Alas1 gene have been revealed to affect innate immune 

system functions related to neutrophils223,224. 

This suggest that this population may represent an intermediate stage between the GMPs 

and the myeloblast-myelocyte with the transcriptomic competence for PMNs-neutrophil 

commitment, while competence for the myeloid-erythroid lineage to synthetize the heme protein 

share distinct functions within PMNs.  

5.8.1.3 Eosinophils and Basophils Prog cluster has multipotent characteristics 

This cluster comprises a smaller cell population (see Figure 4.10-B green cluster) and 

depicts a precise transcriptomic profile of the differentiation of granulocytes to early basophils, as 

indicated by the marker genes Csrp3 and Lmo4 (Supplemental Table 4.1-Eo/Baso-Prog)142,144,225. 

The differentiation of late basophils, as indicated by the Ms4a2 gene, which encodes the high-

affinity IgE receptor, and Cpa3 (carboxypeptidase, which is involved in protein degradation) is 

expressed in HPSCs, mouse basophils, and its promoter can be used to target PMNs107,226,227. 

Furthermore, the Fcer1a gene encodes the FcεRI receptor, marker of multipotent Basophil/Mast 

cell/eosinophil shared progenitor in human208,226,228,229. Despite their association to mast cells, 

these cells fully mature extramedullary, so is not expected to find them in the BM and lack the key 

marker genes Lilrb4a and Lilr4b225.  

Despite the unclear progenitor-lineage continuum of basophils and eosinophils in mice, 

these gene expression patterns suggest that the genes showcased here reflect oligopotent potential 
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without definitive lineage commitment markers for basophils, eosinophils or mast cells. Therefore, 

the annotation considers this oligopotent aspect, treating it as a putative progenitor of basophils 

and eosinophils. 

5.8.1.4 The Basophils Prog cluster has unclear transcriptomic profile but consistent with 

reported markers 

In the case of this last cluster, located between the abovementioned eosinophil and basophil 

progenitors (see Figure 4.10-B orange cluster), the identified marker genes did not provide a useful 

transcriptomic profile for determining a particular granulocyte phenotype. This is because Lig1 

(DNA ligase 1), Dctpp1 (dCTP pyrophosphatase 1), Hells (lymphoid-specific helicase), Stmn1 

(stathmin 1) and Dtl (denticleless E3 ubiquitin protein ligase) are mostly associated with DNA 

dynamics, replication, proliferation and repair, and, in the case of Stmn1, microtubule dynamics 

(Supplemental Table 4.1-Baso Prog). For this reason, it was necessary to input and explore the 

expression patterns of the reported GMPs marker genes in the literature. This allowed me to 

identify genes related to reported eosinophil and basophil identities with expression gradients 

extending towards the present cluster. Examples include Apoe, Casp3 and the basophil surface 

marker Itga2, which is expressed at lower levels. Furthermore, key marker genes combinations 

identified in studies by means of scRNA-seq, as being relevant to basophil differentiation, such as 

Gata2, Stat5b, Spi1, Cebpa, Ly6a (Sca-1) and Cd34, show a consistent transition expression 

pattern, suggesting that this cluster comprises committed basophil-only unipotent progenitors. 

Especially considering that this cluster do not exhibit strong expressions of the Integrin B7 and 

Fcer1a genes, which are identified in oligo/bipotent progenitors (not shown)144,225. 

5.8.2 Marker genes identified for niche cells 

 There are many ongoing efforts to unravel the heterogeneity among niche cells, as it is 

necessary to identify the effector cells within the osteo-lineage and the ECs that orchestrate 

inductive effects towards myelopoiesis4,75,194. These cells are known to express key 

chemoattractant and molecules with hematopoietic-myelopoietic induction functions. However, 

these mesenchymal lineage cells, which include osteo-lineages, chondrocytes, pericytes, stromal 

cells or adipocytes have highly similar transcriptomic profiles and cell identities. 
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 For this reason, an initial assessment of the integrated dataset comprising only three major 

osteochondral cell types and two major ECs did not reflect the expected heterogeneity (see Figure 

4.9: red dashed region for osteochondral cells and blue and green dashed regions for ECs). Hence, 

the further efforts in unraveling relevant heterogeneity by means of subclustering resulted in a 

more diverse and useful identification of niche cells. 

5.8.2.1 MSCs, osteogenic and chondrogenic niche cells have clear transcriptomic profiles 

 Subclustering and DE analysis of newly identified osteochondral cell clusters, as 

showcased by marker genes, enabled the identification of eight different clusters (see Figure 4.9-

B). Marker genes were used to identify cell types associated with osteo-lineages, chondrocytes, 

mesenchymal stromal cells and adipocytes. The latter were deemed not useful as the mice analyzed 

in Chapter 3 were 12 weeks old and adipocytes are not expected to form an important component 

of the BM niche at that post-natal stage. 

 The largest cluster identified was annotated as 'BM-MSCs-LepR', which, in addition to 

having a consistent transcriptomic profile based on the marker genes C3, Aldh1a2, Ccl19 and 

Eef1a1, is the most representative of Lepr gene expression among niche cells. Lepr+ cells are part 

of the most relevant and widely studied BM niche cells48,51,64,128. Initially considered a population 

of MSCs committed to adipogenesis, single-cell transcriptomics analysis has revealed that these 

cells are highly heterogeneous, with Lepr+ gene expression remaining active at different levels 

among stromal, endothelial and osteogenic-derived cells48,51,64,128. Hence, Lepr is now considered 

a general mesenchymal stromal marker and is used in this document to annotate the most 

representative MSCs cluster75. Moreover, the marker gene Aldh1a2 reinforces stemness functions 

and is characteristic of retinoid metabolism during embryonic development, KO of this gene leads 

to embryonic lethality 230,231. Meanwhile, the gene Ccl19 stimulates the migration of BM-MSCs 

and promotes their osteoblastic differentiation232. Therefore, this particular LepR+ mesenchymal 

population represents more osteogenic-aligned stromal population, reflected by its clustering 

position among the osteochondral lineage cells (see Figure 4.10-C)232. 

The ‘MSCs-Osteo’ cluster is distinguished by the same surface marker used in Chapter 3: 

ALP. Its encoding gene, Alpl, is identified as the top marker gene. Considering the aforementioned 

functions of ALP in maturing osteoblasts acquiring the competence to participate in bone 

formation and remodeling, this cluster represents cells that are differentiating from MSCs into 
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osteoblasts, which have not yet achieved full maturation, which is marked by the expression of 

collagen type I62,174. Furthermore, the second top marker gene, Wif1 (Wnt Inhibitory Factor 1), is 

known to be expressed in osteoblasts and is related to the BM environment in preserving the 

quiescent pool of HSCs by antagonizing both canonical and non-canonical Wnt signaling233. This 

means that these cells may not yet be embedded in the bone matrix (osteocytes) and have the 

transcriptional competence to interact with the BM233. Next, the Mmp13 gene plays a role in 

collagen type I recycling, degradation and reabsorption234. This metalloprotease helps to maintain 

bone mass and promote osteoblast differentiation234,235. Finally, Kcnk2 gene has been identified in 

other scRNA-seq studies as a marker of the transition between osteoblasts and osteocytes236. 

 The cluster 'Col-Osteoblasts' was annotated based on the expression of one of the most 

important collagen genes, Col1a2, which encodes collagen type I, alpha chain 2. This indicates 

that this particular osteo-lineage cluster represents a more mature osteoblast-osteocyte population 

that is actively involved in maintaining the bone matrix62,237. Moreover, the top marker gene, Cpz 

(carboxypeptidase Z), is an ECM component that harbors a cysteine-rich domain and triggers the 

activation of Wnt/β-catenin in bone matrix remodeling functions238. The Iftm5 gene (interferon-

induced transmembrane protein 5) is also implicated in the activation of the Sox9-mediated 

differentiation program that induces osteoblastic lineage cells; mutations in this gene produce 

osteogenesis imperfecta type V239. Interestingly, this cluster also exhibits the expression of 

collagen type XXII, a particular ECM component of the TB240. Col22a1-deficient mouse models 

develop trabecular osteopenia, while osteogenesis in CB remains unaffected240. Hence, these 

collagen-expressing osteoblasts also represent the particular osteo-lineage cells of interest in the 

TB, which are explored in Chapter 3240. Finally, the marker gene Bglap2, which encodes 

osteocalcin (OC), is one of the most widely studied bone formation genes, regulated by the 

osteoblastic transcriptomic program, and marks mature osteoblasts 62,237. 

 The ‘MSCs-Chondro’ cluster is characterized by the marker genes Acan and Col2a1, which 

encode for the two most important ECM markers historically used to distinguish chondrocytes in 

skeletal bone183,241,242. Since the AC is usually discarded during sample processing to generate 

these scRNA-seq libraries, these chondrocytes specifically represent GPCs. Furthermore, the Mia 

(melanoma inhibitory activity) gene is a chondrogenic chemotactic factor that induces 

chondrogenesis from MSCs and prevents osteoblastic lineage differentiation by inhibiting 
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BMP2243. Finally, the Papss2 gene (3'-phosphoadenosine-5'-phosphosulfate synthetase 2) plays a 

role in embryonic skeletogenesis and, in adult mice, induces ALP activity in osteoblast 

differentiation244,245. This reinforces the idea that GPCs adopt an osteoblast-like phenotype during 

hypertrophy and are capable of terminal transdifferentiation into osteoblasts245. 

 In the case of the ‘BM-fibroblasts’ cluster, this annotation refers to BM stromal cells of the 

mesenchymal lineage that are present in the BM ecosystem and display fibroblast-like morphology 

and osteoblastic potential in both humans and mice246,247. The marker genes identified, including 

Gsn, have been found to be part of the set of genes that are upregulated upon osteoblastic 

differentiation treatment of fibroblasts247. However, the specific function of Gsn is yet unclear, 

Zhong et al. have categorized BM cells with Gsn as a marker gene as early mesenchymal 

progenitors248–250. Following a similar assessment by Zhong et al., Mfap5 (microfibrillar-

associated protein 5) was identified as a marker of early mesenchymal progenitors250. Considering 

that Mfap5 regulates osteogenesis via the Wnt/β-catenin and AMPK signaling pathways, this 

reinforces fibroblastic-osteogenic potential while being implicated in the suppression of 

adipogenic differentiation251. The Pi16 gene has been identified as part of a 'universal' fibroblast 

genotype found in adult mice, and in particular, it is found in cells preferentially adjacent to 

developing bone in embryonic mouse stages, proposing that hematopoietic niche CAR-cells 

originate developmentally from embryonic-universal fibroblasts present in the developing 

periosteum252. Meanwhile, Igfbp6 (insulin-like growth factor binding protein 6) is distinctly 

expressed among fibroblasts and, in the context of bone and bone marrow, is associated with the 

osteoblastic secretome in the activity of bone repair mechanisms253,254. 

Finally, the smallest cluster, annotated as 'MSC-Subpop', represents a transition stage of 

MSCs-BM fibroblasts, which are mostly associated with the differentiation potential of 

chondrocytes induced by Cilp expression, as identified by Baryawno et al74. This marker gene 

represents a transition continuum; exposure to TGFb1 in BM stromal cells induces the 

upregulation of Cilp and Prg4 (lubricin) in mice, and Cilp2 along with the HCs marker genes 

Col9a3 and Col10a1, in human MSCs under chondrogenic differentiation media74,255,256. This 

reinforces the commitment towards chondrocytes. Nonetheless, the Fmod (fibromodulin) gene 

also refers to the ECM environment aimed at maintaining the stemness of primary MSCs in both 
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mice and humans257–259. Hence, its final annotation reflects this stemness nature more accurately, 

although further exploration of marker genes is required to annotate this cluster more accurately. 

5.8.2.2 Vascular niche clusters annotations rely on a few marker genes and expression pattern 

of CXCL12 and Stab2 

 Regarding the vascular niches, my subclustering efforts enabled the identification of 

significant vascular heterogeneity. Starting with cluster CD34+SCA1+Ng2- BMECs, as seen in 

Figure 4.9-C, this cluster is distinguished by the expression of Ly6c1 and Pecam1 (CD31). The 

latter is the pan-endothelial marker used in Chapter 3. Ly6c1 has recently been identified by single-

cell transcriptomics analysis as a BM-MSC cell marker with endothelial potential260. Hence, its 

association with Pecam1 suggests that these cells are aligned with the endothelial 

transcriptome130,260. Meanwhile, Ly6a (Sca-1), reinforces the stemness functions of these cells, as 

resident Sca-1+ progenitors are involved in vascular remodeling coordinated by means of ERG-

Cdh5 with multipotent characteristics, as confirmed by Baryawno et al74,260–262. Finally, this cluster 

contains the highest expression of CD34 across non-hematopoietic cells in my integrated dataset. 

In the context of BM vasculature, this represents mesenchymal potential to direct angiogenesis 

and the subsequent acquisition of the CD31 phenotype, while its immunostaining confirms 

specificity among bone arteries and capillaries62,263. 

 Next, the sinusoids are the most representative vascular phenotype in the BM, 

characterized by its fenestrated architecture. It is one of the most studied vascular niche 

components. Usually distinguished in literature by expression of Stab2 (Stabilin2), which has been 

characterized in different tissues including the liver and BM of adult mice and here used as core 

marker gene to track sinusoids36,53,264. Three major endothelial populations could be identified 

among clusters expressing Stab2: ECs1, Sinusoidal ECs and Sinusoidal ECs1 (Figure 4.10-D). 

However, these sub-setted clusters lack a strong gene marker profile; only one or two genes in 

each were useful for identifying further vascular functions. 

For ECs1, the marker gene Sepp1 has been identified as part of the heterogeneity that 

distinguishes sinusoids in humans, while in mice, it is overexpressed in bone marrow BM-ECs 

compared to metaphyseal ECs265–267. Furthermore, the Kcnj8 gene has been profiled as part of the 

transcriptomic profile of sinusoidal ECs in mouse BM42. Nonetheless, the lack of robustness 

between the remaining marker genes made me select a broader annotation rather than a specific 
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sinusoidal-ECs label, to reflect this lack of reliable marker gene profile. For the cluster Sinusoidal 

ECs, beyond the expression pattern of Stab2, the marker gene Zeb1 (Zinc-finger E-box-binding 

homeobox 1) is crucial for Type H vasculature formation and their functions involved in bone 

formation268. Finally, I decided to keep the cluster Sinusoidal ECs1, despite it being one of the 

smallest, it is the population among Stab2+ cells that also expresses CXCL12, despite a lack of 

relevant marker gene expression. Therefore, these rare sinusoidal ECs may play a significant role 

in the BM niche functions towards myelopoiesis-granulopoiesis53. 

In contrast to ECs1 cells, the cluster ECs show clear marker genes associated with Collagen 

type IV (Col4a1), a component of the basement membrane ECM of all vasculature 62. Furthermore, 

the Id1 gene has gained popularity due to its role in promoting angiogenesis in both sinusoids and 

Type H vessels, while maintaining a haematopoietic-inductive niche in the BM269–271. Finally, the 

Smad1 marker gene is crucial for promoting Type H angiogenesis and osteogenesis, by means of 

BMP-associated signaling promotes CXCL12 expression in the BM niche, which is of particular 

relevance given the cluster transcriptome and potential crosstalk with cluster Sinusoidal ECs1 

expression of CXCL12272,273.  

Finally, the pericytes are clearly identified by the Tagln marker gene, which encodes the 

SM22 marker used to stain pericytes effectively in Chapter 3, and is supported by the literature62. 

5.9 Molecular interactions between granulocyte progenitors and Gr1+ cells with their niches – 

an in silico analysis  

Having identified cell clusters and robustly annotated niche cell types and granulocyte 

progenitors (described in sections 5.8.1 and 5.8.2), I proceeded to the final stage of the present 

thesis project.  

Due to the limitations of imaging-based approaches when exploring the in situ spatial 

architecture of the myeloid-granulocyte-neutrophil inductive niche, I employed the cell 

communication inference tool CellChat v2. This tool uses the transcriptomic data of each cell type 

as input to detect the active expression of genes associated with ligands and receptors. Then, based 

on ligand-receptor (L-R) dynamics databases, it provides as output the probability-based inference 

of the potential communication pathways taking place between cell types146. 



99 

 

Therefore, CellChat interprets the transcriptome as the cells' competence to participate in 

different communication pathways, which are defined by cell-cell contact, secreted signaling and 

ECM-receptor interactions. It then classifies cells with ligand-associated expressed genes as the 

signaling source (outgoing role) and cells with receptor-associated expressed genes as the 

signaling target (incoming role)146. The context that defines if the ligand operates under each 

condition (soluble, membrane bound-contact, and ECM) depends on the database used for the 

analysis, which collects the details of each ligand and receptor reported to infers their mechanism 

of action. The database used in the present project was the mouse_CellChatDB, as specified in 

CellChat’s vignettes148, however, it is possible to curate and use specific databases with collected 

information regarding the tissue of interest, an option worth exploring in future in silico analysis.  

This provides further biological targets to investigate in future research in a hypothesis-

forming fashion. 

5.9.1 Molecular interactions between granulocyte progenitors and Gr1+ cells with the 

osteoblastic niche – cell-cell contact 

Among the identified cell-cell contact pathways, one of the most widespread involved is 

the intercellular adhesion molecule 1 (ICAM-1). This pathway has an overall effect on all 

granulocytes, with varying inferred strength and a higher impact on the Gr1+ neutrophil cluster. 

Interestingly, the only niche cell cluster acting as the pathway's source is LepR+ MSCs (Figure 

4.11-B ICAM). Hence, of the granulocytes of interest, the Gr1+ neutrophils are the most competent 

in terms of binding to LepR+MSCs through ICAM-1 and ITGAL, ITGAM, ITGB and SPN 

receptors (Supplemental Table 5.2). According to the literature, this pathway is involved in tissue 

damage dynamics leading to inflammatory responses274. ICAM-1 deficiency induced by Icam-1 

cKO in both osteoblastic, ECs and MSCs across BM niches disrupts the quiescence of HSCs, and 

induces myelopoiesis, possibly by means of disruption of adhesion dynamics275. Notably, Icam-1 

deficiency not only disrupts the lymphopoietic potential, but also biases the myeloid differentiation 

towards GMPs, reducing MEPs275. Taking the literature and my findings together, it is possible to 

conclude that the ICAM pathway acts on granulocyte progenitors by means of controlling the 

myeloid potential between MEPs and GMPs by adhesion to the osteoblastic niche, rather than a 

direct granulocytopoiesis inductive stimulus. 
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Thy1 (CD90) ligand is expressed only by the BM-Fibroblasts and targets specifically the 

Gr1+ neutrophils cluster (Figure 4.11-B Thy1). Thy1 expression can be found across BM stromal 

cells, which are mostly described as mesenchymal-derived cells with osteogenesis potential276. 

Thy1 constitutive KO leads to reduced bone mass and increased adipocyte differentiation 

potential276. However, based on IF imaging it is expressed in, or around bone arterioles62. Hence, 

it is unclear if the BM-fibroblasts cluster represents a subtype of BM pericytes around small 

arterioles instead of BM-stromal fibroblasts, in which case, the effects of Thy1 KO on osteogenesis 

would be indirect. Considering that the receptors inferred to act upon Thy1 include integrins 

(ITGAM and ITGB2) in addition to ADGRE, this mostly suggests a cellular adhesion mechanism 

(Supplemental table 5.2). However, the involvement of the ADGRE (CD97) receptor as a target 

may suggest a regulatory function in granulocytosis described below277. 

In close relationship to the ADGRE-associated receptor, the ADGRG is a member of the 

adhesion G protein-coupled receptors. ADGRE1 and ADGRG1 are the only two ADG-receptors 

identified to be expressed among GR1+ neutrophils and granulocyte progenitors respectively 

(Figure 4.11-B ADGRG). According to the L-R genes involved (Supplemental table 5.2), ADGRG 

receptors are inferred to bind with collagen type III. Despite not being a major component of bone 

structure or crucial for bone formation, Col3a1 has been demonstrated to play a significant role in 

bone, including trabecular bone development and bone remodeling, as its deletion affects ALP and 

fracture healing (callus formation and mineralization)129,278. Furthermore, TGM2 is another ligand 

predicted to act upon ADGRG1, which may suggest a role in regulating osteoclastogenesis279. 

Hence, these ADGRE and ADGRG pathways point to a negative regulator of myelopoietic-

granulopoietic induction. 

Another inferred pathway identified in the osteogenic niche involves the expression of 

CD276 ligand (B7-H3) by the Col-Osteoblast cluster and interaction upon all granulocyte-

progenitors through the Treml2 receptor gene (Figure 4.11-B CD276 and Supplemental table 5.2). 

Treml2 is known to be expressed among granulocytes and neutrophils, the latter upregulating 

Treml2 amidst inflammation signaling280, suggesting an inflammation response described under 

the context of emergency granulopoiesis. However, conflicting results regarding the inferred 

ligand B7-H3 and Treml2 have also been found in the literature, making it difficult to conclude a 

clear role in granulopoiesis281. 
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Finally, as shown in Figure 4.11-B SIRP, the SIRP pathway reinforces the effects of cell-

to-cell communication on granulocytes. Here, SIRPB1A, SIRPB1B and SIRPB1C have been 

identified to be expressed as ligands among the Lepr+ MSCs, MSCs-Osteo, and Col-Osteo 

clusters, while the receptor CD47 is inferred to act as target on all granulocytes-neutrophils 

(Supplemental Table 5.2). SIRP is known as the 'don't eat me' pathway, targeting innate immune 

system cells to prevent phagocytosis of the organism's own tissues282. Meanwhile, it is mostly 

described as a pathway where SIRP is expressed among immune cells for immune regulation 

purposes. Only a handful of papers have described SIRP expression among BM stromal cells and 

osteoblasts, and how its activity induces osteoblastic differentiation283,284, This SIRP-mediated 

interaction between bone and the immune system has not yet been studied, nor a possible role for 

SIRP signaling in mediating granulopoiesis can be identified.  

To summarize, my imaging data indicated that Gr1+ cells proliferate preferentially near 

osteoblasts in a non-random manner, but not in direct contact with them. The CellChat analysis 

performed here failed to identify cell-cell contact mediated molecular pathways that could explain 

this spatial relationship. Therefore, proliferation of Gr1+ cells near osteoblasts is likely to be 

mediated by soluble factors or ECM molecules.  

5.9.2 Molecular interactions between granulocyte progenitors and Gr1+ cells with the 

osteoblastic niche – secreted signaling 

Following the findings and spatial patterns observed in Chapter 3. It is clear that the 

majority of Gr1+EdU+ cells are not in direct contact with their osteogenic niche. Therefore, 

regardless of the abundance of the ALP+ and PDPN+ niche population, the mechanisms that act 

primarily on Gr1+EdU+ cells depend on secreted signaling via soluble factors. In line with this 

idea, CellChat was able to identify and infer crosstalk dynamics based on secreted signaling. These 

interactions include most of the best-known HSCs and HSPCs inductive chemokines, which are 

responsible for inducing different hematopoietic effects (Supplemental Table 5.3).  

The KIT pathways originate from the MSC-Osteo and Lepr MSCs clusters, which were 

identified as representing MSCs and mesenchymal cells undergoing osteoblast differentiation 

(Figure 4.12-B KIT). The Kitl (SCF) produced by the osteogenic niche, which exerts its effect 

upon hematopoiesis through the Kit receptor (c-Kit), is debated in terms of its specific mechanism 

of action. It has been determined that membrane-bound SCF (mSCF) is the particular form of SCF 
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required for hematopoiesis maintenance, given that soluble SCF is incapable of compensating for 

the effects of mSCF deficiency in mice285,286. Meanwhile, soluble SCF provides a transient 

stimulus on the Kit receptor compared to the sustained induction of mSCF287. Unfortunately, there 

is no clear way in which I can distinguish between these two SCF forms based solely on the 

transcriptomic competence, and the assumption of CellChat database that this factor only operates 

as a secreted factor. Nonetheless, given my data obtained in Chapter 3 and the literature, is possible 

to infer that the spatial proximity to the osteogenic niche can lead to differential effects of the SCF 

in myelopoiesis induction. However, given that SCF is essential for inducing S-phase entry into 

the cell cycle and that the Kit receptor is expressed at low levels in quiescent HSCs compared to 

the highest levels observed in GMPs, it is possible that extensive Kit receptor expression 

compensates for the transient effects of soluble SCF secreted by these osteogenic and Lepr+ cells 

widely available throughout the BM ecosystem 43,96,128,287. This would enable active proliferation 

of Gr1+ cells even in the absence of contact with mSCF in the osteogenic niche43,96,287. 

The next relevant secreted pathway identified is the chemokine CXCL12, which is 

produced mostly by the MSCs Lepr+, MSCs Osteo, and to a lesser extent by MSC-chondro clusters 

and the MSCs subpopulation (Figure 4.12-B CXCL, and supplemental table 5.3). They target all 

granulocytes and neutrophils of interest by CXCR4 and ACKR3 receptors. Among the first factors 

known to induce hematopoiesis and form an inductive niche among the BM, its deletion of the 

CXCL12 or CXCR4 elements in the perinatal BM is known to disrupt the functions of myeloid 

progenitors through impairment of their main chemotactic migration65,67,77.  

CXCL12 is known to signal mostly through the CXCR4 receptor. This binding is assumed 

to be a mechanism that keeps maturing granulocytes, such as neutrophils, attached to their niche 

(neutrophil arrest); their further maturation reduces CXCR4 expression to the point of final 

detachment and release into circulation. Furthermore, this pathway is involved in chemotaxis288. 

Given its soluble and chemoattractant mechanisms and my results in Chapter 3, it is probable that 

CXCL12 stimuli acts at a distance from the osteogenic niche. However, further in situ exploration 

by means of IF on the spatial disposition and enrichment of CXCL12 among the Gr1+EdU+ niche 

is needed, as recent studies suggest that the availability of CXCL12 may enrich the niche in a more 

locally restricted-hotspots fashion especially among the TB289.  
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In addition to the inferred cross-talk with CXCL12-CXCR4, CellChat identified the 

atypical chemokine receptor 3 (ACKR3) as an additional target (supplemental table 5.3). This 

receptor has recently been shown to have a stronger affinity for CXCL12 (a ten-fold higher 

affinity) and is mostly characterized as a scavenger receptor that aims to remove CXCL12 from 

the environment. This is because unlike the mechanism with CXCR4, ACKR3 receptor is recycled 

after binding, leading CXCL12 into lysosomal degradation290–292. Taken together, the literature on 

the functions of the CXCL12 ligand and the identified receptors, CXCR4 and ACKR3, makes it 

clear that the chemoattractant roles are necessary for granulocyte functions such as migration and 

release into circulation. However, other roles of CXCL12 in regulating myelopoiesis, especially 

by means of ACKR3 remain elusive and require further exploration. 

Another interesting pathway inferred by CellChat was mediated by the Adipoq ligand, 

which targets both Adipor1 and Adipor2 receptors (Figure 4.12-B ADIPONECTIN, and 

supplemental table 5.3). This ligand is mainly expressed by the Lepr+ MSC cluster, followed to a 

lesser extent by the Osteo cluster. It also targets all the remaining osteo-chondro niche cells and 

granulocyte-neutrophils, suggesting broad BM function. Initially, this adipokine was described as 

a suppressor of granulopoiesis293. Its expression is not limited to mesenchymal stromal cells and 

adipocytes; low levels have been found to be expressed by lymphocytes and other non-

hematopoietic cells, which is sufficient to suppress GMPs293,294. The anti-inflammatory properties 

of adiponectin were further explored, and it was confirmed that adiponectin-deficient and obese 

mice exhibit similar disrupted inflammation in the BM, suggesting that the presence of adipocytes 

alone does not necessarily produce appropriate anti-inflammatory signaling. Adipocytes have 

been shown to disrupt HSPC proliferation and the hematopoietic environment in the BM294,295. 

Hence, this pathway represents a negative regulator for proliferative GMPs-neutrophils, as its 

function involves suppression of the SOCS3 regulator of STAT3 signaling, with unclear evidence 

of being secreted by the osteogenic niche, suggesting contamination of some niche clusters with 

Lepr+ cells. 

Other pathways, such as Spp1 (osteopontin), which is produced by most osteogenic niche 

cells and target integrins and CD44 (Figure 4.12-B SPP1, and supplemental table 5.3), suggest 

further cell adhesion or migration functions. The literature characterizes Spp1 to have 

an antagonistic function in the regulation of the HSPC pool size44,296,297. Spp1 is described to be 
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also expressed by MSCs as well as mature stromal cells44, however, OPN staining shows a more 

restricted expression to the bone matrix and mostly colocalized with Collagen type I62. Spp1 in the 

context of MDS, and in tune to its regulatory functions, has been shown to be overexpressed in 

response to the perturbations induced by MDS-propagating cells of CD34+CD38− phenotype, 

suggesting an adaptive response aiming at antagonizing the myeloid inductive effects and not a 

granulopoietic function298.  

Further pathways, such as those involving IGF (insulin-like growth factor) and IGFBP 

(insulin-like growth factor binding protein) (Figure 4.12-B IGF, and supplemental table 5.3), may 

not directly impact granulopoiesis, as studies on IGF deficiency have not shown an effect on 

hematopoiesis, possibly given the redundancy among insulin-metabolic pathways acting upon 

similar receptors299. However, recent studies have explored the effects of ageing on the BM and 

found that, given the relevance of these pathways in the context of bone and osteogenesis, a 

reduction in IGF induces similar MSCs biased differentiation towards adipocytes inducing 

myeloid-biased hematopoiesis, linking osteogenesis dynamics to the proper regulation of myeloid 

progenitors, including granulocytes93,300,301. Hence, despite not having a direct role on the GMPs, 

it is relevant to explore further as the homeostasis maintenance of the osteogenic niche is crucial 

for proper hematopoietic-myeloid functions. 

 Finally, the Midkine (MDK) and Pleiotrophin (PTN) pathways are among those with the 

greatest number of similar receptors inferred to interact with both ligands (Figure 4.12-B MK, and 

supplemental table 5.3). Interestingly, the Midkine pathway is usually described as a regulator of 

bone formation and remodeling in bone. For example, MDK-deficient mice exhibit increased 

trabecular bone formation, increased bone anabolism in cortical bone and a protective effect 

against bone loss following ovariectomy. MDK deficiency also accelerates fracture healing when 

antagonized302–304. Meanwhile, PTN is mostly found among endothelial niche cells, where its 

deletion affects LT-HSCs305,306. Despite gaining attention in relation to dendritic cells and T cells, 

the effects of these two heparin-binding cytokines are still considered to be overall pleiotropic, so 

no granulopoiesis induction function could be corroborated and further research into their specific 

effects on GMPs is necessary. 

5.9.3 Molecular interactions between Gr1+ cells and the osteoblastic niche – ECM-Receptor  
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In this case, the inferred crosstalk pathways do not imply proximity to the cell source, as 

is the case with cell-cell contact L-R pairs or conflicting literature regarding soluble and 

membrane-bound secreted elements. Rather, it analyzes the competence and role of the cell source 

producing the ECM components according to the expressed genes, as well as the cells with the 

competence to express receptors that are predicted to interact with such ECM.   

The ECM of bone is complex and impressively dynamic, as it is constantly remodelled, 

recycled and formed de novo. Various types of ECM molecules exist in bone, including collagens 

(types I–XI and XXII), fibronectin, laminins, HSPGs, vitronectin, Bglap and MGP. Of those 

CellChat identified as acting upon granulocytes and neutrophils were laminins, THBS and 

fibronectin (Figure 4.13).  

In the case of laminin, which in this case were identified as laminin subunit beta 1 (Lamb1), 

laminin subunit beta 2 (Lamb2) and laminin subunit gamma 1 (Lamc1), expressed by all 

osteochondral niche clusters (Figure 4.13-B LAMININ, and Supplemental table 5.4), are well 

characterized in the literature as bone matrix elements acting in osteogenesis dynamics, especially 

amidst mechanical stress307. However, for the specific purpose of myeloid and granulopoiesis 

induction, most of literature describe other laminins/subunits (such as Lama4-Laminin 421 and 

Integrin alpha9beta1) as being involve in the context of the vascular niche by influencing homing, 

vascular remodelling, quiescence exit among HSCs and granulopoiesis induction308–310. Hence, the 

laminins-integrins interactions here identified in the context of the osteogenic niche and 

granulopoiesis remained to be studied more thoroughly and no inductive effect could be found.  

One of the most unexpected results concerns the THBS-mediated pathways involving the 

thrombospondin proteins (THBS1, THBS3 and THBS4), which mostly originate from the MSC-

Chondro and MSC-Subpop clusters, and targets the rest of clusters by means of Sdc1, Sdc4 and 

CD47 receptors (Figure 4.13-B THBS, and Supplemental table 5.4). THBS1 is expressed by MSC-

Subpop cluster has mostly been described in relation to its function in wound healing mechanisms, 

suggesting a role in the recruitment of the innate immune system as a chemoattractant311–314. 

However, its functions beyond ECM components and its role in regulating processes such as 

angiogenesis and osteogenesis have also been explored, yielding interesting results. THBS1 

deletion has recently been shown to reduce age-related myeloid-biased hematopoiesis in aged 

mice, which is associated with a further reduction in systemic inflammatory cytokines, reduced 
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adiposity and leptin levels315. THBS1 is found to be a modulatory ECM element that links the 

ECM to the cell surface rather than being a structural molecule. One of the receptors targeted for 

these functions is CD47, which affects several metabolic functions, such as glucose and fat 

metabolism, inflammatory signaling by cytokine activation and cell stress by ROS, leading to cell 

death in lymphoid cells313,316. Therefore, these pathways involving CD47 suggest a role in 

phagocytosis, although research into its effects on granulocyte progenitors is limited. CellChat 

inferred pathways involving granulocytes and neutrophils, which suggest that they have the 

transcriptomic competence to respond to BM THBS1 stimuli. This opens the door to further 

research into potential granulopoiesis functions.  

Finally, given the distribution and functions of THBS3, THBS5/Comp in literature 

respectively317,318, and THBS4 expression pattern which does not provide a strong enrichment 

among the Gr1+EdU+ niche in Chapter 3 (Figure 3.9 E). These THBS elements may not operate 

as a relevant niche component for the purpose of myelopoiesis-granulopoiesis.  

5.9.4 Molecular interactions between Gr1+ cells and the osteoblastic niche – summary 

In summary, the literature, my in situ results and the communication pathways inferred and 

explored here confirm that the osteogenic niche is relevant for Gr1+EdU+ cells via secreted 

elements rather than cell contact. Kit and CXCL12 are undoubtedly the major inductive elements 

crucial for cell cycle induction and cell migration-homing, as supported by the literature, while the 

remaining pathways (including secreted Spp1 and Mk) support negative regulation. Cell to cell 

contact did not reveal proliferative inductive signaling, these pathways are reported as 

inflammatory reactive adhesion mechanisms and neutrophil-phagocytosis repression. Finally, 

ECM components such as laminins and the targeted receptors inferred by CellChat do not appear 

to have an inductive effect on granulopoiesis. 

5.9.5 Molecular interactions between Gr1+ cells and the vascular niche – Cell-cell contact  

When analyzing potential molecular interactions between Gr1+ cells and the vascular niche 

in terms of cell-cell contact, many of the same players identified for the osteoblastic niche were 

inferred by CellChat. However, given that my imaging showed that most of Gr1+EdU+ cells are 

in direct contact with CD31+ blood vessels, these inferred interactions should be considered more 

relevant. 
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The ICAM pathways were identified as being more prevalent among almost all vascular 

niche clusters, except for pericytes and sinusoidal ECs Subpopulation (Figure 4.14-B ICAM). 

These clusters take on the role of signal sender by means of ICAM-1 and ICAM-2, interacting 

with granulocyte progenitors and neutrophils through integrins (ITGAL, ITGB2 and ITGAM) 

(Supplemental table 5.2). ICAM-1 is the best-known of the two ICAM members, given that its 

deletion impacts HSC mobilization, leading to a higher myeloid-to-lymphoid cell ratio and 

impaired quiescence275. ICAM-1 is expressed at much higher levels in ECs, and following my 

findings and the literature, the vascular niche plays a more significant role in regulating the 

adhesion and migration of HSCs, thereby preventing them from entering the cell cycle and 

maintaining their stemness275. Hence, the quiescent-maintenance function of ICAM-1 does not 

represent a pathway in which GMPs are induced into cell cycle. Finally, ICAM-2, which is 

predominantly expressed in ECs, has been identified as inducing arrest/retention to the vascular 

niche by impeding neutrophil release until inflammatory stimuli319 .  

In the case of Thy1, the restricted pattern remains consistent within the vascular niche 

transcriptome, with expression limited to the pericyte cluster (Figure 4.14-B THY1). However, 

Thy1 itself has not been described under the context of perivascular stimuli for hematopoiesis-

myelopoiesis, where the focus is regarding CXCL12 mostly, and most recent studies favor the 

sinusoid niche for HSC maintenance59,320,321. Finally, considering the restricted spatial niche that 

SM22+ pericytes occupy among my in situ data, contrasting Coutu et al62, further and more robust 

sections must be collected to elucidate a more consistent spatial peri-vascular/pericyte architecture.  

A greater variety of ADGRG members appear to be involved in the vascular niche context, 

including ADGRG1, ADGRG6 and ADGRE5 (Figure 4.14-B ADGRG, Supplemental table 5.2). 

These originate from most vascular niche cells, targeting granulocyte progenitors, in a manner 

similar to the osteo-chondral niche. The only significant difference seems to be the repertoire of 

collagen molecules binding to them, including the Col4a1 and Col4a2 genes, two main 

components of the basement membrane of the BM vasculature62 . However, no clear conclusion 

can be drawn about the induction of granulopoiesis based on these L-R pairs and the literature 

reviewed.   

The interactions inferred by CD34 signaling are unique to the vascular niche. Here, CD34 

is identified as a signaling ligand originating from ECs, CD34+ BMECs, and the clusters of 
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granulocyte progenitors, which target sinusoidal ECs and ECs by inferring binding to Selp receptor 

(Figure 4.14-B CD34, Supplemental table 5.2). Therefore, this crosstalk pattern indicates an 

influence that does not target the granulocytes-neutrophils of interest, or a biased interpretation of 

CellChat’s database, based solely on transcriptomic competence. 

The pathways inferred for E-selectin (SELE), whose expression is dominated by sinusoidal 

clusters and followed by endothelial cell (ECs) clusters (Figure 4.14-B SELE, and Supplemental 

table 5.2). These clusters interact with both neutrophil progenitor and basophil progenitor clusters 

via CD44 and Glg-gene receptors (which encode E-selectin ligand-1, ESL-1). Meanwhile selectins 

are known for their role in hematopoietic cells homing and extravasation into tissues by means of 

Esl-1, which includes myeloid progenitors, their functions rely on systemic inflammation 

signaling322,323. An indirect effect on HPSCs regulation relies on the negative regulation of Esl-1 

upon TGFβ, suggesting a more complex and context-dependent mechanism324,325. 

5.9.6 Molecular interactions between Gr1+ cells and the vascular niche – Secreted signaling  

 Once again, SCF and the c-Kit receptor are involved in one of the best-described 

mechanisms by which HSCs enter a proliferative state. The Kit pathway originates from  

expression of SCF by the ECs, CD34+BMECs and pericytes clusters, targeting granulocyte-

progenitors expressing c-Kit (Figure 4.15-B KIT, and Supplemental table 5.3). Despite SCF being 

present in both the osteogenic and vascular niches, it has attracted most attention in the latter since 

the discovery that conditional deletion of SCF across ECs and Lepr cells depletes HSCs, in contrast 

to osteoblastic deletion of SCF52. Moreover, similar findings regarding mSCF gained relevance in 

the vascular context, as mSCF may act in coordination with other membrane-bound vascular 

ligands. These includes interaction with VCAM-1 to improve adhesion strength, HSC polarization, 

and protrusions in vitro326. Hence, cooperation with other niche-specific ligands prioritizes 

adhesion mechanisms over cell migration, which is a consistently relevant phenomenon observed 

among myeloid progenitors and further GMPs285,326 . In contrast to the fact that a large proportion 

of Gr1+EdU+ cells are located in contact with CD31 vascular niches, the vast majority of them 

are found at a distance of <50µm. Hence, opposite to the osteogenic context, the vascular niche 

may rely heavily on the mSCF to exert the proliferative stimuli to Gr1+EdU+ cells while 

cooperating with other endothelial adhesion molecules. 
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The vascular niche revealed a transcriptomic program involving a greater diversity of CXC 

ligands-receptors interactions: CXCL12-CXCR4 and CXCL9/10 -ACKR1 (Figure 4.15-B CXCL, 

and Supplemental table 5.3). Similar mechanisms are at play, regarding the homeostatic function 

of the CXCL!2 whose interaction with CXCR4 is associated with the retention of progenitors and 

BM neutrophils, preventing their release into circulation, until the antagonist factor G-CSF 

interaction is sensed97. Deletion of either CXCL12 or CXCR4 directly disrupts the retention of 

CMPs77,190,327, It is possible that these proliferative Gr1+ cells require the adhesive stimuli to 

maintain a homeostatic rate of pre-neutrophil pools among the BM, which, upon inflammation, 

could be rapidly release into circulation. Nonetheless, it is worth mentioning that recent IF imaging 

findings have provided conflicting results, as the imaging of CXCL12 across the BM reveals 

enrichment among the bone niche mostly, in a hotspot fashion, which does not strictly correlate 

the location of CAR-cells (CXCL12-GFP)289. Hence, further IF imaging by means of protein 

ligation of in situ endothelial-CXCL12 and niche enrichment is required to conciliate this disparity. 

In the case of the remaining chemokines identified, CXCL9 and CXCL10, which share 

high similarities, these are related to inflammatory signaling and cell adhesion. CXCL10 is 

particularly relevant in relation to the self-renewal mechanisms of HSCs. However, the identified 

receptor, ACKR1, has not been shown to be involved in these hematopoietic functions beyond the 

characterization of the vascular recruitment of macrophages in pathological conditions328–330. 

Interestingly, Adipoq was also identified and inferred in the largest ECs cluster (Figure 

4.15-B ADIPONECTIN, and Supplemental table 5.3). It is possible that these cells are CAR/Lepr-

cells contaminating/embedded within the ECs cluster, particularly given that Adipoq expression is 

limited to a few cells within the cluster, overlapping with Lepr and CXCL12 gene expression 

pattern. Further strategies such as subclustering with more strict parameters to avoid these 

contaminations are necessary to improve the resolution of the integrated dataset.  

Spp1 was also identified as part of the crosstalk between ECs, pericytes and 

granulocytes/neutrophils (Figure 4.15-B SPP1, and Supplemental table 5.3). Spp1 has been 

identified as being expressed differentially in Type S vasculature, which is also the source of 

CXCL12 while lacking SCF expression, which is expressed in Type H vasculature194. Type H 

vasculature is located primarily in the epiphysis of 3-month-old mice, which is close to the age of 

the mice used in my experiments194. Moreover, unlike the osteogenic niche, expression of Spp1 in 
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BM vasculature remains active and does not decrease with age94. Spp1 targets and acts on HSCs 

and HPSCs via integrins and CD44 to arrest the cell cycle297,331,332. However, it is unclear why 

Spp1 functions associated with the vasculature do not prevent myeloid bias with age. Under ageing 

conditions, OPN treatment attenuates HSC ageing and reduces CMP frequency to that observed in 

young mice94. In addition, IF staining of OPN is not present among the vasculature in the BM, 

meaning contradictory results, hence, optimization on the staining and available anti-OPN ABs 

are needed, in order to confirm its expression in Type S vasculature. 

In the case of IGF1 and IGFBP3, which target the IGF1R and TMEM219 receptors 

respectively (Figure 4.15-B IGF, and Supplemental table 5.3), no clear direct effect on 

granulopoiesis seems to have been characterized in the literature. However, there are further clues 

specific to vascular niche cells that may indicate special interactions. Recently, insulin metabolism 

and IGF1 activity were described as regulatory agents of endothelial CXCR4190. Obese mouse 

models appear to upregulate CXCR4 and trigger leukocyte adhesion via CXCL12, an effect that 

is reversed by the induction of IGF1 signaling. Therefore, IGF1 may not directly interact with 

proliferation-inducing mechanisms but appears to be part of the endothelial CXCR4-neutrophil 

axis, which is known to be relevant to myeloid differentiation190.  

Finally, Plau (the gene that encodes plasminogen activator, urokinase uPA) seems to be a 

particularly restricted pathway between ECs in sinusoids and the Gr1+ neutrophil cluster (Figure 

4.15-B PLAU, and Supplemental table 5.3). According to the literature, this pathway has a 

significant impact on HPSCs. The expression and action of uPA activates/breaks down other 

crucial secreted and membrane-bound factors, most notably membrane-bound SCF, VCAM1 and 

fibronectin, while binding to the uPAR receptor allowing cell mobilization333–335. Therefore, the 

vascular niche not only influences adhesion and mobility to induce further HSPC differentiation, 

but also proteolysis-induced remodeling of the niche stemming from sinusoidal ECs336,337. 

Considering that both the identified sinusoidal ECs1 cluster and the neutrophils 

express Plau (uPA) and its main receptor PlauR (uPAR), I suggest that this crosstalk may occur 

in a coordinated manner in feedback to induce neutrophil migration and vascular plasminogen 

activation for remodeling of a unique sinusoidal niche population specialized for Gr1+ cells.  

5.9.7 Molecular interactions between Gr1+ cells and the vascular niche – ECM-Receptor 

signaling  
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In comparison to the osteochondral niche, the vascular niche presents a particular 

laminin isoform that is relevant to vascular-mediated hematopoietic induction: laminin alpha4, 

encoded by Lama4 gene cluster (Figure 4.16-B LAMININ, and Supplemental table 5.4). This 

isoform is a component of the basement membrane of sinusoidal and large vessels308,309. Mice with 

a deletion of Lama4 produce fewer short-term HPSCs and slower hematopoietic reconstitution, 

which is assumed to stem from slower progenitor cycling, though it does not interrupt myeloid-

granulocyte differentiation downstream, probably due to compensating mechanism of other ECM 

components of the vascular niche308. The targeting of laminin alpha 4 to all granulocytes and 

neutrophils by integrins (ITGA1, ITGA6, ITGA7, ITGA9 and ITGB1), CD44 and Dag1; and its 

presence in all vascular niche clusters inferred by CellChat, may indicate a stochastic effect rather 

than the action of a specific proliferative agent, however, further functional assays are required to 

test granulopoiesis induction333,338,339. The remaining laminins do not appear to have any direct 

effects on granulocyte functions beyond adhesion.  

Regarding the THBS mediated pathway, only THBS1 has been identified as playing a role 

in cell communication. Interestingly, this originates from Gr1+ neutrophils targeting all cell types 

(including autocrine signaling) by interacting with CD47 and CD36 receptors (Figure 4.16-B 

THBS, and Supplemental table 5.4). Nonetheless, as is the case with Vascular niche-CD34 

pathways, its communication pattern does not involve niche stimulation towards GMPs-

neutrophils. 

Finally, Vtn (encoding gene for vitronectin) is here identified as being expressed by the 

pericyte cluster, which is also involved with the PlauR (uPAR) receptor, seen previously in section 

5.9.5 (Figure 4.16-B VTN, and Supplemental table 5.4). This is consistent with the fact that 

vitronectin can act on PlauR cells (Gr1+ neutrophils in this case), especially when integrins are 

involved in complex signaling mechanisms. Therefore, vitronectin both in CellChat inference and 

references appears to interact specifically with integrin α5β1 in collaboration with the uPAR340,341. 

This gains relevance considering that integrin and vitronectin interactions are involved in some 

myeloid differentiation processes, including human monocyte-macrophage differentiation342. This 

may influence the maturation of Gr1+ neutrophils in mice too, as they are the only targeted cell 

cluster of interest among the granulocytes-neutrophils clusters. 
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5.9.8 Molecular interactions between Gr1+ cells and the vascular niche – summary 

In summary, the cell-to-cell contact pathways described here did not reveal any clear 

granulopoietic proliferation inductive stimuli on which Gr1+EdU+ cells may rely to maintain their 

cell division features. Meanwhile, the c-Kit and SCF secreted pathways are the most well-

described ligand-receptor in inducing GMPs cell cycle entry, although the mSCF form may be 

central to this pathway given the proximity of Gr1+EdU+ cells to the vascular niche. Therefore, a 

new understanding of vascular mSCF is necessary to differentiate osteogenic and vascular niche 

functions. Furthermore, conflicting views surround CXCL12, and the inconsistent presence of 

these factors and CAR-cells across the BM vasculature reported in previous studies jeopardizes 

the establishment of definitive mechanisms through which Gr1+EdU+ cells may bind to CXCR4. 

Additionally, PLAU suggests more intricate niche mechanisms that rely on vascular remodeling 

as potential effectors of myeloid-GMP mobilization and regulation. This suggests the need for 

further research into vascular remodeling events and their impact on GMPs niches. Finally, no 

ECM seems to directly induce a proliferation stimulus in Gr1+ cells. 
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5.10 Summary 

 

Figure 5.1 Chapter 3 Findings summary. The in situ mapping of the myeloid Gr1 proliferative niche in the femur of adult mice 

shows that the local enrichment is context specific depending on the niche component in question. The osteogenic niche 

of the distal epi/metaphysis is characterized by TB, and at a 10-cells distance they enrich the niche of the majority of 

Gr1+EdU+ cells in a non-random fashion. Meanwhile, the vascular niche of the distal epi/metaphysis is the most abundant 

niche component here analyzed, and it enriches the majority of Gr1+EdU+ at a cell-contact distance in a non-random 

fashion. The peri-vascular niche, in contrast, enriches almost half of Gr1+EdU+ cells at a 10-cells distance with a weak 

significance despite its restricted abundance in the epi/metaphysis. Finally, the chondrogenic niche mapped by its THBS4 

ECM component did not represent a spatially relevant component of the Gr1+EdU+ environment. 
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The Immunofluorescent imaging efforts by means of 3D confocal microscopy is an 

effective and necessary tool for further mapping the bone and bone marrow ecosystem in relation 

to its niche functions in myelopoiesis, as proved here in Chapter 3, providing for the first time a 

robust mapping of proliferative GMPs-neutrophils. Meanwhile, proliferation labelling was 

effectively achieved by incorporation of the thymidine analogue EdU, representing a cost-friendly 

 

Figure 5.2 Chapter 4 Findings summary. Inferred communication pathways identified and explored based on CellChat analysis. 

GMPs (polymorphonuclear cells) in the BM ecosystem are preferentially located at a cell-contact distance from the 

vasculature; meanwhile, they remain mostly at a distance at 10 cells from the osteogenic component, which is mostly 

represented by bone trabeculae. Inferred cell-contact communication involves the ADGRG, ICAM, THY. SELL, SELPG 

and SIRP pathways; meanwhile ADGRG, ICAM, THY, CD276 and SIRP are involved with the osteogenic niche. ECM 

and receptor pathways are largely conserved in both niche contexts and involve THBS, collagen, laminins and fibronectin 

(FN). The most robust predictions identified were those mediated by secreted signaling: MK, SPP1, ADIPOQ, CXCL, 

PTN, KIT, GRN, CSF, IL2, IGF1 and EGF for the pathways through which the vascular niche may communicate with 

GMP-neutrophils. Finally, the osteogenic niche shows similar inferences mediated by MK, SPP1, ADIPOQ, CXCL, PTN, 

KIT, GRN, CSF, IL2 and IGF1. 
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and technically efficient option for exploring the in situ arrangement of proliferative cells in the 

BM, which follow particular hotspot patterns, especially among the bone trabeculae of the distal 

metaphysis and epiphysis of femurs. 

 Gr1+ cells, which represent GMPs-neutrophils, are proliferative and spatially 

accommodate preferably close to the BM vascularity, while remaining mostly at 10-cell distance 

to the bone niche in a non-random manner. This reveals for the first time among the reported 

references, a clear in situ proliferative-GMPs spatial niche architecture. 

 Moreover, the bioinformatics-neural network based SCVI model is an effective open-

source tool useful for integrating single-cell transcriptomic libraries and identifying relevant 

heterogeneity, comprising thousands of cells and expressed genes discernable by their 

transcriptomic profiles while identifying shared biological signatures. Then, the cell 

communication inference tool CellChatv2 can provide insights into transcriptomic competence 

between cells of interest, with clear sender-receiver roles in three relevant communication 

contexts: cell-to-cell contact, secreted signaling, and ECM-receptor interaction. However, further 

updated/curated L-R databases are important to explore and account for the BM context. Most 

cell-to-cell contact pathways revealed negative regulatory pathways among the osteogenic and 

vascular niches. ECM-receptor pathways revealed the greatest variety of targeted receptors; 

however, no clear proliferation-inducing effects could be confirmed by the L-R genes identified. 

Finally, the secreted signaling context provided the most promising pathways for the direct 

induction of cell proliferation by SCF-Kit, the crucial cell attachment axis of the CXCR4-CXCL12 

signaling pathway and further complex stimulus networks, which are mediated by insulin 

metabolism (IGF and IGFBP) and vascular proteolytic remodeling (PLAU); these require further 

in situ exploration and functional assays to explore further how they influence on granulopoiesis 

induction. 
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5.11 Supplemental data 

Marker genes identified for relevant granulocyte-neutrophil cells 

Cluster Marker genes 

Neutro Prog Mpo, Prtn3, Ctsg, Plac8, Pgam1 

Neutro Prog1 Elane, Ms4a3, Prtn3, Ctsg, Alas1 

Eo/Baso-Prog Ms4a2, Cpa3, Csrp3, Fcer1a', Lmo4 

Baso Prog Lig1, Dctpp1, Hells, Stmn1, Dtl 

Neutrophils  S100a8, S100a9, Lcn2, Camp, Ngp 

Neutrophils1 Jchain, C1qc, Gzma, C1qb, Retnlg 

Supplemental table 5.1. Clusters identified and annotated as the major granulocyte progenitor 

and neutrophil cells identities. 

 

CellChat. Cell-Cell contact L-R genes 

Ligand (Osteo-

Chondro Niche) 

Receptor 

(Granulocytes-

Neutrophils) 

Ligand (Vascular Niche) 

Receptor 

(Granulocytes-

Neutrophils) 

ICAM1 

ITGAL_ITGB2 

ICAM1 

ITGAL_ITGB2 

ITGAM_ITGB2 ITGAM_ITGB2 

ITGAM_ITGB2L ITGAM_ITGB2L 

SPN SPN 

ITGAL ITGAL 

ICAM 2 

ITGAL_ITGB2 

ICAM2 

ITGAL_ITGB2 

ITGAM_ITGB2 ITGAM_ITGB2 

ITGAM_ITGB2L ITGAM_ITGB2L 

COL3A1 
ADGRG1 

COL3A1 
ADGRG1 

TGM2 TGM2 

THY1 
ADGRE COL4A1 

ADGRG6 
ITGAM_ITGB2 COL4A2 

SIRPB1A CD47 
THY1 

ADGRE5 

SIRPB1B CD47 ITGAM_ITGB2 

SIRPB1C CD47 SIRPB1A CD47 

CD276 TREML2 SIRPB1B CD47 

  SIRPB1C CD47 

  SELL CD34 

  
SELE 

CD44 

  GLG1 

  CD34 SELP 

  LAIR1 LILRB4A 
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Supplemental Table 5.2. Genes identified and inferred to interact through cell contact pathways 

between niche cells as signal senders and granulocytes-neutrophils as signal receivers. 

 

CellChat. Secreted Signaling L-R genes 

Ligand (Osteo-

Chondro Niche) 

Receptor 

(Granulocytes-

Neutrophils) 

Ligand (Vascular Niche) Receptor 

(Granulocytes-

Neutrophils) 

CXCL12 CXCR4 CXCL12 CXCR4 

ACKR3 CXCL9 ACKR1 

KITL KIT CXCL10 ACKR1 

ADIPOQ ADIPOR1 KITL KIT 

ADIPOR2 ADIPOQ ADIPOR1 

SPP1 CD44 ADIPOR1 

ITGAV_ITGB1 SPP1 ITGAV_ITGB1 

ITGAV_ITGB5 ITGA4_ITGB1 

ITGA4_ITGB1 ITGA9_ITGB1 

IGF1 IGF1R ITGA5_ITGB1 

IGFBP3 TMEM219 IGFBP3 TMEM219 

IL7 IL7R_IL2RG IGF1 IGF1R 

TSLP IL7R_CRLF2 PLAU PLAUR  

MDK SDC1   

SDC2   

SDC4   

PTPRZ1   

ITGA4_ITGB1   

ITGA6_ITGB1   

LRP1   

NCL   

Supplemental Table 5.3. Genes identified and inferred to interact through secreted signaling 

pathways between niche cells as signal senders and granulocytes-neutrophils as signal receivers. 
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CellChat. ECM-Receptor L-R genes 

Ligand (Osteo-Chondro 

Niche) 

Receptor 

(Granulocytes-

Neutrophils) 

Ligand (Vascular 

Niche) 

Receptor 

(Granulocytes-

Neutrophils) 

THBS1 SDC1 THBS1 SDC1 

SDC4 SDC4 

CD47 CD36 

THBS3 SDC1 CD47 

SDC4 LAMA4 ITGA1_ITGB1 

CD47 ITGA6_ITGB1 

THBS4 SDC1 ITGA7_ITGB1 

SDC4 ITGA9_ITGB1 

CD47 CD44 

COMP SDC1 DAG1 

SDC4 LAMB1 ITGA1_ITGB1 

CD47 ITGA6_ITGB1 

LAMB1 ITGA1_ITGB1 ITGA7_ITGB1 

ITGA6_ITGB1 ITGA9_ITGB1 

CD44 CD44 

DAG1 DAG1 

LAMB2 ITGA1_ITGB1 LAMB2 ITGA1_ITGB1 

ITGA6_ITGB1 ITGA6_ITGB1 

CD44 ITGA7_ITGB1 

DAG1 ITGA9_ITGB1 

LAMC1 ITGA1_ITGB1 CD44 

ITGA6_ITGB1 DAG1 

CD44 LAMC1 ITGA1_ITGB1 

DAG1 ITGA6_ITGB1 

FN1 ITGA4_ITGB1 ITGA7_ITGB1 

ITGAV_ITGB1 ITGA9_ITGB1 

ITGA4_ITGB7 CD44 

CD44 DAG1 

SDC1 VTN ITGAV_ITGB1 

SDC4 PLAUR 

Supplemental Table 5.4. Genes identified and inferred to interact through ECM-Receptor 

pathways between niche cells as signal senders and granulocytes-neutrophils as signal receivers. 

  



119 

 

5.12 Limitations 

The present project initially aimed to collect data on bone samples from both male and 

female mice in a triplicate design for purposes of comparison and potential identification of sexual 

dimorphism. However, due to technical difficulties and time constraints, it was not possible to 

produce triplicates for both sexes, and samples were pooled. Therefore, the current results do not 

address this issue, and the interpretation operates under the assumption that there are no significant 

differences between male and female mice. However, this assumption may not be accurate and 

requires further exploration in future studies.  

The present project involved the immunofluorescent staining of granulocytes-neutrophils 

using an anti-Gr1 antibody. This staining strategy was the only one that produced images of 

myeloid lineage cells by confocal microscopy. Other antibodies targeting different myeloid 

lineages were tested, including Ter119 and CD271 (Glycophorin A), as well as CD117, CD11b 

and CD16, in order to identify erythroid cells, HSPCs and monocytes, respectively. However, 

despite using similar IF protocols, only Ter119 produced useful staining for identifying a wide 

spectrum of erythroblasts and erythrocytes. Therefore, despite the precise and extensive Gr1+ 

staining, the present results, which are based on Gr1+ staining only, lack further granulocyte 

lineage specificity. Following FACS protocols, a more comprehensive strategy usually requires 

combinations of cell surface markers to improve the specificity of the detected phenotype, as is the 

case for GMPs, which are considered to have an Sca-1+CD11b+Gr1+ phenotype. Several myeloid-

granulocyte lineages remain to be characterised in terms of their spatial niche composition, as 

Gr1+ staining alone is insufficient to provide a complete picture of granulocyte-derived cells.  

To identify the main elements of the niche available throughout the BM ecosystem, I used 

osteogenic (ALP, PDPN), endothelial (CD31) and peri-vascular (SM22) cell surface markers, 

and chondrogenic (THBS4) ECM marker. This staining strategy successfully identified most cell 

types reported to occupy and operate as specialized bone marrow niches. Nonetheless, the SM22+ 

produced a non-random enrichment worth exploring further with other cell-markers such as Sca-

1 and CD90, to identify the pan-perivascular niche thoroughly. Moreover, this extensive pan-

niche staining approach lacks the capacity to distinguish relevant heterogeneity among the cells 

described in the niches, particularly among BM stromal cells, which can be targeted using further 

staining markers such as CXCL12 and LepR. Therefore, the present results can only be 
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interpreted based on the single-cell transcriptomic competence data analysis regarding niche 

heterogeneity and its interaction with granulocyte-neutrophil cells of interest, without providing 

direct in situ spatial context for comparison.  

For image cytometry purposes, I relied on the computation and analysis of spatial distance 

values, which are described here as '10-cell diameter distance', representing 50µm, and 'cell 

contact distance', representing <5µm. These values were arbitrarily selected based on the average 

size of GMPs reported in the literature and confirmed during the image segmentation process of 

Gr1+EdU+ cells, which had a consistent diameter of 5µm. This was used to generate and interpret 

the present results. However, more precise distance variables need to be implemented as these 

distances may not accurately depict the spatial enrichment and dynamics of different chemokine 

factors, such as CXCL12 or soluble/membrane-bound SCF. This would provide more detailed 

insights into disputed perspectives on the local vs. gradient distribution of key chemokines and 

address the question about how extensive or restricted can a niche be in the BM. 

The datasets selected for the final integration of the scRNA-seq, as described and used in 

Chapter 4, are from a mix of female and male mice of different post-natal ages, ranging from 8 

to 16 weeks. This means that despite the differences being only a few weeks, there may be induced 

biases that do not completely and accurately represent the interactions identified in Chapter 4 

when compared with the in situ spatial data of 11–12 week-old mice used in Chapter 3.  

Cell clusters were identified and manually annotated to produce a diverse transcriptomic 

view of heterogeneous HSCs, HSPCs, GMPs, immune cells and niche cells. Consistent marker 

genes were used to identify and recognize the cell type represented in each cluster, providing a 

degree of confidence. Cell communication inferences were possible with a wide variety of pathway 

patterns. However, due to time constraints during the project, I was unable to test these pathways 

using in vitro-in vivo functional assays, which limited these inferences to hypotheses forming 

conclusions.  

5.13 Future directions 

Further expansion and optimization of cell surface markers for in situ IF would improve 

the resolution of both myeloid-granulocyte and niche heterogeneity, driving more comprehensive 

data and results. This would distinguish spatial patterns more specific and particular lineages, such 
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as monocytes with CD11b, CD16 and CD115; megakaryocytes with CD9 and CD41; erythroid 

cells with GypA, Ter119 and Sca-1; BM stromal cells with MSCs properties with CXCL12 and 

LepR; sinusoids with Stab2; and pericytes with Sca-1 and CD90.  

Future exploration should focus on more comprehensive and refined distance variables to 

account for the in situ spatial-dynamics of membrane-to-soluble factors, as well as inspecting the 

spatial tendencies of niche enrichment associated with each cell lineages. CXCL12 exploration 

already provided contrasting data, hence, other factors such as SCF with both soluble and 

membrane bound forms will clarify further the understanding on niches. Hence, PLA-IF staining 

is compulsory to clarify basic notions of the characteristics of the myeloid niche.  

Single-cell transcriptomics is an unparalleled tool for exploring gene expression, 

distinguishing functional heterogeneity and inferring cell communication dynamics based on their 

competence to perform, send and recognize specific signaling. As previously mentioned, the major 

limitation of this technique is the lack of spatial context, which restricts the scope for interpreting 

the results. Therefore, it is essential to extend the resolution of the data into a spatially coherent 

context using spatial transcriptomics assays, which have already been explored by Baccin et al. By 

means of spatial-laser capture dissection (LCM-seq), who achieved functional spatial 

transcriptomics of cortical bone tissue in the mouse femur and tibia; a technique with potential to 

increase the robustness with 3D imaging. Nevertheless, optimization to enable effective BM 

spatial transcriptome analysis will be necessary.  

Following the contrasts between in situ staining and transcriptome competence, the present 

project successfully overcame the limitations of each method. This is because the available data 

on gene expression cannot easily be extrapolated to the in situ composition without a reference 

point, in which case immunostaining becomes an invaluable tool. Hence, a greater number of 

replicates with the different staining markers are crucial to generate, in order to push the robustness 

of the Myeloid and GMPs-BM niches.  

CellChat cell communication inference tool is a useful resource for generating hypotheses 

about pathway patterns to be investigated in future studies. However, so far, the inferred 

communication relies on a unidirectional signaling source-signaling receiver. This could bias the 

interpretation of pathways, failing to reflect the putative bidirectional feedback communication 

system taking place between the niche and the granulocytes. As discussed here regarding the IGF-
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insulin dynamics, vascular niche cells express and react by means of CXCR4 stimulation. 

Meanwhile, some myeloid cells, such as monocytes, can express SDF-1 (CXCL12), and confirmed 

by the CXCL12 transcriptomic signature present among the neutrophil cluster. Therefore, 

feedback communication may play a significant role in determining how the niche responds to 

stimulation to induce further granulopoietic differentiation.  

Finally, the implementation of functional assays using in vitro cell cultures and in vivo 

KO/cKO of the pathways inferred by CellChat is crucial to verify these conclusions and move 

them from the scope of forming hypotheses to real data, which could have an unknown impact on 

the induction of myelopoiesis. In particular, exploring the cKO of SCF in situ, targeting expression 

among osteoblasts and ECs, and performing further ligation-protein IF imaging has the potential 

to reveal which form of the ligand (soluble or membrane-bound) is expressed by either niche. It is 

also highly promising to explore whether mSCF is distributed by means of gradients or local hot 

spots. Meanwhile, exploring combinations of vascular adhesion/ECM molecules with the binding-

induced effects of CXCL12 could provide further insight into whether this chemoattractant relies 

on cooperation with laminins or Vtn in vitro. Furthermore, the greater binding affinity of the 

ACKR3 receptor, which is proposed to perform CXCL12-scavenger functions, could be an 

interesting target for study by means of CXCR4-KO in vitro. Here, I could test whether 

incorporating doses of CXCL12 can induce a similar adhesive effect to that seen with CXCR4 

binding, or if ACKR3 can compensate at some point this effect. Finally, further scRNA-seq 

libraries are necessary to capture whole BM and bone cellularity, as in the case of Baccin et al., to 

formalize and standardize a compendium of datasets without risking batch effects, while 

categorizing by the transcriptome by means of sex, age, and state (steady or perturbed).  

5.14 Conclusions 

 Historically, the field of hematopoiesis and myelopoiesis is one of the most studied 

physiological systems, with roots stretching back centuries. Research on the BM has fed into the 

cell theory, leading to an understanding of stem cells and their unique self-renewal, proliferative 

and differentiation features. These features are at the core of regenerative medicine research. 

 The study of the BM and the conditions in which the myelopoietic system operates, 

regulates and coordinates has been of great interest for decades. The introduction of cell sorting 

and fluorescence-based assays has enabled the entire system to be immunophenotyped in detail. 
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However, one crucial component is still missing: The in situ spatial architecture of the adult BM 

and its inductive niches. 

 Considered the 'Holy Grail' of the field, understanding the niche composition and, by 

extension, the specific stimuli that coordinates the system is essential. 

 To this end, I present an analysis of the niche composition of proliferative Gr1+ cells, 

which represent the GMPs and neutrophils of the innate immune system. 

 This niche comprises the osteogenic and vascular components available in the BM, 

specifically among the trabeculae of the distal femur bone in adult mice. The niche composition 

enriches proliferative Gr1+ cells at different distances; the osteogenic component at 10 cells away 

and the vascular component by means of cell contact, forming the basic spatial architecture. 

 However, imaging approaches pose challenges and limitations that can be offset by the 

extensive data collected by single-cell transcriptomics techniques. Using this data, I was able to 

de novo identify the relevant cell types of interest for niche composition and GMP-neutrophils 

with great detail and heterogeneity. Using these cell types, I was able to employ cell 

communication inference tools to identify the putative crosstalk through which these cells 

communicate, which mostly depends on secreted signaling pathways. 

 Future research is needed on functional in vitro and in vivo assays to test the hypotheses 

formed by cell communication inference, while it is also crucial to continue generating robust 

spatial data mapping of such a complex tissue. 

 Ultimately, this work advances efforts in the field towards achieving the most desired goals 

of regenerative medicine, such as treating myeloid-related pathologies, ex vivo expansion of 

myeloid cells, and creating the ultimate atlas of the bone marrow and its functional niches. 
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