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Abstract 

Mesenchymal stem/progenitor cells (MSPCs) isolated from adult tissues and expanded 

ex vivo exhibit multipotency, immunomodulatory and regenerative properties; and thus 

are currently being assessed in many clinical trials. In contrast, this study focuses on 

understanding native MSPC properties to ultimately exploit their regenerative potential 

using pharmacological methods. It was previously demonstrated that pretreatment of 

mice with VEGF over 4 days primed MSPCs for mobilisation from the bone marrow (BM) 

to the peripheral blood in response to the CXCR4 antagonist, AMD3100. In this study, 

possible mechanisms underlying this response were investigated. In order to examine 

the effect of VEGF on MSPCs an in vitro system was initially established. Furthermore, an 

in vivo approach was utilised to investigate the mechanism whereby mobilising factors 

prime MSPCs for mobilisation by AMD3100. Mesenchymal and haematopoietic 

stem/progenitor cell (HSPC) mobilisation were compared to give insight into whether 

common or distinct pathways are involved. Stem cells are actively retained in the BM 

due to their expression of CXCR4 and the constitutive expression of CXCL12. It was 

demonstrated in this study that AMD3100 stimulates HSPC and MSPC mobilisation by 

reversing the gradient of CXCL12, from the BM to the blood; an effect that could be 

blocked with a novel CXCL12 neutraligand. MSPCs in the BM are closely associated to 

tissue-resident macrophages, and through their interaction regulate retention of HSPCs. 

In this study, macrophage depletion induced mobilisation of HSPCs and significantly 

enhanced their mobilisation by AMD3100. In contrast, mobilisation of MSPCs was 

impaired; suggesting that mobilising factors may signal via macrophages to prime 

MSPCs. Similarly, mice pretreated with G-CSF – shown to also deplete macrophages –



 

- 5 - 
 

impaired pharmacological mobilisation of MSPCs. These results suggest that 

macrophages play opposing roles in regulating the mobilisation of HSPCs and MSPCs. 
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1.1 Stem cells 

Stem cells are undifferentiated cells with the potential to self-renew indefinitely [1] and 

to give rise to differentiated progenitor cells. The stem cell pool is maintained via 

symmetric division which gives rise to two daughter stem cells or through asymmetric 

division which gives rise to one daughter stem cell and one daughter progenitor cell [2]. 

The daughter progenitor cells can then go on to further divide and differentiate into 

mature specialised cells (Figure 1.1). 

 

Stem cells can be divided into subtypes such as embryonic and somatic (adult) stem 

cells. Embryonic stem cells, isolated from the inner cell mass of blastocyst, are described 

as pluripotent cells that are capable of forming all tissue lineages (i.e. ectoderm, 

mesoderm and endoderm) [3]. These cells show limitless expansion and pluripotency in 

culture. Somatic stem cells, isolated from various adult tissues, are described as 

multipotent cells i.e. they have limited differentiation capacity; and also exhibit finite 

self-renewal. These cells are located in a microenvironment within tissues described as 

the stem cell niche. By providing appropriate environmental/paracrine signals, the 

niche maintains stemness properties (self-renewal, quiescence and multipotency) of its 

resident stem cells [4]. It is believed that during injury or disease, local stem cell stores 

proliferate and differentiate so as to provide progeny to restore tissue integrity and 

function [5-8]. Importantly, other studies have reported the bone marrow as a distant 

stem cell store which provides progeny  to maintain patrolling cells during steady state 

[9, 10] and to restore tissue homeostasis following disease or injury [11-15]. Indeed, 

stem and progenitor cells residing in the bone marrow are the most characterised adult 

stem cells to date.   
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Figure 1.1: The somatic stem cell niche 

Stem cell fate is highly regulated by physical, biological and chemical signals emanating within the niche. 

For example, specialised niche cells regulate stem cell properties and differentiation potential. The 

quiescent stem cell reservoir (in G0) may activate and divide symmetrically to produce two stem cells 

(symmetric renewal); or divide asymmetrically to give one stem cell and one progenitor cell. Progenitor 

cells then exit the quiescent stem cell niche to proliferate and to form mature cells (differentiation). 

 

Embryonic stem cells (ESCs) provide great promise for medical treatment, however 

advances in their use for cellular therapy has proven slower than envisioned at the time 

of their discovery due to ethical and safety concerns. For example, defined and 

optimised methods are essential for each medical condition since only differentiated 

cells are injected in humans; any contaminant ESCs can form teratomas [16]. In addition, 

differentiated cells may stimulate an immune reaction which results in their rejection. 

Induced pluripotent stem (iPS) cells, adult cells which are genetically reprogrammed to 

a pluripotent stage, have faced similar criticism over their safety in humans [17]. 

Somatic stem cells are attractive candidates for cellular therapy as they offer an ethically 
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supportable option, demonstrate fewer adverse effects and are safe to inject as 

undifferentiated cells. Indeed, haematopoietic stem and progenitor cells have been used 

in medical treatments for over 25 years, including treatment of: multiple myeloma, 

leukemia and congenital blood disorders. 

 

1.2 Mesenchymal stem/progenitor cells (MSPCs) 

While haematopoietic stem cells were the first somatic stem cell to be identified, in the 

same decade, Friedenstein and colleagues isolated what they termed “osteogenic stem 

cells” residing in animal bone marrow. Friedenstein et al. (1966) first observed 

fibroblast-like cells sprouting from bone marrow fragments, which when transplanted in 

mice created bone nodules [18]. Further studies in the 1970s reported that these cells 

could adhere to plastic, form colonies in vitro and commit to osteo- and adipogenic 

lineages [19, 20]. In an attempt to prove that they were fibroblastic in nature, Castro-

Malaspina et al. (1980) happened to study the same spindle shaped- and colony 

forming- cells in human bone marrow samples [21]. It was later that Pittenger et al. 

(1999) published detailed evidence on these human somatic stem cells characterising 

their antigen repertoire and trilineage differentiation. Indeed, this rare population of 

cells, devoid of haematopoietic markers CD34, CD45 and CD11b, represented 0.01-

0.001% of the whole bone marrow [22]. They were referred to, in Pittenger’s study, by 

their newly assigned term “mesenchymal stem cell” which was first proposed by Caplan 

in 1991. It was suggested that a clone-forming somatic cell which gives rise to progeny 

of mesodermal origin can be involved in repair and possible turnover of the adult 

skeletal tissue. Therefore, it seemed fair to acknowledge their origin, self-renewal and 

multipotency properties with this term [23]. Over time, differences in their “stemness” 
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properties, native versus cultured characterisation and function has contributed to a 

library of increasingly confusing nomenclature. Henceforth, I will refer to these cells as 

Mesenchymal stem/progenitor cells (MSPCs) in recognition that a heterogeneous 

population has been studied throughout the years under various conditions. In addition, 

I will refer to MSPCs that are studied in their natural/uncultured form as native MSPCs, 

to distinguish them from their culture-expanded counterparts. 

 

Mesenchymal stem/progenitor cells have since been reportedly isolated from almost all 

postnatal organs and tissues, such as adipose [24], skeletal muscle [25], lung [26], liver 

[27], spleen [28] and dental pulp [29]. Unlike MSPCs derived from the bone marrow, 

these MSPCs have not been fully characterised. Moreover, their precise location and 

function in these tissues is unknown. It has been suggested that MSPCs can commit to 

lineages atypical of their trileaneage differentiation of osteo-, adipo- and chondrogenic. 

Depending on external cues and/or epigenetic modifications, MSPCs have been reported 

to commit towards cardiomyocyte [30-32], endothelial [33, 34], smooth muscle [35] and 

neural [36] lineages. Brought together these studies may go a step further by suggesting 

MSPCs can exhibit pluripotency, offering a role in replenishment (via substitution) of all 

tissue types after injury/disease. However, this notion is highly controversial [37]. 

 

1.2.1 Mesenchymal Stem/Progenitor Cells: candidates for cellular therapy  

In addition to multipotency, isolated MSPCs exhibit other potential reparative 

properties. Transplanted cultured MSPCs preferentially migrate to sites of injury and/or 

inflammation [13, 38] where they are thought to secrete a range of soluble factors, some 
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of which are mitogens that support cell survival and proliferation for restoration of 

tissue integrity. Whilst others or similar factors, may mediate immune responses that 

dampen inflammation in order to promote resolution of inflammation [39].  

 

1.2.1.1 Migration 

MSPCs express a broad range of chemokine receptors [40] and adhesion molecules [22, 

41], and following transplantation, it was suggested that these surface molecules 

coordinate their recruitment in response to internal cues released by damaged/diseased 

tissue (i.e. chemokines) (Figure 1.2). It has been shown – in vitro – that MSPCs display 

coordinated rolling and adhesion behaviour similar to leukocytes and haematopoietic 

stem/progenitor cells (HSPCs). This process was reported as heavily dependent on 

interactions to P-Selectin and Vascular Cell Adhesion Molecule 1 (VCAM-1) displayed on 

endothelial cell surfaces [41]. Furthermore, once MSPCs arrest at the desired site they 

migrate either transcellularly or paracellularly through the activated endothelium. Teo 

and colleagues (2012) reported that early transmigration of human MSPCs involved 

non-apoptotic blebbing [42]; behaviour previously seen during embryonic and tumour 

cell invasion of tissue. In support of chemokine signalling dependence, both adhesion 

and transmigration of MSPCs were inhibited after pertussis toxin (PTX) treatment [42] – 

a potent G-protein coupled receptor pathway inhibitor. It has also been demonstrated that 

MSPCs produce a number of matrix metalloproteinases (MMPs) to facilitate their 

motility and invasion of tissues [43, 44].    
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Figure 1.2: Migration of Mesenchymal stem/progenitor cells to damaged tissue (active homing) 

MSPCs roll and tether on the activated endothelium, where they follow a chemokine gradient to enter the 

site of tissue damage. Rolling and tethering brings cells in close proximity to the endothelium, where 

chemokines produced from endothelial cells/underlying tissue are presented. Chemokine receptors are 

then activated which subsequently stimulate firm adhesion of MSPCs to endothelial cells via VLA-

4/VCAM-1 interaction. Finally, MSPCs exhibit dynamic non-apoptotic blebbing protrusions to enable 

diapedesis; cells exhibit two main routes of transmigration: either between or directly through endothelial 

cells.  

 

1.2.1.2 Tissue repair and regeneration 

In early years, the therapeutic potential of MSPCs was examined on the basis of their 

multi-lineage differentiation capacity. Indeed, cultured MSPC administration into a 

number of animal models of injury including stroke [45], myocardial infarction [32, 46, 

47] and bleomycin-induced fibrosis [48], demonstrated reduced symptoms and 

enhanced recovery of tissue function. In these studies, viable MSPCs were scarcely 

detected at sites of injury where few took the form of tissue-resident cells. In a large 

animal model, sex-mismatched allogeneic MSPCs were infused locally twelve weeks post 
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myocardial infarction. In this study, Y-chromosome positive MSPCs engrafted within and 

around the infarct site where, with time, differentiated into cardiomyocytes identified by 

markers GATA-4, NKx2.5 and α-sarcomeric actin co-localisation [46]. Similarly, Ortiz et 

al. (2003) showed that recruited sex-mismatched MSPCs engrafted and displayed 

epithelium differentiation in bleomycin-induced lung injury [48]. In addition, MSPC-

therapy has shown better promise in mouse models of genetic disorders, such as 

muscular dystrophy [49] and osteogenesis imperfecta [50, 51]. It was suggested that 

MSPCs could supply genetically normal progeny for functional tissue formation. Guillot 

and colleagues (2008) detected intrauterine-transplanted MSPCs at anabolic bone and 

fracture sites in offspring suffering from osteogenesis imperfecta. In this study, recruited 

MSPCs displayed osteoblast-lineage commitment and contribution to matrix formation. 

Following on from this, Guillot et al. (2008) suggested that allogeneic MSPCs may be 

used for treatment of osteogenesis imperfecta during pregnancy [50].  

 

Despite considerable contribution as skeletal tissue progenitors for treatment of 

fractures, fibrous dysplasia and osteogenesis imperfecta; cellular therapeutics of non-

skeletal injuries/disorders has moved away from the notion that MSPCs contribute to 

repair via their engraftment and transdifferentiation. In the studies described earlier, 

only a small number of cells that were injected showed engraftment. Other animal, and 

notably human studies, failed to detect long-term engraftment of cells in tissues; despite 

demonstrating significant therapeutic advantage [52-55]. It became increasingly clear 

that MSPCs were regulating tissue regeneration through their secretion of trophic and 

immunosuppressive factors. In support of this, Iso and colleagues (2007) showed that 

cultured MSPC-derived factors protected cardiomyocytes and endothelial cells from 
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ischemia, ex vivo, and proposed that these same factors were responsible for 

improvements in cardiac function [53]. In another similar study, intravenously injected 

species-mismatched MSPCs, embolised in recipient lungs, showed marked expression of 

Tumor necrosis factor-inducible gene 6 protein (TSG-6), an anti-inflammatory factor. 

Following on from this, Lee et al. (2009) conducted siRNA knockdown of TSG-6 in 

MSPCs which impaired therapeutic benefits in myocardial infarction [54]. Indeed, some 

studies reported that MSPC-conditioned media sufficiently promoted hepatocyte 

regeneration [56, 57], cardiac regeneration [58, 59] and wound healing [52, 60]; 

suggestive of  an abundance in reparative factors. Many of these factors have been 

identified to date, inclusive of Vascular endothelial growth factor (VEGF), Angiopoietin-1 

(Ang-1), Platelet-derived growth factor (PDGF), basic Fibroblast growth factor (bFGF), 

Transforming growth factor-β (TGF-β), Insulin-like growth factor-1 (IGF-1), Interleukin-

10 (IL-10), Granulocyte colony stimulating factor (G-CSF), C-X-C motif chemokine 12 

(CXCL12), chemokine (C-C motif) ligand 2 (CCL2) and Thymosin- β4 [60-62]. For 

example, chemokines CXCL12 and CCL2 are thought to recruit additional endogenous 

progenitor cells and immune cells for repair and regeneration [60, 63]. 

 

1.2.1.3 Immunomodulation and immunosuppression 

MSPCs exhibit remarkable immunomodulatory and immunosuppressive properties 

determined via their interaction with cells of the adaptive (e.g. T-, B- and Dendritic cells) 

and innate (e.g. Monocytes/Macrophages, Neutrophils and Natural killer cells) immune 

system.  Heavily dependent on dosage for their effects, MSPCs supress the proliferation 

of T cells and subsequent formation of CD4+ and CD8+ cytotoxic T cells (CTLs) [64-66]. It 

is understood that MSPCs downregulate cyclin D2 expression, machinery required for 
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transition into the S phase, to prohibit division of T cells [66]. Though reported as 

independent of cell-cell contact, B cells similarly appear under cell cycle arrest – fixed in 

G0/G1 phase – when in the presence of MSPCs [67]. Moreover, in a yet undefined 

mechanism MSPCs inhibit B cell differentiation into antibody-producing entities [67]. T 

cell effector functions are also impaired, such as cytotoxicity of CD8+ CTLs [68, 69] and 

interferon-γ production by “unconventional” T cell subsets (natural killer T- and  γδ T 

cells) [70]. 

 

According to more recent reports, MSPCs’ impact on T cells does not stop at inhibition of 

their pro-inflammatory activities. Indeed, it has emerged that MSPCs mediate 

reprogramming of “conventional” T cells into a suppressor subset called regulatory T 

(Treg) cell [71, 72]. Evidence to support this was presented by enhanced tolerance of 

heart transplants, in mice receiving MSPCs, which displayed evident expansion of 

CD4+CD25+Foxp3+ Treg cells in their spleens [71]. Further in vitro studies identified 

MSPC-derived soluble factors and an intermediate cell to be mediating Treg cell 

formation [72]. It is believed that antigen presentation, an activity upstream of T cell 

pro-inflammatory fate, is diminished by impaired differentiation and maturation of 

functional Antigen presenting cells (APCs) [73]. This suggests that MSPCs suppress 

further immunogenic stimulus and encourage sustained immunosuppressive activity by 

Treg cells. In addition to Treg polarisation, it is now widely accepted that MSPCs mediate 

polarisation of monocytes (or M1-) toward M2 macrophages, bearing anti-inflammatory 

profile, to boost resolution of inflammation [74-76]. Importantly, recruitment of 

monocyte/macrophages by MSPC-secreted chemokines and subsequent polarisation to 

M2 macrophages has been suggested to mediate tissue repair after injury [60, 63, 77]. 
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As many may be [65, 78]; not all MSPC-mediated processes are necessarily dependent 

on cell-cell contact [67, 79]. Notably, close proximity between MSPCs and immune cells 

was a common factor in almost all mechanistic studies [64, 80], which suggested 

paracrine signalling was key to their immunomodulatory activities. Indeed, in many 

cases, it is a combination of initial cell-cell contact and subsequent release of soluble 

factors from MSPCs themselves and/or an intermediate cell such as 

monocytes/macrophages [64, 72, 74, 75, 81, 82]. In support of paracrine signalling, an 

array of immunosuppressive molecules, such as Nitric Oxide (NO), indoleamine 2,3-

dioxygenase (IDO), Prostaglandin E2 (PGE2), TSG6, TGF-β, and Hepatocyte growth factor 

(HGF), have been identified [39, 83]. 

 

Originally, MSPCs were recognised for their anti-inflammatory activity; however it is 

now generally accepted that this behaviour is governed in vivo by the tissue 

environment (i.e. tissue’s immune and microbial pathogen status). Indeed, MSPCs also 

exhibit a form of polarisation, and depending on the environmental stimulus, can adopt 

either an anti-inflammatory (MSC2) or pro-inflammatory (MSC1) profile [81]. This is 

exemplified in the work undertaken by Waterman and colleagues (2010) which 

stimulated different “danger” signal receptors (Toll-like receptors) on MSPCs and 

demonstrated opposing effects on their immunosuppressive activities. TLR4-primed 

MSPCs (MSC1) failed to suppress T cell activation in vitro, and in addition, aggravated 

inflammatory lung injury in mice [84]. Moreover, TLR activation on MSPCs by 

lipopolysaccharide (LPS; mimics microbial pathogens), promoted neutrophil [85, 86] 

and monocyte [87] recruitment for an inflammatory immune response. This suggests 
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that in order to guarantee efficacy of MSPCs to deliver immunosuppressive activities, it 

is important to ensure correct timing/tissue status or even priming of MSC1 phenotype 

prior to their transplantation. In line with this notion, priming of MSPCs with 

inflammatory cytokines enhanced therapeutic benefits in animal models of Graft-versus-

host disease (GvHD) [88] and myocardial ischaemia/reperfusion injury [89]. 

 

 

Figure 1.3: Mesenchymal stem/progenitor cell isolation, characterisation and therapeutic 
properties 

Mesenchymal stem/progenitor cells may be isolated from various tissues such as adipose or bone marrow 

using their plastic adherence attribute. MSPCs are characterised by their mesenchymal (green) and non-

haematopoietic (red) immunophenotype, including their potential to give rise to osteoblasts, adipocytes 

and chondrocytes. MSPCs are expanded ex vivo prior to being injected into humans for therapy. 
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1.2.1.4 Clinical application of MSPCs 

Cultured MSPCs were originally thought as ‘immune privileged’ due to their low 

expression of MHC class I and absent expression of MHC class II, CD40, CD80 and CD86 – 

molecules that relay immunogenic signals [90]. Given their apparent non-immunogenic 

phenotype, delivery of allogeneic MSPCs was conducted during human studies. This 

offered a number of advantages, such as (a) access to an immediate source of cells which 

have been screened and selected for their vigour to treat disease, (b) absence of batch-

to-batch variation of cells delivered to patients and (c) lack of requirement for 

immunosuppressant drugs. Such reports of multipotency, hypoimmunogenicity, 

directed migration and numerous reparative and/or regenerative properties (Figure 

1.3) had attracted scope in treating a vast range of disorders and injuries. Demand is 

certainly reflected by the large number of clinical trials currently underway or 

completed, with over 350 studies registered on clinicaltrials.gov under the search query 

‘mesenchymal stem cell’. These include trials for treatment of cardiovascular and lung 

diseases, autoimmune disorders, bone neoplasms and haematologic disorders (Figure 

1.4).  

 

While some trials reported significant clinical benefits in the treatment of acute GvHD 

[91-93], myocardial infarction [94, 95] and osteogenesis imperfecta [96, 97], the overall 

efficacy of MSPC-therapy remains inconclusive due to diverse outcomes of many other 

clinical trials. For example, recent phase III clinical trials conducted by Osiris 

Therapeutics – aiming to treat severe refractory GvHD – have reported four clinical trial 

failures within a year.  Indeed, one of these trials demonstrated no signs of improvement 

in their largest group of GvHD patients receiving cultured MSPCs [98].  
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As an initial step to avoid ambiguity and limit variables between clinical studies, an 

outline of minimal criteria was published. The Mesenchymal and Tissue Stem Cell 

Committee of the International Society for Cellular Therapy proposed that human 

MSPCs must be defined by: (a) plastic adherence, (b) positive expression of CD105, 

CD73, CD90 and negative CD45, CD34, CD14 or CD11b, CD79α or CD19 and MHC class II, 

and (c) trilineage differentiation in vitro [99] (Figure 1.3). Despite cultured MSPCs 

meeting these basic criteria, there are other important factors that may affect efficacy 

which are not considered. These factors will be discussed later in this chapter. 

 

 

Figure 1.4: Doughnut chart showing the number of current clinical trials using MSPCs for cellular 
therapy 
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1.2.2 Difficulty in identifying MSPCs: purification and characterisation 

In addition to the surface antigens recommended in 2006, cultured MSPCs generally 

express CD29, CD44, CD13 and CD10 [100, 101]. Other surface antigens have also been 

identified, including CD146 [102, 103], CD271 [104], Stage-specific embryonic antigen 4 

(SSEA-4) [105], STRO-1 [106] to name but a few, and are thought to stand as potential 

markers for human MSPCs. However, these are not universally expressed on all MSPCs, 

and much still remains unknown about how these markers link to biological function 

and therapeutic capacity. It is important to note that our understanding of MSPCs’ 

surface phenotype was established on monolayer cell cultures, and variability in 

expression has been demonstrated [107]. For example, CD34 was originally undetected 

on MSPCs [22], however more recent studies have demonstrated positive expression 

[108-110].  It is almost certain that different tissue sources, heterogeneity of population 

and variable culture conditions contribute to this. Indeed, some studies have shown that 

in vitro conditions upregulate CD44 [111], CD73 [111] and CD146 [111, 112], and 

downregulate CD34 [110] and CD271 [111] surface expression. Consequently, there is 

no single marker that may be used to definitively identify MSPCs for ease of studying 

them in vivo or for purification and immediate use in patients.  

 

1.2.3 Factors that make interpretation of MSPC clinical trials difficult 

MSPCs cellular therapeutic potential is dependent on dosage, administration route and 

preparation process (e.g. source and quality) [61]. In clinical trials currently ongoing, 

there is a large variation in all these factors making it difficult to compare between 

studies. For example, different sources of MSPCs are used, such as those derived from 

bone marrow (BM) [91], adipose [113] and umbilical cord [114, 115], without having 
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considered the possibility of functional differences. In addition, the source is often not 

readily reported on the clinicaltrials.gov public database. Indeed, the choice of MSPC 

source for a specific application is often not supported by preclinical studies rigorously 

comparing efficacy of MSPCs from different tissues. Where MSPCs have been developed 

into a product, as for example ProchymalTM used during the Osiris studies, the quality of 

these cells is unknown. Thus, the absence of standardised practice is possibly 

contributing to unclear efficacy of MSPCs as a cellular therapy [13, 61]. 

 

1.2.4 Limitations of extensive culture-expansion 

A clear dose-response in studies transplanting cultured MSPCs, has resulted to a 

requirement of at least 1-2×106 cells/kg patient to achieve therapeutic benefits [116]; 

such yields are only attainable with considerable in vitro expansion that may induce 

genomic, phenotypic and functional changes in MSPCs [117]. 

 

1.2.4.1 Genomic instability 

It has been shown that MSPCs enter replicative senescence during extended culture 

expansion [118-121]. According to these studies, senescence of MSPCs was associated 

with rapid telomere erosion [120],  DNA methylation instability [121]  and marked 

upregulation of senescence-associated genes [122] that were detected in early culture 

passages. Given that further culture expansion of senescent cells results in chromosomal 

instability; it was advised that exhaustive expansion of human MSPCs be avoided. For 

example, many studies have reported transformation of murine MSPC cultures as a 

consequence [123, 124] [125]. Despite that transformation of human MSPCs is less likely 
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to occur under correct culture conditions [126], cells may exhibit progressive loss of 

multipotency [127] and fundamental changes in their secretory profile [111, 128]. 

 

1.2.4.2 Phenotypic and migratory changes 

Freshly isolated MSPCs are thought to exhibit superior migration ability to injured tissue 

in comparison to their culture-expanded counterparts [129]. One significantly 

noticeable phenotypic change caused by in vitro expansion is the increase in cell size. As 

a result of this, a large percentage of intravenously administered MSPCs become 

entrapped in microvasculature; primarily in the lungs [54, 130, 131]. In addition to their 

restricted migration through capillaries, chemotactic activity may also be impaired. For 

example, several studies have reported a loss of the homing receptor, C-X-C chemokine 

receptor type 4 (CXCR4), in culture-expanded MSPCs [41, 132-135].  

 

1.2.5 Targeting native Mesenchymal stem/progenitor cells as a therapeutic 

alternative 

An alternative to cellular therapy is to exploit the regenerative potential of native MSPCs 

using pharmacological methods [136-141]. For example, in one study, long-term 

parathyroid hormone (PTH) treatment stimulated bone anabolism and improved bone 

mass in osteopenic rats as a result of an enhanced supply in osteoprogenitor cells. The 

authors suggested that PTH was directly influencing resident MSPCs function to provide 

bone precursors [140]. Similarly, in another study, a special synthetic ligand LLP2A was 

used to direct MSPC function towards bone formation. Indeed, the synthetic 

peptidomimetic ligand targeted α4β1 integrin on MSPCs, classically implicated in 



Chapter 1 

- 31 - 
 

osteolineage commitment, and also carried a biphosphate molecule which regulated 

localisation of LLP2A to the bone surface. This treatment was shown to prevent age- and 

disease-related bone loss; it was suggested that LLP2A directed migration and retention 

of native MSPCs to the bone, and subsequently, their differentiation into bone cells 

[141]. Furthermore, Kumar and colleagues (2012) suggested that pharmacological 

mobilisation of BM MSPCs into peripheral blood stimulated enhanced skeletal fracture 

healing in mice [139]. Administration of Substance P was also shown to mobilise native 

BM MSPCs into circulation, which were suggested to regulate accelerated wound healing 

in a distant organ (mouse and rabbit eyes) [138]. This approach is thought to exploit and 

boost a response that occurs naturally in animals and man during development, injury 

or disease.  

 

Despite these promising studies, little is known about native MSPCs bona fide 

immunomodulatory activities and regenerative capacity in adults, and less so on their 

contribution to non-skeletal tissue repair in vivo. Therefore, pharmacological methods 

that induce mobilisation of native MSPCs may be used to further our understanding, and 

in future enable application of this technique for therapy. There is a wealth of literature 

with respect to pharmacological mobilisation of HSPCs from the bone marrow. Indeed, 

the bone marrow is considered as a reservoir of stem/progenitor cells and leukocytes 

that can readily mobilise into the blood. Thus, the bone marrow is an ideal site to 

conduct research of this nature to investigate whether MSPCs can be mobilised from this 

tissue. Notably, there is a recent growing body of literature characterising 

subpopulations of native MSPCs resident in the bone marrow, which also goes on to 
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examine their biological functions in vivo [142, 143]. These MSPC subpopulations will be 

described later in this chapter. 

  

1.3 The bone marrow 

1.3.1 The structure of the bone and bone marrow 

The bone as an organ is complete with cartilaginous joints, growth plates, marrow, 

cortical and trabecular structures [144]. Indeed, long bones begin as cartilage templates 

which are gradually invaded by blood vessels carrying with them osteoprogenitors 

derived from the primitive perichondrium layer. Cartilage cells (chondrocytes) are 

removed; osteoprogenitors populate the residual matrix scaffold and proceed to 

regulate ossification of the structure. Following on from this, stromal and 

osteoprogenitor cells populate the medullary (marrow) cavity and through their 

secretion of trophic and chemotactic factors encourage relocation of the primary 

haematopoiesis site from foetal liver to the bone marrow [145-147]. In adult long bones, 

the medullary cavity is mostly filled with yellow marrow (adipose tissue), whilst red 

marrow (haematopoiesis site) lies within honeycomb-like chambers of trabecular bone 

[148]. Trabecular bone tissue is a lighter, high surface area structure in comparison to 

the dense cortical bone which surrounds it. Distinct layers of connective tissue, i.e. the 

periosteum and endosteum, line the outer and inner surfaces of the bone respectively. 

[149]. Notably, the bone accommodates a highly vascularised network to satisfy the high 

metabolic needs of bone (turnover) and marrow tissue (haematopoiesis) [150].  

 



Chapter 1 

- 33 - 
 

Bone tissue is composed of mineralised and non-mineralised (osteoid) collagen matrix 

that is under constant remodelling throughout adult life. It is believed that a highly 

dynamic structure ensures overall harmony in a system that is under continuous 

eroding forces and fracture risk. Indeed, it all comes down to specialised bone cells with 

discrete roles; i.e. the osteoblasts which produce osteoid and osteocytes for bone 

formation, and the osteoclasts for bone resorption [149]. The bone marrow acts as a 

reservoir of mature granulocytes and somatic stem/progenitor cells: HSPCs, MSPCs and 

endothelial progenitor cells (EPCs) (Figure 1.5). Essentially, the bone marrow provides a 

protective microenvironment for haematopoiesis, with generous perfusion and 

abundance in niche-supporting factors. Wherefore the marrow stroma consisting of 

adipocytes, MSPCs, macrophages, endothelial cells (ECs) and rich extracellular matrix 

(ECM) ensures tight regulation of HSPC proliferation and differentiation into myeloid 

and erythroid cells. In addition to blood-derived factors and gaseous exchange, the 

vascular compartment collects newly-formed haematopoietic and progenitor cells for 

systemic circulation [10, 151, 152] and recovers ageing neutrophils for clearance during 

homeostasis [10, 153]. 

 

1.3.2 The bone marrow vasculature 

The vascular anatomy of long bone is well-characterised to date, comprising of arterial 

inlets: main nutrient artery, periosteal, metaphyseal and epiphyseal arteries and 

reciprocal venous outlets. Altogether, with an exception of the periosteal system, the 

vasculature supplies blood to adult bone tissue in a centrifugal direction whilst the 

marrow cavity experiences centripetal flow. Importantly, the medullary/central artery 

runs along the centre of the marrow cavity, and separates into radially oriented 
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branches; these arterioles then span along the periphery of the marrow (endosteum) 

and as capillaries feed the marrow venous sinusoids. Finally, these run back towards the 

marrow cavity where they coalesce into the central sinus [154]. It has been estimated 

that the mean oxygen content in a healthy bone marrow is between 6-7% [155], but was 

suggested to drop down to 1% in endosteal sites distant from their nearest capillaries 

[150]. The intricate sinusoid network consists of an irregularly-shaped, fenestrated and 

thin endothelium which grants bidirectional exchange of factors and cells between blood 

and the haematopoietic compartment. Its specialised function is owed to a continual 

layer of endothelial cells with primarily absent basal lamina and partial adventitial 

reticular cell coverage on the abluminal side [148].  

 

Bone marrow sinusoidal endothelial cells are poorly characterised and little is known 

about the mechanisms behind their selective cell transfer to the lumen. Despite 

difficulties in isolating primary cells, histology and immunostaining of the bone marrow 

demonstrated that sinusoids have an exclusive VEGFR-2+VEGFR-3+SCA-1- surface 

phenotype and can be distinguished from arterioles [156]. In addition, several studies 

have identified constitutive expression of adhesion molecules, VCAM-1, P- and E- 

selectin  on the surface [148, 157-159], as opposed to other organ endothelium which 

require activation by inflammatory stimulus to upregulate them. This data suggests a 

role in continual trafficking of cells to and from the bone marrow. For example, on a day-

to-day basis an average of 1-2×1011 neutrophils [9] are reportedly generated in adult 

bone marrow of which a fairly small proportion patrol during homeostasis; these stores 

become rapidly released into peripheral circulation following infection or injury. It has 

been demonstrated that neutrophils respond to an acute upregulation of circulating CXC 
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chemokines, and exit bone marrow stores via transcellular migration through the 

sinusoidal endothelium [160]. Similarly, this mechanism may apply to acute 

mobilisation (enhanced egress) of HSPCs in response to injury. 

 

 

Figure 1.5: Bone marrow stem/progenitor cells 

The bone marrow accommodates three main somatic stem/progenitor cells: endothelial progenitor cells 

(EPCs), haematopoietic stem cells (HSCs) and Mesenchymal stem/progenitor cells (MSPCs). 

Haematopoietic stem cells give rise to all terminally differentiated cells of the blood system from a 

number of progenitor cell intermediates (HPCs). 
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1.3.3 Haematopoietic stem/progenitor cells 

Haematopoietic stem cells (HSCs) appear at the apex of the haematopoietic hierarchy; 

this maps the formation of all terminally differentiated cells of the blood system from a 

number of progenitor cell intermediates (HPCs). For example, HSC-derived multipotent 

progenitors will divide into two major branches: the lymphoid branch that includes T- 

and B- cells, and the myeloid branch that includes monocytes, neutrophils, red blood 

cells and platelets [161] (Figure 1.5). Since their discovery in 1961 by Till and McCulloch 

[162], HSCs have been extensively studied in mice and humans, and are the primary 

foundation of our understanding of stem cells present in adult tissues.  

 

It has been proposed that the bone marrow niche contains two types of HSCs; long-term 

HSCs (LT-HSCs), which rarely divide to preserve the HSC pool, and short-term HSCs (ST-

HSCs) which proliferate and are precursors to multipotent progenitors. These two 

classes were founded on their ability to reconstitute cells in murine bone marrow with 

differing durability of engraftment [163], and are yet to be described in humans. To 

understand the cause of differing engraftment capacity, early work conducting 

proliferation kinetic studies showed that LT-HSCs would divide on average every 1 to 2 

months [164]. However, a recent study demonstrated that within this dwelled a 

dormant subpopulation, representing 15% of LT-HSCs, which only divided five times 

throughout the lifetime of the organism [7]. Dormant LT-HSCs are thought to serve as a 

silent reservoir during homeostasis, but strikingly undergo rapid cell cycle entry in 

response to injury [6-8]. In addition, this process is believed to be reversible; i.e. 

dormancy may be re-established upon restoration of homeostasis. HSPCs can be readily 

identified by probing for an assortment of immune surface markers [163, 165, 166], and 
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unlike MSPCs, are directly transplanted into patients undergoing cellular therapy – 

without the need of ex vivo expansion. Originally, HSPCs were harvested from bone 

marrow aspirates to yield cells for therapeutic application; however given their ability 

to mobilise into peripheral circulation, pharmacological methods were established to 

harvest HSPCs by apheresis [167]. 

 

1.3.4 Native Mesenchymal stem/progenitor cells 

Unlike HSCs, where ‘’stemness’’ assays: examining self-renewal and multipotency 

properties at single cell level – have been refined over the years, there are no such clear-

cut assays for MSPCs. It is important to highlight that only a handful of studies, and 

indeed very recent, have succeeded in evaluating possible native MSPC ‘’stemness’’ and 

activity in adult bone marrow. Whilst it is believed that MSPCs contribute to skeletal 

components during development [147, 168, 169], in adult life – it has been suggested 

that MSPCs are a critical component of the HSPC niche [169-176]. In these studies, 

subpopulations of MSPCs were identified by expression of CD146 [170], Nestin [171, 

172], CXCL12 [174-176] or stem cell factor (SCF)/Leptin receptor (LEP-R) [169, 177]. 

 

For example, the neural stem cell marker Nestin [178] identified a rare stromal 

population in Nestin-GFP mouse bone marrow, which was directly associated with 

sympathetic nerve fibres. This population represented 0.08% of total nucleated cells. 

Following isolation, Nestin-GFP+ cells demonstrated clonal and sphere formation 

capacity, and trilineage differentiation in vitro. Importantly, these cells could be serially 

transplanted into mice to form ossicles comprising of fully active haematopoietic centres 
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[171].  On the other hand, without the need of transgenic reporter mice, Morikawa and 

colleagues (2009) identified and isolated MSPCs by their surface expression of early 

mesodermal marker PDGF receptor-α (PDGFR-α) [179] in combination with the stem 

cell marker stem cell antigen-1 (SCA-1) [180]. Similarly these cells (PαS) represented a 

rare population in tissue (0.05%) [181], and showed clonal ability and trilineage 

differentiation in vitro. In addition, PαS cells could be serially transplanted into lethally 

irradiated recipient mice to restore and support haematopoiesis [182]. A subsequent 

study demonstrated that although the PαS population showed poorer expression of 

classical HSC-niche supporting factors such as SCF and CXCL12 during homeostatic 

conditions, they had marked expression of matrix proteins osteonectin and 

proteoglycan-4 – implicated in the regulation of haematopoiesis [176]. It was shown 

that both isolation methods – Nestin-GFP+ and PαS – established enrichment of native 

MSPCs which were largely quiescent, and resistant to irradiation damage in vivo [171, 

172, 182]. 

 

The studies described previously, identified two distinct native MSPC subpopulations 

based on their expression of particular stem cell markers [171, 181, 182]. Other studies 

remotely identified native MSPC subpopulations following characterisation of reticular 

cells with abundant expression of proteins important in haematopoiesis. For example, 

transgenic CXCL12-GFP reporter mice were used to investigate cells which expressed 

endogenous CXCL12 in bone [183]. It was reported that high CXCL12-expressing cells 

were comprised of a small stromal population which was detected throughout bone 

marrow, but absent in bone and endosteum tissue [174, 183]. This population gained 

the term CXCL12-abundant reticular (CAR) based on its apparent phenotype [174]. 
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Subsequent studies found that CAR cells contained clonogenic activity [169], 

demonstrated adipo- and osteogenic differentiation in vitro, and adipogenic 

differentiation in vivo [175]. It is notable that none of these studies examined whether 

CAR cells can differentiate into chondrocytes [169, 175]. In another example, the GFP 

gene was knocked into the endogenous SCF locus to identify SCF-expressing cells in the 

bone. This method identified a rare population (0.027%) which similarly to CAR cells 

was primarily located throughout bone marrow tissue [177]. Gene expression profiling 

identified that this population contained high expression of mesenchymal lineage 

markers. It was also established in this study that SCF-GFP+ cells significantly expressed 

the receptor for leptin (LEP-R), which was subsequently found to be exclusive to 

mesenchymal stromal cells [177]. In a subsequent study, LEP-R+ stromal cells were 

reportedly detected in greater numbers (0.2-0.3%) in tissue. This population 

demonstrated clonal ability, and trilineage differentiation in vitro and in vivo. Clonogenic 

LEP-R+ cells, similarly to Nestin+ MSPCs, formed bony and haematopoietically active 

ossicles following transplantation in vivo [169].  

 

It is believed that there is considerable overlap between native MSPC subpopulations 

identified to date [169, 171-173, 175, 177, 182] (Figure 1.6). LEP-R+ MSPCs were 

initially thought to be distinct from the Nestin+ cells since they lacked endogenous Nestin 

expression. In contrast, Pinho and colleagues (2013) reported that the majority of LEP-

R+ cells – that were isolated in their studies – were also characterised as Nestin-GFP+ 

[173]. Another recent study subsequently demonstrated that the LEP-R+ subpopulation 

exclusively overlapped low Nestin-GFP+ cells (Nestindim) [169]. While both Nestin+ and 

LEP-R+ cells homogeneously express PDGFR-α, they are thought to be distinct from the 
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PαS subpopulation since only 6% and 12% of these cells express SCA-1 respectively 

[169, 173, 177]. In support of this, another study reported that PαS cells lacked 

expression of Nestin and LEPR genes [176]. In contrast, all PαS cells were recently 

reported in Zhou et al. (2014) to homogeneously express LEP-R [169]; in line with 

current work in our laboratory (Dr. S. Wong; personal communication). Notably, CAR 

cells do not overlap the PαS population due to their reliable SCA-1 negative phenotype 

[174, 175, 183] and abundant expression of CXCL12 [176, 182]. Meanwhile it was 

suggested that CAR and LEP-R+ cells strongly overlap due to their comparable frequency 

in tissue, clonogenic activity, surface marker expression repertoire, and abundant 

CXCL12 and SCF expression profile [169]. 

 

Bone marrow native MSPC subpopulations were reported to be quiescent during 

homeostatic conditions [169, 171, 172, 182]  but notably proliferated following stimulus 

[169, 171, 172]. This work is suggestive of a reservoir of stem/progenitor cells that may 

activate in response to injury to facilitate tissue regeneration.  Indeed, a number of 

studies demonstrated that native MSPCs can serve as precursors of the adult bone – by 

contributing to osteoblasts [169, 182, 184] and adipocytes [169, 175, 182, 185] – 

following irradiation or chemotherapeutic agent treatment. Native MSPCs have also 

been shown to participate in regeneration of bone and cartilage tissue in mouse model 

of tibial fracture [5, 169] and cartilage injury [169]. Finally, recent work in our 

laboratory (Dr S. Wong, personal communication) has suggested proliferation and/or 

recruitment of MSPCs for both tissue regeneration and repopulation of bone marrow 

after hind-limb ischemia injury. 
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There is considerable evidence to suggest that MSPCs, similarly to HSPCs [166] and 

skeletal muscle stem cells [186], have a perivascular location in the stem cell niche [169, 

171, 172, 177, 182]. This spatial localisation further adds to increasingly confusing 

characteristic overlap with pericytes – cells normally embedded within the endothelial 

wall of microvessels [187] that maintain microvascular homeostasis. Indeed, MSPCs 

share expression of numerous immune surface markers with pericytes [188, 189], and it 

has been suggested that “all MSCs are pericytes” [190]. An alternative view is that native 

MSPCs may serve as precursors to pericytes however this has yet to be confirmed. 

Interestingly, Kunisaki and colleagues (2013) recently demonstrated two discrete 

Nestin+ subpopulations displaying distinct spatial localisation, i.e. peri-arteriolar 

Nestinbright versus peri-sinusoidal Nestindim cells; with differing morphology and 

transcriptome. This data may mark the beginning of rigorous in vivo studies 

distinguishing pericytes from MSPCs [172]. 
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Figure 1.6: Native Mesenchymal stem/progenitor cell subpopulations 

Mesenchymal stem/progenitor cells are localised around vessels, with several subpopulations identified 

to date. These subpopulations are thought to have considerable overlap in biological properties and 

phenotype. Table summarises data taken from published literature [169, 171, 172, 175-177, 181, 182]. 

Dash = data/assay not reported in study. 
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1.3.5 The bone marrow niche 

As described earlier, HSPCs reside in a sheltered and tightly controlled 

microenvironment, or niche, within the bone marrow. Numerous studies on the stem 

cell niche have suggested the existence of sub-compartments which may not only be 

defined by their anatomical location but also characterised by distinct regulatory signals 

and HSPC subpopulations that reside within them. Signals arising from fundamental 

cellular components are thought to regulate HSC function: quiescence, self-renewal and 

differentiation. 

 

1.3.5.1 Spatial distinction and key cellular components 

During the past decade, it has been proposed that the HSC niche may be divided into two 

anatomical locations; the endosteal niche, thought to be predominantly governed by 

bone-lining osteoblasts [191] – with recent contribution by osteocytes [192] and 

osteoclasts [193], and the vascular niche hallmarked by sinusoidal endothelial cells and 

peri-sinusoidal cells such as Leptin receptor positive (LEP-R+) MSPCs and CXCL12-

abundant reticular (CAR) cells [174, 176, 177].  

 

Bone-lining osteoblasts were the first cell types to be considered as hosts of the HSC 

niche; early evidence showed that osteoblast numbers correlated with increased 

haematopoietic activity [191]; and HSCs preferentially localised near the endosteum 

after transplantation [184, 194]. In addition, it was suggested that N-cadherin 

expression on osteoblasts was responsible for adhesion to and subsequent regulation of 

HSPCs at the bone surface [194, 195]. Studies that followed, however, questioned the 
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importance of osteoblasts in the endosteal HSC niche. It was reported that deletion of 

osteoblasts [196, 197] or N-cadherin [196, 198] in mice failed to exhibit immediate loss-

of-function; thus suggesting that mature osteoblasts did not directly regulate the HSC 

niche. [142, 199]. Nevertheless, osteolineage cell function is still thought to be important 

for the proliferation and retention of lymphoid and myeloid progenitor cells [200, 201]. 

On the contrary, evidence supporting perivascular cells as key regulators of HSC 

function has become progressively stronger over recent years [199]. CAR cells, found to 

be in direct contact with HSCs (~97%) and often associated to sinusoids, maintained 

HSC quiescence [174]. Selective ablation of CAR cells in vivo resulted in a decrease in 

HSC numbers due to prevented self-renewal division and induced myeloid commitment 

[175]. In addition, 88% of HSCs were found to be within a five cell diameter distance 

from Nestin+ MSPCs, and their selective ablation reduced the HSC pool and impaired 

homing of HSCs to the bone marrow [171]. This data suggests that perivascular MSPCs 

may regulate HSC function via direct contact and/or paracrine signalling. 

 

Endothelial cells are also thought to participate in the regulation of the HSC niche [156, 

166, 177, 202, 203]; though it has been questioned whether their contribution is a direct 

effect on HSC themselves or simply down to accommodation of and interaction with 

perivascular cells [176]. In addition, megakaryocytes [204-207] and macrophages [208-

211] have recently been added to the collection of key niche-regulating cells. In the case 

of macrophages, these cells were demonstrated to regulate HSC function and HSPC 

retention via their interaction with perivascular MSPCs [209, 211] and osteoblasts [210, 

212, 213]. 
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It has been recently reported that vascular niches in close proximity to the endosteum 

[166, 172, 214, 215] maintained the majority of quiescent HSCs at that location [172]. In 

addition, it was demonstrated that high E-selectin expression on sinusoidal endothelial 

cells [216] and the dynamic secretory profile of peri-sinusoidal megakaryocytes [204-

206] promoted proliferation of HSCs. Together these studies propose that distinct niches 

may exist to accommodate quiescent and proliferating HSCs; and upon stimulation of 

dormant HSCs at the endosteum, either by injury or pharmacological interventions, the 

activated HSCs may traffic to sinusoids for proliferation and egress into peripheral blood 

[172, 206, 216].    

 

1.3.5.2 Regulatory signals and retention systems 

For many years now, research into the bone marrow niche has highlighted the 

importance of regulatory signals taking place in the form of bound or soluble molecules 

derived from surrounding resident cells or ECM. Endothelial and perivascular cells 

support and regulate the HSC niche, for example, through their production of SCF, 

CXCL12 and VCAM-1 [156, 166] [158, 169-172, 175-177, 203, 217-219]. It has been 

reported that these key HSC-supporting factors contribute to the retention of 

stem/progenitor cells in the niche; meaning that disruption of these pathways will result 

to egress of cells into peripheral blood. 

 

The cytokine SCF, known to bind c-KIT receptor, is produced as soluble and membrane-

bound forms. Indeed, promotion of HSC maintenance was reported to be driven by 

membrane-bound SCF [220], suggesting that proximity is key between SCF-producing 
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cells and HSCs [177, 221]. Conditional deletion of SCF from endothelial cells and LEP-R+ 

MSPCs, as opposed to haematopoietic cells and mature osteoblasts [177], was shown to 

decrease HSC frequency and HSC repopulation capacity [177, 217]. Notably, deletion of 

SCF in LEP-R+ MSPCs resulted in extramedullary haematopoiesis in the spleen; a 

phenomenon that often accompanies mobilisation of HSPCs from the bone marrow 

[177]. SCF expression was also demonstrated in CAR cells [175]. 

 

The chemokine CXCL12, mainly produced by MSPCs in the bone marrow [169, 177, 201], 

regulates HSC function, retention and repopulating activity [171, 174, 176, 177, 201, 

209, 222, 223]. Early studies demonstrated that adult mice globally deficient for CXCR4, 

the primary functional receptor for CXCL12, exhibited a drastic decrease in bone 

marrow HSC frequency [174]. Indeed, it was in more recent studies that differential 

contribution by distinct CXCL12-producing stromal cells was elucidated, with the use of 

sophisticated Cre-LoxP systems. Conditional deletion of CXCL12 from perivascular 

MSPCs resulted in depletion of the HSC pool and stimulated HSPC mobilisation to 

peripheral blood. Contrary to this, conditional deletion of CXCL12 from haematopoietic 

cells and osteoblasts did not affect HSC function or retention; although, osteoblast-

derived CXCL12 seemed to contribute to lymphopoieisis. Finally, CXCL12 deletion in 

endothelial cells mildly reduced HSC maintenance but had no effect on HSC retention 

[176, 201]. The CXCL12/CXCR4 retention system has also been reported to maintain 

mature leukocyte stores in the bone marrow [137, 160, 224-226]. 
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It is believed that VCAM-1 – also known for trafficking and homing of stem cells – is 

important in the retention of HSPCs in the marrow niche. Indeed, one study 

demonstrated that constitutive expression of VCAM-1 on endothelial cells correlated 

with haematopoietic activity in adult tissues [157].  In another study, detection of VCAM-

1 was limited to perivascular and endothelial cells localised in bone marrow sinusoids. 

The counterreceptor Very Late Antigen 4 (VLA-4) is expressed on HSPCs and mediates 

their adhesion to VCAM-1; it was proposed to mediate clustering of cells at vascular 

niches [158]. In 1998, it was reported that disruption of VLA-4/VCAM-1 interaction with 

neutralising antibodies, in vivo, led to an increase in HSPCs in peripheral blood [227]. 

Similarly, conditional deletion of VCAM-1 in endothelial and fibroblastic cells resulted to 

mobilisation of HPCs and mature leukocytes [219]. 

 

In light of the above studies, direct adhesive and chemoattractive interactions mediating 

retention of HSCs and HPCs in the bone marrow niche are primarily operated by 

perivascular MSPCs (Figure 1.7); whilst endothelial cells and osteoblasts may play an 

indirect role in the retention of HPCs via their regulation of HSPC proliferation and 

differentiation.   
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Figure 1.7: The bone marrow niche cellular components 

Osteoblasts, osteocytes, osteoclasts, macrophages, megakaryocytes, neutrophils, endothelial cells, the 

sympathetic nervous system (SNS) and perivascular MSPCs have all been implicated in regulating HSC 

function. Notably, perivascular MSPCs produce HSC-niche supporting factors (green and pink triangles). 

Nestinbright MSPCs reside around arterioles with close association to the SNS, and are thought to regulate 

the quiescent HSC niche by the endosteum. Nestindim/LEP-R+ MSPCs and CAR cells reside around sinusoids 

with close association to bone marrow macrophages and megakaryocytes, and are thought to regulate 

quiescent and proliferative HSC niches by the vascular compartment. 
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1.4 Mobilisation of stem/progenitor cells 

It is well known that mature leukocytes and stem/progenitor cells can move in and out 

of the bone marrow. During homeostasis, it was believed that HSPCs passively egress 

from overpopulated stores, circulate in peripheral blood and repopulate distant 

haematopoietic niches with lower supplies. However, since complex mechanisms ensure 

strict regulation of the niche [199] – notably proliferation and retention of cell stores – 

egress is now understood to be a deliberate process with active disruption of cell 

retention in the bone marrow [10, 228, 229]. In addition, induced mobilisation of bone 

marrow stem/progenitor cells, either in response to stress, physical trauma or 

pharmacological interventions, is now regarded as a multifaceted and multi-step 

process involving priming of the niche by various cytokines or physical conditions; 

intrinsic motility; chemokines and other extrinsic factors that drive detachment and 

recruitment to peripheral blood [229, 230]. 

 

Egress of HSPCs during steady state has been shown to oscillate throughout the day in 

animals and man [231, 232]; egress was shown to inversely correlate circadian 

oscillations of CXCL12 concentration in the bone marrow which is thought to 

compromise cell retention [232]. The bone marrow is highly innervated and the 

sympathetic nervous system is in direct contact with, for example, Nestin+ MSPCs that 

reportedly promote HSC retention [171, 232]. Subsequent stimulation of these cells with 

noradrenaline, an Adrenergic receptor ligand released from nerve endings, is thought to 

mediate transcriptional changes that trigger HSPC mobilisation [232]. More recently, it 

has been suggested that rhythmic modulation of HSPC egress may also be driven by the 

clearance of aged neutrophils in bone marrow [10]. Albeit in low numbers and 
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frequency, MSPCs have been harvested from peripheral blood during steady state in 

animals and man [233-235].  The reasoning behind steady state circulation of MSPCs is 

unknown and the reality of this is subject to debate [236-238], however it has been 

suggested that MSPCs may mobilise to promote tissue repair in cases of injury [239]. 

 

Enhanced stem/progenitor cell egress from the bone marrow has been reported in cases 

of inflammation [240], strenuous exercise [241, 242], psychological anxiety [243, 244], 

ischaemic injury [245, 246] and administration of cytotoxic drugs [247, 248]. Indeed, 

one human study reported that cells exhibiting similar immunophenotype to bone 

marrow MSPCs were detected in larger numbers in the bloodstream of burn patients 

[249]. In another study, peripheral blood MSPCs meeting the minimum classification 

criteria were detected several days after individuals suffered skeletal fracture; as 

opposed to none detected in osteoarthritis patients [250]. Following on from this, 

animal studies have demonstrated stimulated mobilisation of MSPCs when rodents were 

exposed to hypoxia [251, 252], irradiation [253] or alkali-burns [138]. Together, these 

studies suggested possible intrinsic changes in MSPCs to facilitate their transmigration 

through the bone marrow endothelium and further blood-borne factors directing their 

recruitment to peripheral blood (e.g. CXCL12). Current work in our laboratory is 

examining the mobilisation of MSPCs in a mouse model of hind-limb ischaemia, 

including rigorous characterisation to evaluate their ‘stemness’ properties and 

regenerative potential. In these studies, mobilisation of MSPCs was time-dependent, 

with levels reaching significance at day 5, which could be enhanced using 

pharmacological interventions (Dr. S. Wong, personal communication). Further work on 

this will elucidate whether enhanced mobilisation, in line with previous studies [138, 
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139], will accelerate the healing process. Results supporting this may suggest the use of 

such pharmacological interventions as a therapeutic strategy to enhance tissue 

regeneration. 

 

1.5 Pharmacological mobilisation of stem/progenitor cells 

In 1976, Richman and colleagues reported mobilisation of HSPCs into peripheral blood 

of patients following administration of chemotherapeutic agents, and was confirmed by 

subsequent studies to reduce the amount of time required to harvest HSPCs by 

apheresis [247] [248, 254].  Similarly, the cytokine G-CSF, originally used to treat 

neutropenia following chemotherapy, was reported to increase the number of HSPCs in 

the bloodstream [255, 256]. To date, repeated daily doses of G-CSF are used in the clinic 

to collect HSPCs from blood for subsequent use in bone marrow transplants; this 

pharmacological alternative provides a number of advantages, including non-invasive 

harvest, better cell quality and reduced hospital costs. Indeed, G-CSF is believed to 

mimic the process of physiological stress-induced recruitment of stem/progenitor cells 

and has gained considerable interest in delineating the mechanisms involved.  

 

1.5.1 Mechanisms of stem/progenitor cell mobilisation 

Despite extensive studies on HSPC mobilisation being conducted over three decades, our 

understanding of the mechanisms involved is still incomplete. G-CSF is thought to 

initiate extensive and fundamental changes in the HSC-niche.  Mobilised HSPCs were 

shown to express lower levels of CXCR4, c-KIT and VLA-4 in comparison to their bone 

marrow counterparts [257].  Early studies demonstrated that mobilisation was defective 
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in mice bearing global deficiency in G-CSF receptor (G-CSFR) expression, however when 

deficiency was limited to HSPCs, mobilisation responses were normal; suggesting that G-

CSF acts via an indirect mechanism. Work was then focused on G-CSF’s ability to 

stimulate neutrophils, also known to express G-CSFR. It was shown that neutrophils 

generated a highly proteolytic environment believed to mediate cleavage of, notably, 

CXCL12, CXCR4 and VCAM-1 [258-263]. However, other studies demonstrated that a 

deficiency in proteases did not affect G-CSF-mediated mobilisation [262, 264, 265]. 

 

Recently, G-CSF-stimulated mobilisation has been reported to occur by suppression of 

perivascular and osteolineage cell function in the niche. Indeed, G-CSF treatment was 

shown to deplete and/or alter bone-lining osteoblasts [210, 266-270], and MSPC 

expression of HSC-supporting factors [171, 172, 209, 211]. For example, G-CSF 

treatment is known to downregulate CXCL12 production in the bone marrow [171, 172, 

209-211, 266, 268, 269, 271]. It has been suggested that G-CSF regulates these changes, 

indirectly, through stimulation of neutrophils [272], macrophages [210, 213, 269, 273] 

and/or the sympathetic nervous system [192, 268]. Thus, potentially parallel 

mechanisms may be involved in cytokine-induced mobilisation. 

 

On the other hand, direct disruption of retention systems with the use of small molecule 

antagonists of CXCR4 [226, 269, 274-280], and inhibitors of VLA-4 [281], have also 

exhibited noteworthy mobilisation of HSPCs. Indeed, a competitive selective antagonist 

of CXCR4 named AMD3100 has demonstrated mobilisation of HSPCs in mice and 

humans, with maximal yields harvested after one and nine hours respectively, from a 
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single injection [226, 278, 279]. Moreover, a combination of repeated G-CSF and acute 

AMD3100 administration further enhances mobilisation of HSPCs [137, 224, 226, 282], 

and has been used in the clinic for improved cell recovery in individuals described as 

poor-mobilisers. In addition, administration of G-CSF and/or AMD3100 was reported to 

increase the number of circulating Endothelial progenitor cells (EPCs), a subset of bone 

marrow-resident progenitor cells which are thought to participate in new blood vessel 

formation [137, 283]. 

 

Alternatively, stem/progenitor cells may be mobilised in response to blood-borne 

chemoattractants potentially forming a chemotactic gradient across the sinusoidal 

endothelium – to stimulate cell chemotaxis to peripheral blood. For example, sustained 

high levels of CXCL12 generated using adenovirus delivery, stimulated an increase in 

circulating HSPCs, and in parallel, a substantial increase in extramedullary 

haematopoiesis [284]. Other CXCR4-binding compounds have been used successfully to 

stimulate mobilisation into the blood [285, 286]. Interestingly, recent evidence 

suggested that AMD3100 stimulates the formation of a CXCL12 chemokine gradient by 

inducing translocation of CXCL12 across the bone marrow sinusoidal endothelium into 

the blood, thus favouring migration of cells into circulation [279].  

 

It has been reported that administration of exogenous ELR+ CXC- chemokines, such as 

IL-8 and Groβ, stimulate rapid and transient mobilisation of HSPCs in mice and primates 

[287, 288]. However, these chemokines instead of affecting HSPC motility in a direct 

manner, are thought to activate neutrophils which release the proteolytic enzyme 
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matrix metalloproteinase type 9 (MMP-9) [287, 289, 290]. MMPs are known to degrade 

ECM components and/or retention molecules, and in this case are believed to permit 

migration of HSPCs through the haematopoietic compartments, across the endothelium 

and into the bloodstream. 
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Figure 1.8: Mechanisms of G-CSF stimulated HSPC mobilisation 

Repeated G-CSF administration stimulates neutrophil expansion, macrophage depletion and SNS 

activation, subsequently suppressing osteoblast and perivascular MSPC function. HSC-supporting factors 

(e.g. CXCL12, SCF and Ang-1) are dramatically reduced as a result of decreased osteoblast numbers, 

proteolytic cleavage and reduced production by MSPCs. The highly proteolytic environment, thought to be 

generated by neutrophils, further cleaves fundamental retention molecules such as CXCR4, VCAM-1, VLA-

4 and c-KIT. Notably, downregulation of the CXCL12 chemokine gradient drives mobilisation of HSPCs to 

the bloodstream. 
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1.5.2 Differential mobilisation of stem/progenitor cells 

Previous work in the laboratory has proposed the notion of selective pharmacological 

stem/progenitor cell mobilisation from the bone marrow (Figure 1.9). This was 

established with the use of distinct cytokine pretreatments, thought to prime the niche, 

followed by administration of the CXCR4 antagonist AMD3100 to disrupt the 

CXCL12/CXCR4 chemokine retention system [137]. Plasma levels of pro-angiogenic 

VEGF were originally correlated to EPC numbers in circulation [246]. Daily 

administration of this cytokine, in contrast to G-CSF, stimulated mobilisation of EPCs 

without reducing CXCL12 levels in the bone marrow [137]. Combination of VEGF 

pretreatment and AMD3100 administration enhanced mobilisation of EPCs further, and 

impaired egress of HSPCs and leukocytes. Indeed, it was reasoned that stimulation of 

VEGFR-1 on HSPCs induced their entry into the cell cycle – thought to impair cell 

motility; whilst stimulation of VEGFR-2 on EPCs led to their chemotaxis. Importantly, 

this novel combination treatment stimulated mobilisation of MSPCs, detected in the 

form of colony-forming unit-fibroblasts (CFU-Fs), which met the minimal 

characterisation criteria. On the other hand, administration of G-CSF and AMD3100 that 

was previously shown to enhance mobilisation of HSPCs and EPCs, was not capable of 

mobilising MSPCs [137]. These data suggest that distinct mechanisms may be exploited 

for differential stem/progenitor cell mobilisation. Furthermore, differential mobilisation 

data originally acquired from standard bleeding procedures were recapitulated using an 

in situ hind-limb femoral bone marrow perfusion system [137, 282]. Briefly, the hind 

limb vasculature was isolated by occlusion of the surrounding arteries, before the 

femoral artery and vein were exposed and cannulated in situ to perfuse the bone 

marrow [282]. This method isolates the bone marrow vasculature from the systemic 
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circulation, therefore it was used to confirm direct contribution of the bone marrow to 

all three stem/progenitor cell types mobilised in this work. 

 

The mechanism whereby VEGF pretreatment primed MSPCs for mobilisation by 

AMD3100 is currently unknown. Preliminary work that followed the 2009 published 

study proposed a role for MMPs in stimulated MSPC mobilisation (Dr. M. Hahnel, 

unpublished data). It was hypothesised that proteases are potentially required for cell 

detachment from vessel walls and/or transmigration across the endothelium. This 

response may be part of a direct VEGF stimulus on MSPCs to enable their mobilisation 

by AMD3100. 

 

 

Figure 1.9: Differential mobilisation of bone marrow stem/progenitor cells established with 
differing pharmacological treatments 

HSPCs (purple and blue), EPCs (red) and MSPCs (green) are selectively mobilised from the bone marrow. 

  



Chapter 1 

- 58 - 
 

1.5.2.1 Vascular endothelial growth factor 

Native VEGF function was originally thought to be restricted to endothelial cells. It was 

found to induce angiogenesis, in both physiological and pathological conditions, as a 

result of trophic and mitogenic activity. Moreover, VEGF promoted hyperpermeability 

[291] and vasodilation [292] of blood vessels, again via its direct effect on endothelial 

cells. On the other hand, VEGF was reported to affect haematopoietic cells: it has been 

shown to stimulate haematopoiesis [293, 294], promote HSC repopulating capacity 

[295] and stimulate migration of leukocytes [296]. Although poorly understood, VEGF 

was suggested to play a role in bone tissue homeostasis [297]. VEGF, specifically known 

as VEGF-A, is part of a larger gene family of growth factors which includes VEGF-B, 

VEGF-C, VEGF-D and Placental growth factor (PLGF). Indeed, VEGF has been the most 

characterised to date, and is understood to have seven isoforms in humans, i.e. VEGF121, 

VEGF145, VEGF148, VEGF165, VEGF183, VEGF189 and VEGF206, as a result of alternative exon 

splicing. These splice variants exhibit distinct functions and receptor specificity. Oxygen 

tension, inflammatory cytokines, and major growth factors associated to hypoxic-

mediated responses are major cues that regulate expression of VEGF in tissues [298]. 

VEGF targets both VEGFR-1 and VEGFR-2, however, it binds with higher affinity to 

VEGFR-1 which stimulates weaker tyrosine phosphorylation [299] and thus is 

considered a ‘decoy’ receptor – thought to negatively regulate VEGFR-2-mediated 

responses. In recent years, a homologue of VEGF which goes by the name of VEGF-E was 

identified in the Orf-viral genome, and exhibits 25% sequence identity to VEGF-A 

protein [300, 301]. VEGF-E serves as a selective VEGFR-2 agonist, i.e. it cannot bind to 

and activate VEGFR-1 or VEGFR-3 [301]. 
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Although, VEGFRs were originally identified on endothelial cells, it became apparent 

that a number of bone marrow-resident cells also expressed VEGFR-1 and/or VEGFR-2. 

It is now generally accepted that endothelial progenitor cells and subpopulations of 

HSPCs express VEGFR-1 and VEGFR-2 [302-308]. In addition, VEGFR-1 is found on many 

mature haematopoietic cells; notably monocytes and macrophages [309]. Whilst VEGFR-

1 has been implicated in a variety of downstream functions, such as monocyte [310] and 

EPC migration, endothelial cell production of MMP type 9 [311] and haematopoiesis 

[308]; VEGFR-2 is thought to largely mediate mitogenic and pro-angiogenic activities. 

[298]. Nevertheless, concurrent activation of both receptor types was associated with 

vascular hyperpermeability [312]. Contrary to VEGFR-1 and VEGFR-2, VEGF-A does not 

bind to VEGFR-3 which is the main receptor for lymphangiogenesis [313]. 

 

Previous work in our laboratory utilised VEGF165, the predominant VEGF-A isoform, to 

stimulate mobilisation of MSPCs [137].  MSPCs have been shown to express both VEGFR-

1 and VEGFR-2 [177, 182, 314-316]. To date, it is unknown whether the administered 

VEGF acts in a direct or indirect manner on native MSPCs to potentiate their 

mobilisation from the bone marrow. In addition, activities downstream of VEGF which 

are relevant to selective mobilisation of MSPCs are unknown. 

 

1.5.2.2 G-CSF 

G-CSF is the major cytokine that induces granulopoiesis.  Indeed, mice lacking G-CSF or 

its receptor exhibit chronic and severe neutropenia [317, 318]. Individuals that carry 

mutations in the G-CSFR gene are often predisposed to the development of acute 
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myelogenous leukemia following severe congenital neutropenia [319-321]. G-CSFR is 

mainly expressed on myeloid progenitors and mature neutrophils. Circulating G-CSF 

levels rise rapidly in response to infection or bone marrow insult, and subsequently 

stimulate granulopoieisis within, and mobilisation of neutrophils from, the bone 

marrow. On the other hand, local production of G-CSF within tissues facilitate mature 

neutrophil activity at the site of infection [167].    

 

Although it is evident that G-CSF stimulates neutrophil, HSPC and EPC mobilisation from 

the bone marrow, it is currently unclear whether this is true for MSPCs. To date, 

conflicting results have been reported in a number of studies, conducted in humans and 

in animals, with some studies supporting mobilisation [237, 322-327] whilst others not 

[137, 236, 282, 328-331]. In the case of human studies, G-CSF has been largely 

unsuccessful [236, 330, 331]. It is therefore important to determine as to why 

discrepancies arise between different animal studies and, in light of work in our 

laboratory, why we have found G-CSF treatment to be ineffective at mobilising MSPCs.  

 

1.5.2.3 CXCL12/CXCR4  

CXCL12 is a chemotactic cytokine originally known for creating a chemical gradient 

mediating the migration of immune cells to inflamed tissues. It was found to bind the 

seven trans-membrane-spanning G protein-coupled CXCR4 receptor. Essentially, the 

CXCL12 molecule comprises a hydrophobic pocket and has an overall positive charge, 

which is ideal for binding to negatively charged extracellular loops of CXCR4 [332]. 

Recent work has identified another receptor for CXCL12, called CXCR7, which is absent 
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of downstream migration signalling [333]. Instead, the receptor is internalised on 

binding of CXCL12, for subsequent degradation of the CXCL12/CXCR7 complex; 

suggesting another form of regulation for CXCR4-mediated responses [334]. It is 

generally accepted that cultured MSPCs express CXCR4 [13], and recent work in our 

laboratory has demonstrated for the first time high surface expression on native MSPC 

subpopulation, PαS, in the bone marrow (Dr K. Gowers and Dr M. Francois; personal 

communication). 

 

CXCL12 is generally known to be a potent chemoattractant for HSPCs and MSPCs [13, 

135, 335]. Upregulation of CXCL12 has been documented in damaged tissue including 

bone [336, 337], kidney [338], liver [339], heart [340], skin [341-343], brain [344] and 

bone marrow [345], and has been reported to drive recruitment of cultured MSPCs to 

the site of injury [336, 339, 342-344]. However, the role of CXCL12/CXCR4 signalling in 

the mobilisation of native MSPCs and/or recruitment to damaged tissue is poorly 

understood as studies face a number of challenges, e.g. lack of specific markers and low 

imaging sensitivity, when attempting to detect this process in vivo.  

 

As previously mentioned, it has been reported that AMD3100 treatment inverses the 

CXCL12 chemokine gradient between bone marrow and blood [279], suggesting a robust 

chemoattractive stimulus that may be promoting egress of HSPCs into the bloodstream. 

This mechanism may also take part in the mobilisation of MSPCs by AMD3100 following 

VEGF pretreatment.  
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1.6 Hypothesis 

MSPC mobilisation is a complex and multi-step process. MSPC mobilisation requires a 

priming step followed by migration across the sinusoidal endothelium in response to a 

gradient of CXCL12. 

 

1.7 Aims 

 To develop an in vitro system to examine the effect of VEGF on MSPCs and further 

our understanding of the molecular mechanisms involved in VEGF priming. 

 To compare pharmacological strategies for MSPC and HSPC mobilisation. 

 To develop a new mode of delivery to establish sustained levels of mobilising 

cytokines in vivo in order to reduce costs and facilitate mechanistic studies. 

 To interrogate the role of the CXCL12 chemokine gradient in MSPC mobilisation. 

 To investigate the role of bone marrow macrophages in MSPC mobilisation. 
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2.1 Materials 

General laboratory reagents were purchased from Sigma-Aldrich (Poole, UK), or 

Invitrogen (Paisley, UK). Recombinant murine cytokines, VEGF, G-CSF, KC and IL-17, 

were purchased from PeproTech (London, UK). In addition, recombinant cytokines IGF-

1 and VEGF-E were purchased from ProSpec (Israel). The CXCR4 antagonist, AMD3100, 

and the β3-AR agonist, BRL 37344, were purchased from Sigma-Aldrich. The CXCL12 

neutraligand, Chalcone 4-Phosphate, was kindly donated by Dr Dominique Bonnet 

(Chargé de Recherche au CNRS, Laboratoire d'Innovation Thérapeutique, France). 

Clodronate and PBS liposomes were obtained from ClodLip BV (Amsterdam, The 

Netherlands). Flow cytometry, western blot and immunofluorescent antibodies were 

purchased as stated in the appendix (Table 10.2). 

 

2.2 Animals 

Female BALB/c or C57BL/6 mice were purchased from Harlan laboratories (Harlan, 

UK). Mice were used between the ages of 8-12 weeks unless otherwise stated. Where β3-

AR agonist was administered, mice were used between 22-25g.  Animals were housed 

and treated according to UK Home Office guidelines for animal welfare, based on the 

Animals (Scientific Procedures) Act of 1986; taking heavy consideration into the 3Rs — 

reduction, refinement, and replacement. 
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2.3 Administration protocols 

2.3.1 Mobilisation protocols in response to acute cytokine treatment 

Female BALB/c mice were administered, IL-17 (30µg/kg i.v; 2hrs), KC (3.3nmoles/kg 

i.v.; 1hr) or sterile Phosphate buffered saline (PBS). Mice were culled one hour after the 

final injection. 

 

2.3.2 Mobilisation protocols in response to AMD3100 

Acute AMD3100: Female BALB/c mice were administered AMD3100 (5mg/kg i.p.) or 

PBS, and an hour later mice were culled (unless otherwise stated for dose, route and 

time). 

 

Cytokine pretreatment: Female BALB/c mice were pretreated with VEGF-A (100µg/kg 

i.p.), G-CSF (100µg/kg i.p.), IGF-1 (100µg/kg i.p.), when stated, or PBS once daily on 4 

consecutive days. Twenty-four hours after the last injection, mice were administered 

AMD3100 (5mg/kg i.p.) or PBS, and an hour later mice were culled. 

 

Small molecule drug pretreatment: Female BALB/c mice, unless otherwise stated, were 

pretreated with β3-AR agonist (BRL 37344 10mg/kg i.p.) or sterile dH20 once daily on 4 

consecutive days. One hour after the last injection, mice were administered AMD3100 

(5mg/kg i.p.) or PBS, and an hour later mice were culled. 
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2.3.3 CXCL12 blocking experiments 

Female BALB/c mice were treated with relevant mobilisation protocols as described 

above. One hour prior AMD3100 injection, on the final day, mice were administered 

Chalcone 4-Phosphate (1.5µmol/kg i.v.) or PBS.  

 

2.3.4 Macrophage depletion experiments 

Female BALB/c mice received a single dose of Clodronate liposomes (CLs 10µl/g i.v.) or 

PBS liposomes. Mice were culled one and five days post injection. 

 

Mobilisation protocols in macrophage depleted mice: Female BALB/c mice received a 

single dose of Clodronate liposomes (CLs 10µ/g i.v.) or PBS liposomes, and relevant 

mobilisation protocols began twenty-four hours later.  

 

2.4 Tissue harvest and preparation 

2.4.1 Harvest of blood  

Mice were anaesthetised with pentobarbital (2µl/g) until unresponsive to foot pad-

pinch test before blood was harvested via cardiac puncture using a 26 gauge needle and 

1ml syringe, pre-coated with and containing sodium citrate (100µl; Sigma-Aldrich, UK). 

Once the total volume was recorded, whole blood was deposited in 15ml falcon tubes 

and then centrifuged at 1400rpm for 10 minutes, at 15˚C, with the brake and 

acceleration at the lowest setting. Next, plasma was carefully removed and stored at -
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80˚C for long-term storage. The remaining soft pellet, containing cells, was gently 

resuspended in 5ml ACK lysing buffer (0.0372 g/L Na2EDTA, 1 g/L KHCO3, 8.29 g/L 

NH4Cl) and incubated between 3 - 5 minutes at room temperature. Cold DMEM medium 

(Gibco, UK), supplemented with 20% fetal calf serum (FCS) and 1% 

Penicillin/Streptomycin (20% DMEM), was added to each tube, and then cells were 

centrifuged at 1400rpm for 8 minutes at 15˚C. The soft cell pellet was washed again as 

described, before cells were resuspended in 1ml 20% DMEM medium. The total 

nucleated cell suspension was ready for further analysis. If blood-derived cells were 

intended for flow cytometry analysis, two ACK lysing steps were required. 

 

2.4.2 Blood smear for neutrophil counts 

A drop of whole blood (before ACK lysis), approximately 4µl, was placed on one end of 

the glass slide, and was immediately spread along its length. The thin film of blood was 

left to air-dry, before being dipped into 100% methanol for 10 minutes, and 

subsequently stained with hematoxylin and eosin (H&E); ready for leukocyte differential 

counts under the light microscope. 

 

2.4.3 Harvest of bone marrow cells and supernatant 

Bone marrow cells: Femurs, and where necessary iliac crests and tibias, were harvested 

from both mouse hind-limbs. The bones were cleaned and kept on ice, before bone 

marrow cells were collected by bone marrow flush using a 23 gauge needle and 10ml 

syringe containing 2ml of 20% DMEM medium per bone. Bone marrow cell pellets were 

washed once with medium, centrifuged at 1200rpm for 8 minutes, then resuspended to 
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a fixed volume and counted using methylene blue solution (0.2% w/v methylene blue 

(Sigma) in 1% acetic acid solution). 

  

Bone marrow supernatant: Femurs were harvested from mouse hind-limbs. Bones were 

treated as described above, before bone marrow was flushed out using a 26 gauge 

needle and 1ml syringe containing 0.5ml cold PBS per bone. Bone marrow cells were 

resuspended, centrifuged at 10,000rpm for 10 minutes at 4˚C and the cell-free 

supernatant was collected for long-term storage at -80˚C. 

 

2.4.4 Harvest of whole bone 

Femurs, and where necessary iliac crests and tibias, were harvested from both mouse 

hind-limbs. The bones were cleaned and kept on ice, before being placed into digest 

buffer (2% v/v FBS, 2.5mg/ml Collagenase I (Sigma), 0.7mg/ml Collagenase II (Sigma) 

and 1U/ml Dispase I (Sigma) in PBS) and incubated for a total of 90 minutes at 37˚C. 

Indeed, 45 minutes into the digestion period bones were crushed into small pieces. The 

bone digest was washed in 20% DMEM medium and cells were resuspended, ready for 

subsequent studies. 

 

2.4.5 Harvest of adipose tissue 

Inguinal fat pads were harvested from mice and kept in 20% DMEM medium, on ice, 

before processing. The fat pads were washed with PBS, chopped into small pieces and 

homogenised thoroughly in RLT lysis buffer (Qiagen, UK) using an Eppendorf 
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micropestle to create samples for short-term storage at -20˚C, ready for total RNA 

isolation. 

 

2.5 In vivo bone formation 

Purified culture expanded MSPCs were seeded at 2×105 cells per 

hydroxyapatite/tricalcium phosphate (HA/TCP) granule plug, overnight at 37˚C and 5% 

CO2. HA/TCP plugs were then transplanted under the skin in Isoflurane-anaesthetised 

mice which were left to recover after the surgical procedure (see [346] for detailed 

surgical protocol). Mice were carefully monitored in the first week. Implants were 

harvested after 8 – 9 weeks and placed in 10% neutral-buffered formalin for 24 hours at 

room temperature, before being delicately decalcified over 48 hours in neutral EDTA 

solution (143g/L). Following mild decalcification, implants were paraffin embedded and 

cut into 3 – 4µm sections, ready for staining with H&E. Sections were cut and stained by 

Lorraine Lawrence (Leukocyte Biology, Imperial College London) according to 

established protocols. Photomicrographs of bone formation were taken using a light 

microscope.  

 

2.6 In vivo gene delivery 

Female BALB/c mice were anaesthetised with isofluorane, before receiving non-viral 

pDNA (10-50µg/mouse) or PBS by hydrodynamic tail vein (HTV) injection. Briefly, mice 

were placed in a 37˚C heat box for approximately 15 minutes to establish vasodilation, 

and subsequently anaesthetised and restrained. Whilst under light sedation, HTV 
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injection was carried out using a 26 gauge needle and 2ml syringe containing 100µl/g 

mouse (2ml for 20g mouse) of non-viral pDNA solution. The solution was rapidly 

infused within 5-10 seconds, and then mice were carefully monitored until full recovery 

from anaesthesia. HTV injections were conducted with the help of Dr S. Wong 

(Leukocyte Biology, Imperial College London). 

 

2.6.1 Bioluminescence imaging 

To visualise luciferase expression in vivo, mice were injected with D-luciferin (90mg/kg 

i.p.; Gold Biotechnology) for 10 minutes, before imaging bioluminescence using IVIS 

Spectrum-CT (PerkinElmer) under light sedation. Imaging was carried out with the help 

of Mrs. I. Glegola-Madejska (Life Sciences, Imperial College London). 

 

2.7 Cell Culture 

2.7.1 Cell isolation 

Bone marrow cells were harvested as described above. Distinct cell types were isolated 

and purified as followed: 

 

Neutrophils: A 2ml cell suspension (1 mouse) was carefully layered over a Percoll 

(Sigma-Aldrich, UK) gradient made up of 52%, 64% and 72% Percoll fractions, and 

centrifuged at 2620rpm for 30mins (acceleration 3, no brake) at 24˚C. The enriched 

neutrophil layer was collected and washed twice with 10% RPMI medium (Gibco, UK). 

Isolated neutrophils had expected purity of 85-90%. Monocytes: Isolated using the 
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EasySep™ Mouse Monocyte Enrichment Kit (StemCell Technologies,) according to the 

manufacturer’s instructions. HSPCs: Isolated using the EasySep™ Mouse Haematopoietic 

Progenitor Cell Enrichment Kit (StemCell Technologies,) according to the 

manufacturer’s instructions. MSPCS: Initially isolated by plastic adherence and 

subsequently purified using an immunomagnetic cell isolation kit. Briefly, bone marrow 

cells were cultured onto plastic tissue culture-treated flasks as described below. Plastic 

adherent MSPCs were enriched at passage 1, unless otherwise stated, using the 

EasySep™ Mouse Mesenchymal Stem/Progenitor Cell Enrichment Kit (StemCell 

Technologies,) according to the manufacturer’s instructions. 

 

2.7.2 Culture of MSPCs 

Bone marrow cells were plated into a T75 flask (2 femurs, 2 tibias and 2 iliac crests per 

flask) and cultured in DMEM medium supplemented with 20% FCS, 5ng/ml basic 

Fibroblast Growth Factor (bFGF; PeptoTech, UK), 2U/ml heparin (Sigma-Aldrich, UK) 

[347] and 1% penicillin/streptomycin at 37˚C and 5% CO2, over 7 days. To passage cells, 

medium was removed, cells were rinsed twice in sterile PBS, and 5ml Trypsin/EDTA 

(0.05%; Gibco) was added. Flasks were incubated at 37˚C for 5 minutes before gentle 

agitation and detachment of plastic-adherent cells. Cells were washed in 10% DMEM, 

centrifuged at 1200rpm for 10 minutes, and then resuspended in appropriate liquid 

ready for purification. Enriched MSPCs were either cultured further, or used for 

subsequent studies. Half medium change was carried out twice a week after the first cell 

passage. 
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2.7.3 Culture of b.END cells 

The b.END cell line was kindly donated by Dr Peter Clark (Leukocyte Biology, Imperial 

College London). Thawed b.END cells were plated into T75 flasks coated with 

fibronectin (Sigma-Aldrich) and cultured in DMEM medium supplemented with 10% 

FCS and 1% penicillin/streptomycin, at 37˚C and 5% CO2; until they were 80 – 90% 

confluent. Cells were passaged as described above (MSPCs), and used either for further 

culture or subsequent studies.  

 

2.7.4 Culture of macrophages 

Bone marrow cells were plated at 5×106 cells per 90mm bacterial plastic petri dish and 

cultured in RPMI w L-Glutamine supplemented with 10% FCS, 100ng/ml human M-CSF 

(PeproTech, UK), 50µM β-mercaptoethanol and 1% penicillin/streptomycin (Sigma-

Aldrich, UK) at 37˚C and 5% CO2, over 8 days. Complete medium was replaced at day 3 

to replenish the M-CSF growth factor and to remove non-adherent contaminant cells. To 

detach cells, medium was removed, cells were rinsed once in sterile PBS, and 2ml of 

0.2g/L EDTA (in PBS) was added. Petri dishes were incubated at 37˚C for 15 minutes, 

before gentle agitation and detachment of enriched macrophages. BM macrophages 

were washed in their appropriate medium and centrifuged at 1200rpm for 10 minutes, 

ready for RLT lysis. 

 

2.7.5 Trilineage differentiation assay 

For trilineage differentiation, bone marrow MSPCs or culture expanded CFU-Fs were 

plated into 24-well plates. Once cells reached 100% confluence, 1ml of differentiation 
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medium was added to each well;  adipogenic induction medium (0.5 μM dexamethasone 

(Sigma), 0.5 μM isobutyl-methylxanthine (Sigma), 50 μM indomethacin (Sigma) in 10% 

DMEM), osteogenic induction medium (100 nM dexamethasone, 10 mM β-

glycerolphosphate (Sigma), 82 μg/ml ascorbic acid-2-phosphate (Sigma)), and 

chondrogenic induction medium (10 ng/ml human TGF-β1 (Peprotech, UK), 100 nM 

dexamethasone, 50 μg/ml ascorbic acid-2-phosphate, 100 μg/mL sodium pyruvate 

(Sigma), 40 μg/mL L-proline (Sigma), 1X ITS+3 (Sigma), 1.25 mg/ml BSA (Sigma) in 

serum-free DMEM) was added to differentiate cells into adipocytes, osteocytes and 

chondrocytes, respectively. Cells were incubated at 37˚C, 5% CO2 for 3-4 weeks and 

complete medium was replaced twice a week. 

 

2.7.6 Haematopoietic stem/progenitor colony assay (CFU-HPC) 

Harvested cells from blood (1×105) or bone marrow (1×104) were added to 1ml 

MethocultTM medium (Methocult M3434; StemCell Technologies, Inc.), plated into 35 

mm dishes, and incubated at 37˚C and 5% CO2. HPC colonies, formed of 50 cells or more, 

were identified and enumerated on day 12 under a light microscope.   

 

2.7.7 Mesenchymal stem/progenitor colony assay (CFU-F) 

Harvested cells from blood (1×106) or bone marrow (5×105) were added to 3ml 

MesenCultTM medium (StemCell Technologies) containing mouse stem cell stimulatory 

supplements (StemCell Technologies) and 1% Penicillin/Streptomycin, plated into 6-

well plates, and incubated at 37˚C and 5% CO2. Half medium was replaced on day 7, 
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before CFU-F colonies – formed of 25 cells or more – were identified and enumerated on 

day 21 (for blood) and day 13 (for BM) under a light microscope. 

 

CFU-F cells were passaged as described above (MSPCs) and culture expanded in 

MesencultTM medium at 37˚C, 5% CO2 and 2% O2. Cells were passaged when they 

reached 80-90% confluence for further culture expansion, or used in subsequent 

studies. 
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Figure 2.1:Characterisation of bone marrow CFU-Fs 

Fluorescence microscopy imaging, showing bone marrow CFU-Fs at day 13. CFU-F cells were stained with antibodies to CD11b/Tie-2/CD45 (red), 

F4/80/CD14/SCA-1 (green), CD115 (cyan), VEGFR-1/VEGFR-2/PDGFR-α (magenta), and nuclear staining (DAPI; blue). 
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Figure 2.2: Characterisation of peripheral blood CFU-Fs 

Fluorescence microscopy imaging, showing peripheral blood CFU-Fs at day 21. CFU-F cells were stained 

with antibodies to CD45 (red), SCA-1 (green), PDGFR-α (yellow), and nuclear staining (DAPI; blue) 

(A).Photomicrograph, showing peripheral blood CFU-F at day 21 stained with Giemsa (B). 

  



Chapter 2 

- 77 - 
 

2.8 Gene Expression 

2.8.1 Quantitative real-time PCR 

Total RNA was extracted from RLT lysates using QIAamp RNA Mini Kit according to the 

manufacturer’s instructions (Qiagen Ltd, UK). RNA concentration and purity was 

measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). 

Subsequent cDNA was prepared for each sample by High Capacity cDNA Reverse 

Transcription Kit with RNase Inhibitor (Applied biosystems, UK) according to the 

manufacturer’s instructions. qRT-PCR reactions were performed with Power SYBR® 

Green PCR Master Mix (Applied biosystems) and user-designed primers as stated in 

Table 10.1  (Primer-BLAST-assisted; Invitrogen), and run on ViiA™ 7 Real-Time PCR 

System (Applied Biosystems® by Life Technologies). Data is shown relative to the 

lowermost expressed gene or relative to the control treatment. Gene expression was 

normalised to the internal standard gene ACTB.  

 

2.8.2 Non-viral pDNA 

Production and large-scale isolation of non-viral pDNA: pCMV-VEGFA, pCMV-Luc/GFP, 

pUbC-VEGFA-S/MAR, pUbC-S/MAR, and pUbC-VEGFE-S/MAR; was carried out by Dr S. 

Wong in the laboratory and stored at 4˚C.  

 

2.9 Matrix metalloproteinase activity assay 

MSPCs were seeded at a density of 2 × 104 in 96-well plates and left overnight to adhere. 

On the next day, cells were treated with cytokines in phenol-red-free DMEM 
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supplemented with 1% bovine serum albumin (BSA; Sigma-Aldrich). 5μM FS-6 (in 

TCNB; Enzo life sciences,) was added to cells and incubated for 1hr at 37˚C and 5% CO2 

in the dark. EDTA-free protease inhibitor cocktail (Roche, UK) was also included to all 

samples in order to eliminate any unspecific degradation of FS-6. The reaction was 

stopped by transferring cell supernatant to a black 96-well plate containing 50mM 

EDTA. Plates were then read on a microplate fluorometer at 320/405nm ex/em. 

Substrate control (TCNB buffer + FS-6) and medium control (medium + FS-6) values 

were used for background correction. Purified mMMP-9 zymogen was activated by 

1mM APMA (Sigma-Aldrich) for 3-4hrs at 37˚C, and subsequently used as positive 

control per experiment. Relative fluorescent unit (RFU) was normalised to relative 

values of total protein concentration for each condition. TCNB buffer - 50mM Tris-HCl, 

150mM NaCl, 10mM CaCl2, 0.05% Brij35. 

 

2.10  Immunostaining and Histology 

2.10.1 Flow cytometry analysis 

All steps were performed on ice and in the dark for 30 minutes, unless otherwise stated. 

In addition, cells were washed at least once with FACS buffer (PBS, 3% FCS, and 0.1% 

sodium azide) in-between blocking, staining and fixing steps. Briefly, cells were 

resuspended in FACS buffer, and subsequently incubated with mouse serum (1:10; 

Sigma) or anti-FcγR antibody (eBioscience) to block Fc receptors. Specific flow 

cytometry antibodies, already conjugated to an appropriate fluorophore, were then 

added to cells to target cell surface antigens. After the final wash, cells were fixed in 

CellFix (BD biosciences) and kept overnight at 4˚C (in the dark) if not run on the same 
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day. Stained cells were run on BD Fortessa II (BD Biosciences), and data was analysed 

using FlowJo software (v7.6.5, Tree Star, USA). Fluorescence minus one (FMO) controls 

were used to set gates, appropriately, for analysis. The mean fluorescence intensity 

(MFI) and Overton subtraction (% positive population) was calculated using relevant 

control data (FMOs).  

 

In the case of fluorescence activated cell sorting (FACS), the staining process was 

carried out as described above however with several fundamental modifications to the 

protocol: (a) FACS buffer (2% FCS in PBS), (b) addition of DAPI to select for viable cells 

and (C) live cells (no fix) were run on the same day on BD FACSAria™ III (BD 

Biosciences) with the help of Ms. Catherine Simpson (Life Sciences, Imperial College 

London).  Cells were selected by their desired immunophenotype and sorted into 

appropriate medium.  

 

In the case of intracellular protein expression (i.e. Ki-67), fixed cells having already 

stained for surface antigens were resuspended in permeabilisation buffer (eBioscience, 

UK) containing the specific flow cytometry antibody. Next, cells were washed and 

samples were run on BD Fortessa II (BD Biosciences).  

 

If cells were exposed to trypsin/EDTA prior staining for Flow cytometry, they were 

allowed to recover in the cell culture incubator for at least 2 hours.  
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2.10.2 Immunofluorescent staining 

Blood and bone marrow CFU-Fs on µ-Dishes (ibidi, Germany) were rinsed twice with 

PBS, before being fixed with 4% paraformaldehyde for 10 minutes at room 

temperature. Colonies were then incubated for 1 hour in blocking buffer (5% v/v 

normal donkey serum, 4% v/v FCS, and 0.2% v/v Triton-X 100 (Sigma) in PBS) at room 

temperature. Next, primary antibodies were added and colonies were incubated 

overnight at 4˚C with gentle rocking. The next day, colonies were rinsed with three 

rounds of 5 minutes in PBS, and Alexa Fluor® secondary antibodies (Invitrogen) were 

added. Colonies were incubated for 1 hour at room temperature, in the dark and on a 

gentle rocker until washing with another three rounds of 5 minutes in PBS was carried 

out. During the final washing step, 4µg/ml DAPI (in PBS; Sigma) was added and colonies 

were imaged on Leica SP5 resonant inverted microscope (Leica Microsystems). 

 

2.10.3 Trilineage differentiation assessment 

Adipocyte staining: On appearance of fat globules, cells were washed with PBS and fixed 

with 4% paraformaldehyde (in PBS) for 1hr at room temperature, before Oil Red O 

(Sigma) stain was added for 10 minutes at room temperature. Oil Red O solution was 

prepared from 3 part Oil red O stock solution (3.75% w/v in isopropanol) and 2 parts 

dH2O. Finally, stained cells were rinsed thoroughly with dH2O.  Osteocyte staining: On 

appearance of calcified nodules, cells were washed with PBS and stained with 2% w/v 

Alizarin Red S (Sigma) for 10 minutes at room temperature. Cells were then rinsed 

thoroughly with dH2O. Chondrocyte staining: On appearance of spherical structures, 

cells were washed with PBS, fixed with 4% paraformaldehyde (in PBS) for 1hr at room 

temperature, before Alcian Blue stain (100mg/L in 60% ethanol and 40% acetic acid) 
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was added and incubated overnight at room temperature away from direct sunlight. 

Cells were then washed with destain solution (60% ethanol and 40% acetic acid) for 20 

minutes at room temperature. Photomicrographs of adipocytes, osteocytes and 

chondrocytes were taken using Zeiss Axiovert 200/ SimplePCI microscope (Carl Zeiss 

Microscopy). 

 

2.11 Immunoblotting and Immunodetection 

2.11.1 Protein lysates and SDS-PAGE electrophoresis 

Cells in suspension (neutrophils) or from adherent cultures (MSPCs and b.END) were 

rinsed with PBS and lysed with CelLyticTM M (Sigma-Aldrich), supplemented with EDTA 

free protease inhibitor cocktail (Roche), for 30mins on ice. Subsequently, cell lysates 

were centrifuged at 14000rpm for 15mins at 4ᵒC, the cell lysate supernatant was 

collected and stored at -20oC. Protein concentration was quantified using BCATM protein 

assay kit (ThermoFisher Scientific) according to the manufacturer’s instructions. 

Samples were heat denatured in NuPAGE® LDS-sample buffer (Life Technologies)  + 

2.5% v/v β-mercaptoethanol (Sigma), and then 10μg protein/lane was run on a 4-12% 

NuPAGE® Bis-Tris gel (Invitrogen Corp., Carlsbad, Ca., USA) using a Novex X-Cell II mini 

Cell (Life Technologies,). 

 

2.11.2 Western blotting 

Protein was transferred onto Amersham HybondTM-P polyvinyldene fluoride (PVDF) 

membrane (GE Healthcare, UK) using a Novex X-Cell II mini Cell (Life Technologies,). 

Membranes were blocked in 8% w/v fat-free milk (0.1% v/v Tween 20 in TBS buffer) 
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for 1hr at room temperature. Blots were probed with primary antibodies against the 

protein of interest (Table 10.2), including anti-β-actin as loading control, overnight at 

4˚C. The appropriate secondary antibodies anti-rabbit HRP / anti-mouse HRP (GE 

Healthcare UK Ltd., UK) were used and bands were detected using AmershamTM ECLTM 

Western Blotting Detection Reagents (GE Healthcare UK Ltd., UK) and visualised on 

Amersham Hyperfilm ECL (GE Healthcare UK Ltd). Blots were stripped using Re-blot 

Plus Strong Antibody Stripping Solution 10x (Millipore UK Ltd., UK), if intended for 

reprobing with different primary antibodies. 

 

2.11.3 Enzyme-linked immunosorbent assay (ELISA) 

CXCL12, KC or VEGF-A content in blood plasma and bone marrow supernatant were 

quantified using paired antibodies in sandwich ELISA; assays were performed 

according to the manufacturers’ instructions (RnD systems).  Recombinant murine 

CXCL12, KC (RnD systems) and VEGF-A (PeproTech), were used to create standard 

curves. 

 

2.12  Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 5 (GraphPad software, 

CA). Data are expressed as the mean and standard error of the mean (mean±SEM), or 

standard deviation (±SD) where appropriate. Statistical analysis was performed using 

unpaired t-tests or one-way analysis of variance (ANOVA) with Bonferroni’s post-test 

(or Dunnet’s post-test where appropriate).  Results were considered statistically 
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significant when P < 0.05 and represented using asterisks (*, P < 0.05; **, P <0.01; ***, P 

< 0.001).  n = number of mice/group. N = number of independent experiments.
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3.1 Introduction 

Several studies have suggested that proteolytic enzymes play a key role in HSPC 

mobilisation. It was shown that chemotherapeutic agents and G-CSF induce a highly 

proteolytic environment in the bone marrow [259, 348, 349]. These proteolytic 

enzymes were reported to disrupt the stem cell retention system by cleaving molecules 

such as VCAM-1 [259], CXCR4 [260] and CXCL12 [349]. In addition, proteolytic enzymes 

mediated the release of soluble SCF, suggested to activate HSPCs and enable their 

mobilisation [348].  Studies provided evidence of an upregulation in matrix 

metalloproteinase type 9 (MMP-9) expression and activity, in the bone marrow, 

following pharmacological treatment [259, 348].  In a recent study, Ponte et al. (2012) 

showed that G-CSF stimulated MSPC-derived MMP-2 and MMP-14 activity. This enabled 

trans-stromal migration of CD34+ cells (haematopoietic progenitors) in an in vitro 

system, suggesting that bone marrow MSPCs respond to G-CSF treatment and regulate 

HSPC mobilisation in an MMP-2-dependent mechanism [350]. 

 

Matrix metalloproteinases (MMPs) are zinc-dependant proteolytic enzymes with 

twenty-four types identified to date [351]. They are initially synthesised as pro-

enzymes: a propeptide domain hinders the catalytic site preventing the substrate from 

binding. Pro-MMPs can undergo proteolytic or chemical activation, and once activated, 

can be further regulated by Tissue inhibitors of metalloproteinases (TIMPs) [352]. 

MMPs mediate numerous biological functions ranging from cell migration, cell 

activation, cell differentiation, apoptosis, immunoregulation and tissue invasion [352]. 

MMPs’ ability to hydrolyse extracellular matrix (ECM) components is not the only way 
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in which they regulate cell migration. The diagram below (Figure 3.1) adapted from 

Page-McCaw et al. (2007) summarises possible modes of action [353].  

 

 

Figure 3.1: MMPs regulate cell migration  

Diagram showing possible modes of action whereby MMPs regulate cell migration. MMPs degrade ECM to 

enable cell movement (A). MMPs degrade ECM resulting to shedding of signalling molecules which 

promote cell migration (autocrine or paracrine manner) (B). MMPs cleave off the regulatory domain (red) 

from latent molecules, resulting to their activation which consequently stimulates cell motility (C). MMPs 

degrade and deactivate inhibitory signals to regulate cell motility (D). Adapted diagram [353].  
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Recruitment of MSPCs to tumorigenic or injured tissue is understood to require MMPs 

for their movement through the extracellular matrix [13, 43, 354, 355]. However, this 

process of MSPC migration and/or invasion of tissues has been largely demonstrated 

using simple in vitro techniques with little translation to an in vivo setting. Tumour 

tropism of MSPCs to tumorigenic tissue was reported to involve MMP-1 [354] and MMP-

2 activity [355]. Ho and colleagues (2009) cultured human bone marrow MSPCs from 

several donors and tested their migration ability towards glioma in vitro. Differential 

tumour tropism was noted for different donor-derived MSPCs, and was associated with 

differential MMP-1 expression patterns [354]; i.e. the higher the MMP-1 levels, the 

better the migration response. In another study, both homing and engraftment of rat 

bone marrow MSPCs was shown to be MMP-2-dependant. Treatment of MSPCs with 

tumour culture media induced upregulation in MMP-2 gene and protein expression. 

Additionally, an MMP-2 inhibitor supressed MSPC migration towards tumour cells in 

transwell migration assays [355].  

 

As previously described, MSPCs are capable of homing to a site of injury [13, 38, 336, 

339, 342-344]. Indeed the vast majority of studies have demonstrated this process by 

delivering labelled cultured MSPCs and observing recruitment to injured tissue [90]. 

However, experiments such as these fail to investigate recruitment of native MSPCs.  

That aside, these studies remain helpful in understanding soluble mediators that induce 

MSPC recruitment, e.g. CXCL12. Recruitment of circulating MSPCs for tissue 

regeneration is thought to involve crossing of the vascular basement membrane to enter 

damaged tissue.  Studies that investigated this conducted in vitro migration assays of 

culture-expanded MSPCs. For example, in one study, MMP-2 inhibition (using 
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neutralising Abs and siRNA) abolished transendothelial migration of human MSPCs 

[356].  In another study, it was demonstrated that human MSPCs secreted active MMP-2 

at sites of basement membrane degradation. Following on from this, addition of a 

general MMP inhibitor prevented MSPCs from penetrating the endothelial barrier of 

mouse hearts [357]. Further supporting evidence identified MMP-14 activity produced 

by MSPCs necessary for ECM barrier invasion [358] [359]. In 2009, it was reported that 

native MSPCs were found in peripheral blood after administration of Substance P. In 

this study, Substance P induced upregulation of MMP-1, MMP-2, MMP-9 and MMP-14 in 

vitro, while synthesis of TIMP-1 and TIMP-2 was inhibited in human MSPCs. It was 

suggested that this response may also occur in vivo to mediate migration of bone 

marrow MSPCs across the endothelium and into circulation [138].  

 

MMPs mediate the availability of growth factors, and therefore regulate a variety of 

biological functions. MMPs can do this by: (a) shedding growth factors bound to the 

ECM, (b) cleaving cell-membrane-bound precursors, (c) activating latent and (d) 

degrading functional forms of growth factors [353]. A number of growth factors can, in 

turn, mediate MMP expression [360].  For example, VEGF activates production of MMPs 

in tumour cells [360-362].  Tumour cells are capable of migrating and invading healthy 

tissue, a process termed metastasis. Wang and colleagues (2006) demonstrated that this 

process was dependant on VEGF-induced MMP activation. Epithelial cancer cells treated 

with VEGF, showed MMP-2 and MMP-7 activity.  This MMP response was dose-

dependent and featured a negative feedback loop [362].  On the other hand, an 

autrocrine positive loop in VEGF signalling and MMP production was implicated in the 

physiopathology of childhood leukemia. VEGF treatment induced MMP-2 and MMP-9 
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activity in acute lymphoblastic leukemia cells [361].  Therefore, there is a possibility 

that MMPs lie downstream of VEGF stimulation in MSPCs. 

 

Pharmacological mobilisation of HSPCs requires several days of G-CSF treatment to 

achieve optimal mobilisation levels [266]. It is now well-known that several days of 

treatment regulate changes (cellular and transcriptional) in the bone marrow niche to 

release HSPCs into the circulation.  Similarly, MSPCs require four days of VEGF 

treatment prior to their mobilisation by the CXCR4 antagonist AMD3100 [137]; 

however, the mechanism by which VEGF ‘primes’ MSPCs for mobilisation is unknown. 

Preliminary work that followed, proposed a role for MMPs in stimulated MSPC 

mobilisation. Briefly, administration of Marimastat (broad-spectrum MMP inhibitor) in 

mice suppressed mobilisation of MSPCs by the VEGF/AMD3100 combination regimen 

(Dr. M. Hahnel, unpublished data). Therefore, I hypothesise that VEGF may be acting 

directly on MSPCs in the bone marrow, initiating changes towards a migratory 

phenotype, ready for mobilisation by the AMD3100 acute treatment. Furthermore, I 

hypothesise that matrix metalloproteinases may be downstream of VEGF signalling in 

MSPCs, contributing to their enhanced motility. In this chapter, I sought to create an in 

vitro system to examine the direct effect of VEGF on MSPCs.  
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3.2 Aims 

 To isolate and characterise MSPC primary cells from mouse long bones.  

 To examine the transcriptional expression profile of MMP and TIMP genes in 

cultured MSPCs. 

 To compare expression levels of selected MMP and TIMP genes in cultured MSPCs to 

other bone marrow-derived cells. 

 To examine whether MMP and TIMP gene expression is regulated by VEGF in MSPC 

cultures. 

 To set up an MMP activity assay to examine whether MSPC-derived MMP activity is 

regulated by VEGF. 

 To identify whether a specific VEGFR is involved in the response. 
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3.3 Results 

3.3.1 Isolation and characterisation of MSPC primary cells from mouse long 

bones  

MSPCs were isolated from long bones by either whole bone digestion or bone marrow 

flush described in section 2.4.3 and 2.4.4 from BALB/c mice, and MSPCs were selected 

by their adherence to cell culture-treated plastic. However, bone marrow macrophages 

also tightly adhere to plastic and grow along with MSPCs during early cultures. As seen 

in Figure 3.2A, both CD45+ and CD45- cells can be detected in these cultures.  

 

As previously described, Morikawa et al. (2009) identified a selection of markers which 

were reported to isolate and enrich a subpopulation of native MSPCs from the bone 

marrow. In detail, this subpopulation termed PαS, was isolated by means of negative 

CD45 and TER119 expression, and positive PDGFR-α and SCA-1 expression [181, 182]. 

Similarly, these markers were used to confirm MSPCs in my early cultures. MSPCs were 

negative for CD45, and positive for SCA-1 and PDGFR-α (Figure 3.2A).   

 

With careful passaging and culturing of adherent bone-derived cells in DMEM medium 

supplemented with heparin (1U/ml) and basic FGF (5ng/ml), the macrophage 

population was exhausted and undetected in MSPC cultures at later passages (P3-4). 

Alternatively, immunomagnetic beads that target CD45+ cells for negative selection may 

be used to enrich MSPCs, during early stages, to establish purified cultures. Enriched 

MSPC cultures were positive for CD29, CD73, CD105, CD90, CD51, PDGFR-β and CD13 

which are described as the characteristic MSPC markers. Furthermore, MSPCs were 
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negative for CD34 and c-KIT (Figure 3.2B).  Finally, to confirm that indeed these 

cultures were of MSPCs, their trilineage differentiation potential was examined. MSPCs 

were subjected to adipogenic, osteogenic and chondrogenic differentiation in vitro. 

Firstly in the presence of adipogenic medium, MSPCs gave rise to adipocytes identified 

by their lipid droplets stained with Oil Red O (Figure 3.2C; red). Secondly in the 

presence of osteogenic medium, MSPCs gave rise to osteocytes identified by their 

calcium deposits stained with Alizarin Res S (Figure 3.2C; red).  Thirdly in the presence 

of chondrogenic medium, MSPCs gave rise to chondrocytes identified by their 

cartilaginous extracellular matrix stained with Alcian Blue (Figure 3.2C; blue).  MSPC’s 

osteogenic differentiation capacity was also demonstrated in vivo; when cells were 

seeded on hydroxyapatite/tricalcium phosphate (HA/TCP) granules and implanted in 

mice they formed bone after 8-9 weeks (Figure 3.2C; black arrow).  Results confirmed 

that the MSPC cultures in this work met all generally accepted characteristics of 

cultured and native MSPCs.  
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Figure 3.2: Isolation and characterisation of MSPC primary cells from mouse long bones 

Bone marrow MSPCs were isolated from BALB/c mice by plastic adherence and cultured in medium 

supplemented with 20% FCS, 1 U/ml heparin and 5ng/ml bFGF. Non-enriched MSPCs were stained with 

antibodies to identify PαS cells (CD45-PDGFR-α+SCA-1+) (A) and enriched MSPCs were analysed for their 

MSPC marker profile (B) by flow cytometry. The open-dashed line represents the FMO control. MSPCs 

were subjected to adipogenic (adipocytes; red), osteogenic (osteocytes; red) and chondrogenic 

(chondrocytes; blue) differentiation, as well as in vivo bone formation. MSPCs were seeded on 

hydroxyapatite/tricalcium phosphate (HA/TCP) granules, transplanted in mice (n = 2) for 8-9 weeks, and 

stained with H&E to visualise newly formed bone (black arrows). 
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3.3.2 The transcriptional expression profile of MMP and TIMP genes in cultured 

MSPCs 

Expression of MMPs has been reported during MSPC migration and differentiation 

processes. These studies suggested that a variety of MMP types may be produced by 

MSPCs to mediate the nature of their response [43]. That aside, it remained important 

to provide a baseline expression profile of these genes in my murine MSPC cultures to 

allow for selection of the most widely expressed types. Thirty-four primers were 

designed using online databases and NCBI tools such as GenBank, Primer-BLAST and 

BLAST. Briefly, the mRNA sequence for each gene was found on GenBank specific for 

Mus musculus species. The sequence was run on Primer-BLAST to select primer pairs 

with desirable parameters. And finally, forward and reverse primers were run 

separately on nucleotide-BLAST to confirm their specificity. User-designed primers 

were further tested in-house on murine bone marrow samples by qRT-PCR and melting 

curve analysis. Successful primers were utilised to yield the results below. MSPCs 

express most MMP and TIMP genes tested; except for MMP7 and TIMP4 which were not 

detectable (Figure 3.3A-B). MMPs which showed highest expression were MMP2, 3, 13, 

14 and 19, relative to other types. TIMP1 and TIMP3 were highly expressed (Figure 

3.3B), roughly thirty-fold higher than TIMP2.  
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Figure 3.3: The transcriptional expression profile of MMP and TIMP genes in cultured MSPCs 

Whole bone MSPCs (Passage 1-3) were cultured in medium until fully confluent.  MSPCs were lysed to 

extract RNA and subsequent cDNA was prepared. Real-time qRT-PCR data of relative mRNA expression of 

MMP (A) and TIMP (B) genes in MSPCs. Data is shown relative to the lowermost expressed gene, 

displayed as mean ± SEM of three independent experiments. Gene expression was normalised to average 

Ct of BACT (A-B). ND = Not detectable. 
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3.3.3 Profile of MMP and TIMP gene expression in cells derived from the bone 

marrow 

Having demonstrated an expression profile for MMP and TIMP genes in my MSPC 

cultures, several of these were selected for further analysis. It was useful to compare 

MMP and TIMP gene expression between MSPCs and other cell types. This would 

provide a better understanding on baseline expression level of these genes in MSPCs, 

especially when in the context of other cells which make up the bone marrow niche. 

HSPCs were selected to represent another type of stem/progenitor cells. Neutrophils, 

monocytes and macrophages were selected to represent mature leukocytes. The b.END 

cell line, consisting of transformed mouse brain-derived endothelial cells [363, 364], 

was selected as a representative of murine endothelial cells (due to difficulty in isolating 

primary murine ECs). MSPCs express MMP2, 3, 11, 13, 14, 19, and TIMP1 and 3 at higher 

levels than the other cell types (Figure 3.4A-B). MMP8 and MMP9 were expressed at 

very high levels in neutrophils (Figure 3.4A). In comparison to other bone marrow-

derived cells, all three types of TIMPs were mainly expressed in MSPCs (Figure 3.4B). 

These results suggest the endothelium and stroma can be the main source of TIMPs in 

the bone marrow. 
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Figure 3.4: Profile of MMP and TIMP gene expression in cells derived from the bone marrow 

Bone marrow cells isolated as described in section 2.7.1 were lysed to extract RNA. qRT-PCR data of 

relative mRNA expression of selected MMP (A) and TIMP (B) genes in bone marrow MSPCs (P1), HSPCs, 

neutrophils (NΦ), monocytes (MØ), macrophages (MΦ), and b.END cells (bEND). Data is shown relative 

to the lowermost expressing sample for each gene, displayed as mean ± SEM of three independent 

experiments. Gene expression was normalised to average Ct of BACT (A-B). ND = Not Detectable. 
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3.3.4 Treatment of MSPC cultures with VEGF-A/E has no effect on MMP/TIMP 

gene expression 

Biological responses which involve MMP activity can be mediated through differential 

production of MMPs and/or TIMPs [365] [366]. To test whether VEGF signalling could 

regulate MMP or TIMP gene expression in MSPCs, cultures were treated with VEGF 

(50ng/ml) for twenty-four hours and processed for qRT-PCR analysis. Two VEGFR 

ligands were tested. The one VEGFR ligand used was the well-known VEGF-A which 

binds to both VEGFR-1 and VEGFR-2 [299]. The second ligand used was VEGF-E, a 

VEGF-related protein produced by the Orf virus known to be a selective agonist for 

VEGFR-2 [300, 301]. Results are summarised in Table 3.1 and expression is shown 

relative to the control sample with no VEGF treatment. There were no changes detected 

in MMP or TIMP gene expression following treatment.  
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Gene Control VEGF-A VEGF-E P<0.05? 

MMP2 1.06 / 1.00 0.75 / 0.71 1.08 / 0.82 No 
MMP3 1.00 / 1.03 0.87 / 0.71 0.93 / 1.22 No 
MMP8 1.00 / 1.00 0.61 / 0.67 0.75 / 0.69 No 
MMP9 1.00 / 1.02 1.54 / 0.83 1.18 / 1.05 No 
MMP11 1.01 / 1.02 1.20 / 0.64 1.05 / 1.03 No 
MMP12 1.00 / 1.02 0.97 / 1.32 1.16 / 2.28 No 
MMP13 1.00 / 1.03 0.65 / 1.00 1.10 / 1.36 No 
MMP14 1.00 / 1.00 0.66 / 1.15 0.80 / 0.81 No 
MMP17 1.01 / 1.07 1.23 / 0.73 1.36 / 1.20 No 
MMP19 1.01 / 1.02 1.05 / 0.56 9.53 / 1.28 No 
MMP25 1.00 / 1.03 1.34 / 0.63 1.48 / 1.46 No 
MMP28 1.00 / 1.02 1.01 / 0.75 1.19 / 1.23 No 
TIMP1 1.00 / 1.00 0.63 / 0.72 0.79 / 0.74 No 
TIMP2 1.13 / 1.21 2.04 / 1.52 1.13 / 0.37 No 
TIMP3 1.00 / 1.03 1.10 / 0.71 1.38 / 2.51 No 

 

Table 3.1: Treatment of MSPC cultures with VEGF-A/E has no effect on MMP/TIMP gene expression 

Whole bone MSPCs (P3) were cultured in medium until fully confluent. Medium was replaced with DMEM 

+ 1% bovine serum albumin (BSA) and treated with VEGF-A (50ng/ml) or VEGF-E (50ng/ml) for twenty-

four hours. MSPCs were lysed to extract RNA and subsequent cDNA was prepared. Real-time qRT-PCR 

data of relative mRNA expression of MMP and TIMP genes in MSPCs after treatment. Data is shown 

relative to the control sample, displayed as relative quantification values of two independent experiments 

(Expt1 / Expt2; one-way ANOVA w/ Kruskal-Wallis test). Gene expression was normalised to average Ct 

of BACT. 
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3.3.5 Setting up a cost-effective assay to detect changes in cell-derived MMP 

activity 

Given that two forms of MMP regulation were tested with no success in detecting 

changes after VEGF treatment (Table 3.1), the third and final form was examined. It was 

necessary to set up a ‘high-throughput’ assay that had the ability to detect MMP activity 

in MSPC cultures. Providing the success of this assay, further blocking studies would 

enable narrowing down MMP candidates involved in a response. Initially, a commercial 

MMP activity assay kit was purchased from Abcam. However, this kit proved 

unadaptable for in situ assay use since solvent information and concentrations of 

reagents were unknown. After reviewing the literature, I discovered a sensitive 

fluorogenic peptide termed FS-6 [367] that seemed suitable for my experiments. In 

brief, the Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 acts as a substrate for MMP-1, 

MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-12, MMP-13 and MMP-14. The working 

principle of the assay: the fluorescence-quenched peptide substrate is cleaved by MMPs 

and activity is quantified by fluorescence.  The assay protocol is detailed in section 2.9. 

 

The FS-6-based assay was first tested with neutrophil lysates which are abundant in 

MMP-8 and MMP-9; also previously shown by the high expression levels in Figure 3.4A. 

Neutrophil lysates were rich with the proteolytically active form of these MMPs, as 

chemical activation by APMA was not necessary to increase fluorescent reading (Figure 

3.5B). Relative fluorescence showed a steady increase as total protein increased, which 

began to plateau after 15µg (Figure 3.5A). To apply this assay directly on cell cultures, it 

was essential to supplement the reaction with EDTA-free protease-inhibitors. In this 

way, I would limit any unwanted degradation of the FS-6 substrate from non-MMP 
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family proteases in the supernatant. As expected, addition of an EDTA-free protease 

inhibitor cocktail did not affect the fluorescent readout achieved by pure MMP-9 activity 

(Figure 3.5C). Despite this, complications arose once the MMP activity assay was 

adapted for cell culture conditions. MMP-9 activity decreased two-fold when the assay 

took place in culture medium instead of TCNB buffer, with an increase in background 

fluorescence. GM6001, a broad-spectrum MMP inhibitor, was used to confirm that the 

assay was indeed measuring MMP activity (Figure 3.5D). The inhibitor was used as a 

negative control in subsequent experiments.  
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Figure 3.5: Setting up a cost-effective assay using FS-6 fluorogenic peptide substrate to detect MMP 
activity 

Neutrophil lysate were formed in TCNB buffer. Total protein in lysate was quantified and assessed for 

MMP activity with the use of FS-6 fluorogenic peptide substrate (5μM). Total protein (μg) plotted against 

relative fluorescence units (RFU) (A). MMP activity was assessed in neutrophil lysates (13μg) with or 

without APMA activation (B). Murine MMP-9 was activated with APMA. MMP activity was assessed using 

FS-6 in the presence (+PI; black) or absence of EDTA-free protease inhibitor cocktail (-PI; grey). The 

amount of MMP-9 was plotted against RFU (C). MMP-9 (100ng) activity was assessed in phenol-free 

DMEM or after 40min pretreatment with an MMP inhibitor (25μM GM6001). Data of one experiment, 

performed in duplicates, are displayed as the mean (A-D). 
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3.3.6 Treatment of MSPC cultures with VEGF-A/E has no effect on cell-derived 

MMP activity 

Once an optimal protocol was established for measuring cell-derived MMP activity in 

situ, MSPC cultures were investigated in response to VEGF treatment. Cultured MSPCs 

showed baseline levels of MMP activity. There were no significant changes in these 

levels following VEGF treatment (Figure 3.6A). Due to the rapid dynamics of MMP 

activity regulation, several time points were tested. Again, no changes were detected in 

MMP activity during time-response treatment (Figure 3.6B). 
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Figure 3.6: Treatment of MSPC cultures with VEGF-A/E has no effect on cell-derived MMP activity 

Whole bone MSPCs (P3-4) were seeded in 96-well plates and left overnight to adhere. Medium was 

replaced the next day with phenol-free DMEM + 1% BSA and treated with VEGF-A (50ng/ml), VEGF-E 

(50ng/ml) and GM6001 (25μM) for twenty-four hours (A) or at varying time points (B). MMP activity was 

assessed in situ. MMP-9 (100ng) protein in TCNB buffer acted as positive control. EDTA-free protease 

inhibitor cocktail was added to all samples in order to eliminate unwanted protease degradation of FS-6. 

Data of three independent experiments, performed in duplicates, are displayed as mean ± SEM. n.s. = not 

significant (one-way ANOVA w/ Dunnett's Multiple Comparison Test) (A). Data of one experiment, 

performed in duplicates, are displayed as the mean (B). ND = Not Detectable. 
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3.3.7 MSPC cultures express VEGFR genes, however subsequent protein 

expression is not detected 

Up to this point of the chapter, MMP activity was investigated as a downstream 

response to VEGF treatment in MSPC cultures.  During this course, the presence of 

VEGFRs on my cultured MSPCs was assumed, since previous studies [182, 314-316] and 

preliminary data (Dr M. Hahnel; unpublished data) have demonstrated expression of 

both VEGFR-1 and -2 on MSPCs.   

 

Given that no form of MMP or TIMP response was detected in MSPC cultures treated 

with VEGF (Table 3.1 & Figure 3.6), it was necessary to analyse VEGFR expression. 

Baseline levels of VEGFR1 and VEGFR2 gene expression were detected in cultured 

MSPCs by qRT-PCR analysis. MSPCs however, showed far lower expression of these 

genes in comparison to the highly vascularised adipose tissue and the b.END cell line 

(positive control). b.END cells expressed VEGFR1 and VEGFR2 at 4-fold and 100-fold 

higher levels than MSPCs, respectively (Figure 3.7A). Next, cellular protein expression 

was analysed by Western Blot. VEGFR-1 and VEGFR-2 protein was not detected in MSPC 

cultures (Figure 3.7B). b.END cells demonstrated positive expression of both these 

proteins, although the VEGFR-1 protein band was detected at a lower molecular weight 

than predicted (Figure 3.7B; anti-VEGFR1 from Santa Cruz). A number of antibodies 

against VEGFR-1 were purchased and tested, but VEGFR-1 was still not detectable (Cell 

Signaling and Millipore; data not shown).  
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Figure 3.7: MSPC cultures express VEGFR genes, however subsequent protein expression is not 
detected 

Bone marrow cells isolated as described in section 2.7.1 were lysed to extract RNA. qRT-PCR data of 

relative mRNA expression of VEGFR1 and VEGFR2 in bone marrow MSPCs (P1), HSPCs, neutrophils (NΦ), 

monocytes (MØ), macrophages (MΦ), adipose tissue (AD) and b.END cells (bEND). Data is shown relative 

to the lowermost expressing sample for each gene, displayed as mean ± SEM of three independent 

experiments. Gene expression was normalised to average Ct of BACT (A). MSPCs (P1), neutrophils (NΦ) 

and b.END cells were lysed for whole-cell protein extraction. Samples were subjected to Western Blot 

analysis for the detection of VEGFR-1 and VEGFR-2. β-actin levels served as loading control. Blot 

represents one of two independent experiments (B). 

  



Chapter 3 

- 107 - 
 

3.3.8 Culture-expanded MSPCs lose VEGFR surface expression  

Expression of VEGFR-1 and VEGFR-2 on MSPC cultures was further scrutinised using 

flow cytometry analysis. Freshly isolated native MSPCs (Figure 3.8A; uncultured) were 

compared to culture-expanded MSPCs (Figure 3.8B); both identified by their PαS 

marker phenotype. Uncultured MSPCs showed robust surface expression of VEGFR-1 

(Figure 3.8C) and weaker expression of VEGFR-2 (Figure 3.8E). Meanwhile, surface 

expression of VEGFRs was not detected on cultured MSPCs (Figure 3.8C, E). The 

Overton Subtraction % positive cells and mean fluorescence intensity (MFI) for these 

antigens was calculated. Both these measurements showed a sharp drop in VEGFR 

expression with culture (Figure 3.8D, F). 
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Figure 3.8: Culture-expanded MSPCs lose VEGFR surface expression  

Uncultured whole bone MSPCs (A) and cultured MSPCs (B; P1-3) were selected using the PαS marker 

phenotype (A-B) and their surface expression of VEGFR-1 (C-D) and VEGFR-2 (E-F) was analysed by flow 

cytometry. The open-dashed line represents the FMO control (C, E). The Overton subtraction % positive 

cells and MFI for VEGFR-1/2 was calculated on FlowJo. Data of three independent experiments, displayed 

as mean ± SEM (D, F). 
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3.4 Discussion 

In this chapter, I hypothesised that the VEGF ‘priming’ mechanism is via a direct 

stimulus on bone marrow MSPCs. It was further hypothesised that stimulated or 

enhanced MMP activity, if a downstream effect of VEGF signalling, would facilitate MSPC 

migration through ECM and/or the bone marrow endothelium. To test this, experiments 

were performed in an in vitro system using culture-expanded MSPCs.  

 

Murine MSPCs were isolated from long bone; these cultures were confirmed to express 

MSPC-associated surface markers (Figure 3.2B) and to possess trilineage differentiation 

potential (Figure 2C) [22, 107]. Culture-expanded MSPCs were also double positive for 

PDGFR-α and SCA-1 (Figure 3.2A), which is consistent with the reported 

immunophenotype that was used to identify a native MSPC subpopulation (PαS) [182]. 

 

For the first time, an extensive MMP and TIMP baseline expression profile was 

demonstrated in murine MSPCs (Figure 3.3). Results from this experiment showed that 

cultured MSPCs are capable of expressing a broad range of MMPs and TIMPs. Notably, 

MSPCs did not express MMP7 and TIMP4 (Figure 3.3). Gene expression studies 

conducted by Kasper et al. (2007) reported high expression of MMP2, MMP13 and 

TIMP2; Low expression of MMP9, MMP11, MMP14, TIMP1 and TIMP3, and no detectable 

expression of MMP1, MMP3, MMP7, MMP8, MMP10, MMP12, MMP15, MMP17 and MMP24 

in human bone marrow MSPCs. To the authors’ surprise, MMP-3 and MMP-10 protein 

was detected in subsequent experiments [368]. In another study, MMP-1, MMP-2, MMP-

7, TIMP-1, TIMP-2, TIMP-3 and TIMP-4 protein expression was shown in human MSPCs 
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[369]. In light of this and the data presented here, there are clear discrepancies in the 

expression of MMPs and TIMPs reported in MSPCs. A probable explanation is that of 

differences in species and culture conditions. It is also important to highlight that 

differences among studies may result from discrepancies in gene and protein 

expression data. For example, Kasper and colleagues (2007) suggested  that their failure 

to detect MMP3 and MMP10 expression was due to a specified detection limit in mRNA 

measurement [368]. Although numerous studies have reported expression of MMPs in 

cultured MSPCs [43, 138, 366, 369], these studies mainly focused on more common 

MMP types that could be detected by zymography analysis. Zymography is a traditional 

technique used for detecting proteolytic enzymes. This technique is used to separate 

enzymes by electrophoresis on gels containing a proteolytic substrate, and the pro-

enzyme form is detected as a clear band against the Commassie blue stained 

background. However, the library of commercially available standards is limited to 

detection of few MMP types [370]. In addition, this assay is considered as semi-

quantitative and it does not detect net proteolytic activity. These contribute to future 

challenges and limitations in identifying and elucidating MMP types having biological 

relevance to specific MSPC responses. 

 

Results in this chapter suggest MSPCs and endothelial cells as a good source of TIMPs in 

the bone marrow (Figure 3.4). This reflects findings in a recent study showing similar 

expression levels for TIMP-1, -2 and -3 in comparison to endothelial cell lines [369]. 

TIMPs derived from MSPCs are thought to protect the perivascular niche from MMP 

activity. 
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In this work, VEGF treatment failed to induce changes in MMP/TIMP expression or 

upregulate MMP activity in my MSPC cultures (Table 3.1 & Figure 3.6).  These results 

suggest that either (a) VEGF signalling in MSPCs did not mediate MMPs/TIMPs or (b) 

VEGF signalling was absent. It was necessary to examine whether lack of response was 

simply due to absence of VEGFRs on my MSPC cultures. Previous studies have reported 

VEGFR expression on MSPCs [182, 314-316]. In 2005, Fiedler et al. reported that VEGF 

exerts, in a dose-dependent manner, chemotactic activity on human bone marrow 

MSPCs. The authors identified expression of both VEGFR-1 and -2, and confirmed 

signalling activity upon appropriate stimulus. Indeed, it was elucidated in this study that 

VEGF-induced migration was driven by VEGFR-1 [316]. In addition, a study conducted 

on murine MSPCs demonstrated VEGFR-1 expression but failed to detect VEGFR-2. 

Consistent with Fiedler et al. (2005), VEGFR-1 was suggested to mediate VEGF-

stimulated migration in murine MSPCs [315]. In contrast, Schichor and colleagues 

(2006) reported that VEGF-stimulated chemotactic activity on human bone marrow 

MSPCs was VEGFR-2 dependent. However, VEGFR-1 was not investigated in this study 

[314]. It is important to note that all the above studies showed protein expression of 

VEGFR on culture-expanded MSPCs, though with major inconsistencies among them on 

which type of VEGFR is expressed. Conversely, there is literature showing that MSPCs 

are not capable of expressing VEGFRs [371, 372]. One recent study demonstrated that 

despite VEGF-A exerting chemotactic activity on human MSPCs, VEGFR-1 and VEGFR-2 

were absent when analysed by RT-PCR and flow cytometry. The authors showed that 

VEGF-induced migration was indeed dependant on PDGFR signalling; demonstrating 

that the VEGF ligand could bind and activate PDGFRs on MSPCs [373].  In line with the 

above study, my results demonstrated that VEGFR protein expression was absent in my 

MSPC cultures (Figure 3.7B & Figure 3.8C-F). The ability to detect VEGFR1 and VEGFR2 
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gene expression (Figure 3.7A), although at very low levels, may suggest that MSPCs are 

capable of expressing these receptor proteins probably when in their native 

environment. Indeed, freshly isolated native MSPCs expressed both VEGFR-1 and 

VEGFR-2 (Figure 3.8C-F), which is consistent with flow cytometry evidence by 

Morikawa and colleagues (2009) who demonstrated VEGFR-2 surface expression on 

bone marrow PαS cells [182]. Upon comparing freshly isolated MSPCs to culture-

expanded MSPCS, I detected a dramatic loss of VEGFR-1 and VEGFR-2 surface 

expression (Figure 3.8C-F). It appears that ex vivo culture conditions were responsible 

for the absence of VEGFRs on MSPCs, even at very early passages. In addition, it was 

reported that a loss of multipotency demonstrated downregulation of VEGFR 

expression in MSPCs [316], which has also been previously reported as a consequence 

of culture expansion [127]. 

 

The above studies and the work presented here add to evidence which support 

phenotypic changes in cultured MSPCs. As mentioned in the introductory chapter, 

MSPCs experience a variety of phenotypic, genetic and morphological changes with ex 

vivo expansion [107, 117]; and especially murine MSPCs which prove more difficult to 

culture and are more prone to genomic instability than human MSPCs [126]. Hence, it is 

not surprising that VEGFR expression was absent during my attempt to set up an in 

vitro system to investigate VEGF effects on MSPCs.  

 

Work published in 2009, suggested that MMPs may be involved in Substance P-

stimulated MSPC mobilisation. It is, however, important to note that no attempt was 
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made to show increased endogenous MMP activity (MMP-2 & MMP-9) in animal bone 

marrow after substance P administration. The authors also relied on their in vitro 

system [138] and the use of human-derived instead of animal-derived bone marrow 

MSPCs. At this stage, it is impossible to conclude from this and the data presented here, 

whether MSPC-derived MMPs provide the main inducible mechanism for MSPC 

mobilisation in vivo. In addition, it is also inconclusive whether, in the context of 

VEGF/AMD3100-induced mobilisation, this process is a direct stimulation of VEGF on 

native MSPCs. Steingen et al. (2008) demonstrated that MMP-mediated transmigration 

of MSPCs was dependant on the endothelial phenotype; i.e. distinct clustering of 

adhesion and integrin molecules required to achieve crossing of the endothelium. It is 

important to note from this study, that exogenous VEGF treatment merely accelerated 

the process of transmigration [357] which was suggested to be a consequence of 

upregulated adhesion molecules on endothelial cells.  It is therefore tempting to 

speculate that VEGF may stimulate the sinusoidal endothelium and activate relevant 

cross-talk with MSPCs in close proximity, in order to potentiate them for subsequent 

MSPC transmigration following AMD3100 administration. Alternatively, VEGF may be 

acting on other VEGFR-expressing cells in the bone marrow, such as 

monocytes/macrophages, that could stimulate changes in the bone marrow and/or in 

MSPCs to achieve mobilisation.  

 

Recent evidence has cast doubt on the role of MMPs in HSPC mobilisation. The use of 

specific MMP knockout (KO) mice in studies, suggested that MMPs may not be critical 

for G-CSF or IL-8 -induced HSPC mobilisation [262, 264, 265]. MMP-9-deficient mice 

displayed normal HSPC mobilisation in response to IL-8, whereas granulocyte 
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deficiency impaired mobilisation. Indeed it was suggested that MMP-9 is merely a 

marker for granulocyte activation and is not essential for HSPC mobilisation [262]. In 

another study using MMP-9-deficient mice, it was suggested that other proteolytic 

enzymes compensate for the absence in MMP-9. However, this study failed to show 

whether proteolytic activity in the bone marrow and/or plasma was comparable to wild 

type (WT) mice after G-CSF treatment. Moreover, no proteolytic enzymes responsible 

for the said compensation were identified [265]. Work conducted by Levesque et al. 

(2004) also confirmed normal HSPC mobilisation by IL-8 and G-CSF in MMP-9-deficient 

mice.  In the same study, mice deficient of neutrophil elastase and cathepsin G 

(neutrophil-derived proteases) showed similar levels of G-CSF-induced HSPC 

mobilisation to WT mice. These findings may appear to contradict previous work on 

neutrophil-derived proteases by Pruijt et al. (2002), but it is worth noting that HSPC 

mobilisation mechanisms may vary depending on the mobilising cytokine used. 

Levesque et al. (2004) challenged evidence found in their own former publication. In 

light of their new data, they concluded that MMP-mediated cleavage of VCAM-1 was 

indeed not necessary for HSPC mobilisation [264]. In addition, CXCL12 downregulation 

stimulated by G-CSF in the bone marrow was also not mediated by neutrophil-derived 

proteases [264] as previously thought. Finally, broad inhibition of MMPs in mice 

deficient of neutrophil-derived proteases [264] demonstrated compelling evidence that 

proteolytic activity is not fundamental for G-CSF-induced HPSC mobilisation. In light of 

these studies, it is tempting to question my choice of MMPs as the main mechanism 

driving cytokine-stimulated MSPC mobilisation. The unique structure of the sinusoidal 

endothelium is thought to allow bidirectional exchange of cells between blood and bone 

marrow with greater ease [148]. As previously mentioned, it has been suggested that 

MSPCs migrate in a similar manner to haematopoietic cells [41]. If one would assume 
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that native MSPCs behave like haematopoietic cells in the bone marrow, then MMPs 

may not be fundamental for their egress into peripheral blood.  

 

My research into this mechanism has been largely disappointing as critical changes in 

cultured MSPCs did not permit studies in vitro, which were intended to identify MMP 

types downstream of VEGF before further characterisation in vivo.  As it is now essential 

to carry out complex MMP studies in vivo, additional limitations such cost of MMP KO 

mice, possible compensation mechanisms and limited access to selective MMP 

inhibitors, led to suspension of further investigation into MMPs. 

 

In summary, MSPCs were successfully isolated from murine long bones. Cultured MSPCs 

expressed a broad range of MMP and TIMP genes. In addition to this, MSPCs showed 

baseline MMP activity. These techniques were established to examine the effect of VEGF 

on MSPCs. However, VEGF treatment failed to induce changes in MMP/TIMP expression, 

and nor did treatment stimulate upregulation in MMP activity. It was found that VEGFR-

1 and -2 were absent on cultured MSPCs. These critical changes in cultured MSPCs 

discontinued in vitro studies investigating the effect of VEGF on MSPCs. Since it was not 

possible to recapitulate the in vivo phenotype of native MSPCs in vitro, it was justified to 

continue investigation into possible mechanisms of mobilisation in vivo. 



- 116 - 
 

 

 

 

 

 

 Chapter 4 

Mobilisation of Haematopoietic and 

Mesenchymal Stem/Progenitor Cells  
 

  



Chapter 4 

- 117 - 
 

4.1 Introduction 

To interrogate mechanisms in pharmacological mobilisation of native MSPCs in vivo it is 

necessary to first establish a regimen capable of mobilising these cells. It was first 

discovered in our group that a regime combining VEGF and a CXCR4 antagonist, 

AMD3100, was successful in mobilising BM MSPCs [137]. In the same study, Pitchford et 

al. (2009) reported differential mobilisation of bone marrow stem cells depending on 

the cytokine used to pretreat mice with [137]. This suggested that different regimens 

can be used to stimulate the mobilisation of specific bone marrow stem cells. G-CSF-

induced mobilisation of HSPCs has been under a great deal of investigation since its 

discovery [229], and the mechanisms involved have been thoroughly examined over the 

years. Further to this, the inclusion of CXCR4 antagonists has also shown significant 

advances in understanding these mechanisms [226, 276, 277, 374]. Contrary to the 

findings published by Pitchford et al. (2009), others have reported mobilisation of 

MSPCs following G-CSF [325-327] or CXCR4 antagonist [375] treatment. 

 

Quantification of stem/progenitor cells can be carried out in vitro with the use of 

clonogenic assays. Provided that cells are seeded at low density, a single 

stem/progenitor cell can form clones of cells which appear as a single colony in culture 

[21, 376]. Since different stem/progenitor cells have different growth requirements, 

this technique has been optimised with specific media and adhesion 

substrates/surfaces. For example, the colony-forming units-fibroblast (CFU-F) assay is 

performed on culture-treated plastic and in medium supplemented with factors 

supporting MSPC growth. The CFU-F assay has been used in studies to identify and 

quantify circulating MSPCs in a number of mammalian species, such as rodents, rabbits, 
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dogs and humans [239]. This technique is well established in our laboratory and it has 

been used for the detection and quantification of MSPC mobilisation into peripheral 

blood [137, 377]. 

 

Alternatively, flow cytometry analysis can be used to identify and quantify stem cells 

circulating in peripheral blood. Circulating bone marrow derived stem cells were first 

identified by the CD34 antigen [378]. CD34 is a cell surface protein expressed on 

haematopoietic and progenitor cells. Importantly, the CD34+ cell count is used in the 

clinic to assess quality of collection during apheresis. In addition, it is used to assess the 

mobilisation threshold whereby patients can be categorised as good or grades of poor 

mobilisers [379]. Recent advances in surface marker panels have allowed for better 

distinction of stem cells in vivo, particularly in mice. Examples include: (a) LSK [152] 

and SLAM family [380] markers for HSPCs, (b) VEGFR-2 and CD133 markers for EPCs 

[307], and (c) markers such as CD29, CD105 and CD44 for MSPCs [249, 375, 381].  

Extensive marker panels allow for greater precision when investigating and quantifying 

distinct populations of bone marrow stem cells. LSK cells are lineage negative with high 

expression of SCA-1 and c-KIT (L-SK+). This population was shown to identify primitive 

haematopoietic progenitors. Schwarz and colleagues (2009) reported the presence of 

LSK cells in peripheral blood, although much lower in frequency (10-5), which displayed 

phenotypic and functional resemblance to LSK cells in the bone marrow [152]. The 

combination of SLAM markers, CD150 and CD48, with the LSK marker panel was shown 

to identify distinct subpopulations, and enable separation of the HSC population from 

HPCs. Indeed, use of the SLAM LSK marker panel has been demonstrated to label 

mobilised HSCs in G-CSF-treated mice [380]. Alternatively, coexpression of CD133 and 
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VEGFR-2 surface proteins was demonstrated to identify circulating EPCs. These 

markers were able to separate out EPCs from the general CD34+ haematopoietic and 

progenitor cell population (about 2% of CD34+ cells in humans) [307]. Finally, 

identification of peripheral blood MSPCs by flow cytometry utilises markers that are 

characteristic to MSPCs in culture. In an early study, Mansilla et al. (2006) screened 

peripheral blood cells from burn victims with antibodies against CD44, CD13, CD90, 

CD29 and CD105 (and negative for haematopoietic markers) to identify circulating 

MSPCs [249].  Although these markers have proven useful for characterising and 

evaluating MSPCs in culture, their use for detecting native MSPCs in vivo remains 

questionable. As described previously in the general introduction, these markers are 

not unique to MSPCs and cannot be used to definitively identify native MSPCs or 

confirm their multipotency in vivo. In addition, peripheral blood MSPCs are very low in 

frequency and their existence is subject to debate [239]. Difficulty in harvesting 

sufficient numbers from peripheral blood has contributed to their lack of 

characterisation as opposed to MSPCs from the bone marrow. As described previously, 

in the mouse bone marrow, native MSPCs can be identified as CD45-Ter119-PDGFR-

α+SCA-1+ (PαS). In this work, I will adopt the PαS marker panel, to detect and quantify 

MSPCs in peripheral blood. 
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4.2 Aims 

 To establish pharmacological mobilisation of HSPCs. 

 To establish pharmacological mobilisation of MSPCs. 

 To characterise MSPCs mobilised into the blood using the VEGF/AMD3100 

combination. 

 To examine whether flow cytometry analysis of PαS cells in peripheral blood can 

be used to quantify pharmacological mobilisation of MSPCs. 
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4.3 Results 

4.3.1 G-CSF/AMD3100 combination regimen achieves synergistic mobilisation of 

HSPCs  

Circulating HSPCs and MSPCs were quantified by clonogenic assays described in section 

2.7.6 and 2.7.7. The CFU-HPC and CFU-F assay were used throughout this study to 

assess pharmacological mobilisation of HSPCs and MSPCs, respectively.  

 

Mice treated with the CXCR4 antagonist AMD3100 (5mg/kg; Figure 4.1A) for one hour, 

showed a significant increase in circulating total nucleated cells (TNCs; Figure 4.1B) and 

HSPCs (CFU-HPC; Figure 4.1C). Pretreatment of mice with G-CSF (100μg/kg) over four 

days (Figure 4.1A) significantly increased circulating numbers of TNCs, similar to that of 

AMD3100 (Figure 4.1B). Nonetheless, G-CSF pretreatment of mice showed significantly 

higher numbers of circulating HSPCs compared to AMD3100 (Figure 4.1C). A 

combination of G-CSF pretreatment with AMD3100 (Figure 4.1A), induced a significant 

increase in circulating HSPCs above G-CSF pretreatment alone. The G-CSF/AMD3100 

combination regimen showed synergistic mobilisation of HSPCs (Figure 4.1C). In 

agreement with previous work [137], an increase in circulating MSPCs was not detected 

when mice were administered G-CSF pretreatment alone, AMD3100 alone or G-

CSF/AMD3100 combination regimen (Figure 4.1D). 
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Figure 4.1: G-CSF/AMD3100 combination regimen achieves synergistic mobilisation of HSPCs 

Experimental design (A). BALB/c mice were pretreated with G-CSF (100µg/kg i.p.) or vehicle (PBS) once 

daily on 4 consecutive days. Twenty-four hours after last injection, mice were administered AMD3100 

(5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating Total nucleated cells (TNCs; B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs 

and CFU-Fs per ml blood (n = 7-8). Data of two independent experiments (N = 2), displayed as mean ± 

SEM. ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test). 
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4.3.2 G-CSF/AMD3100 combination regimen does not mobilise MSPCs  

In my previous experiment, CFU-Fs were not detected in the blood following G-CSF 

treatment, AMD3100 alone or in combination; as reported in Pitchford et al. (2009) 

[137]. However, a number of studies have previously reported mobilisation of MSPCs by 

G-CSF [324-327] or AMD3100 [375]. It is important to note that these studies utilised 

unusual quantification methods and plated cells at high density, such as followed below.  

 

In an attempt to replicate these results, I seeded peripheral blood TNCs from G-

CSF/AMD3100 treated mice in flasks at high density. At the 21-day time point, adherent 

cells were observed for quantification. Attempt to quantify colonies was halted 

immediately upon discovery of a thick blanket of cells with no clear separation between 

them (Figure 4.2A); making enumeration of CFU-Fs difficult. The adherent cells 

appeared to be small in size and to have spindle-like morphology with projections on 

either side (Figure 4.2A). Unlike cultured bone marrow MSPCs, the nuclei of these cells 

could not be visually defined. Despite this, they showed a passing resemblance to cells 

found in blood CFU-Fs. The adherent cells were carefully harvested from flasks and 

stained with antibodies for characterisation by flow cytometry analysis. The entire cell 

population was positive for CD45 and CD11b (Figure 4.2B), markers which are normally 

used to identify macrophages in culture. These results confirm that G-CSF pretreatment 

and/or AMD3100 administration in mice does not mobilise MSPCs, in agreement with 

Pitchford et al. (2009) [137]. 

 



Chapter 4 

- 124 - 
 

 

Figure 4.2: G-CSF/AMD3100 combination regimen does not mobilise MSPCs 

BALB/c mice were pretreated with G-CSF (100µg/kg i.p.) once daily on 4 consecutive days. Twenty-four 

hours after last injection, mice were administered AMD3100 (5mg/kg i.p.) and an hour later blood was 

collected via cardiac puncture. Circulating TNCs were seeded at high density in cell culture treated flasks. 

Photomicrograph image shows morphology of cells after 3 weeks (A). Adhered cells were stained for 

CD45 and CD11b surface expression, and subjected to flow cytometry analysis. The open-dashed line 

represents the FMO control (B). Data representative of two independent experiments (N = 2). 
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4.3.3 IL-17-induced upregulation of endogenous KC (CXCL1) fails to mobilise 

HSPCs  

Neutrophils egress from the bone marrow during homeostasis to maintain a circulating 

population, and are rapidly mobilised in great numbers during specific inflammatory 

reactions [9]. G-CSF and ELR+ CXC- chemokines drive this response [225]. As these 

factors induce HSPC mobilisation I investigated whether IL-17, recently found by others 

in our laboratory to induce neutrophil mobilisation (unpublished data), could likewise 

mobilise HSPCs. 

 

Mice administered with IL-17 (30µg/kg; Figure 4.3A) or KC (3.3nmoles/kg; Figure 4.3A) 

showed a significant increase in the number of circulating TNCs (Figure 4.3B) and 

neutrophils (NΦs; Figure 4.3C); to the same extent between treatments. Similarly, 

treated mice displayed higher levels of KC in the blood (Figure 4.3F). Mice administered 

KC showed a significant increase in the number of circulating HSPCs, whereas no 

changes were detected in mice administered IL-17 (Figure 4.3D, F). There were no 

changes detected in the number of circulating MSPCs following treatment (Figure 4.3E). 

This data suggests another level of differential mobilisation of bone marrow cells. 

  



Chapter 4 

- 126 - 
 

 

Figure 4.3: IL-17-induced upregulation of endogenous KC (CXCL1) fails to mobilise HSPCs  

Experimental design (A). BALB/c mice were treated with IL-17 (30µg/kg i.v.; 2hrs), KC (3.3nmoles/kg i.v.; 

1hr) or vehicle (PBS).  Blood was collected via cardiac puncture for enumeration of circulating TNCs (B), 

NΦs (C), HSPCs (D) and MSPCs (E). ELISA analysis was used to quantify levels of KC in the blood (F). 

TNCs, NΦs, CFU-HPCs and CFU-Fs per ml blood. KC in pg per ml plasma (n = 4-8; N = 2). Data displayed as 

mean ± SEM. ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test). 
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4.3.4 VEGF/AMD3100 combination regimen mobilises MSPCs 

Pharmacological mobilisation of leukocytes and HSPCs was demonstrated in this work 

(Figure 4.1 and Figure 4.3). The next step was to establish MSPC mobilisation utilising 

the VEGF/AMD3100 combination regimen. 

 

Mice receiving VEGF-A pretreatment (100μg/kg) over four days (Figure 4.4A) showed 

no changes in the number of circulating TNCs, NΦs, HSPCs and MSPCs (Figure 4.4B-E). 

As shown previously, treatment with AMD3100 alone stimulated a significant increase 

in the number of circulating TNCs and HSPCs (Figure 4.4 B, D). However, when mice 

were pretreated with VEGF-A (Figure 4.4A), there was a significant decrease in 

circulating TNCs when compared to AMD3100 alone (Figure 4.4B). Although not 

statistically significant, there was a similar decrease in the number of circulating 

neutrophils and HSPCs in these mice (Figure 4.4C, D). Moreover, the combination of 

VEGF-A pretreatment with AMD3100 (Figure 4.4A) demonstrated a significant increase 

in the number of circulating MSPCs, with roughly a 60-fold increase in CFU-Fs detected 

compared to vehicle-treated mice (Figure 4.4E).  
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Figure 4.4: VEGF/AMD3100 combination regimen mobilises MSPCs 

Experimental design (A). BALB/c mice were pretreated with VEGF-A (100µg/kg i.p.) or vehicle (PBS) 

once daily on 4 consecutive days. Twenty-four hours after last injection, mice were administered 

AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating TNCs (B), Neutrophils (C; NΦs), HSPCs (D) and MSPCs (E). TNCs (n = 7-13; N = 

3), NΦs, CFU-HPCs (n = 4; N = 1) and CFU-Fs (n = 4-9; N = 2) per ml blood. Data displayed as mean ± SEM. 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test).  
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4.3.5 Peripheral blood CFU-Fs detected in mice treated with VEGF/AMD3100 

combination regimen express mesenchymal stem/progenitor cell markers  

Mobilisation of MSPCs was carried out in mice following the VEGF/AMD3100 

combination regimen described in Figure 4.4A.  CFU-Fs detected in the peripheral blood 

of these mice were carefully passaged. Previous attempts in expanding cells isolated 

from individual blood CFU-Fs proved difficult. Several attempts and optimisation of 

protocols were required to achieve culture expansion. Indeed, cells were culture-

expanded under hypoxic conditions (2% O2) to maintain their survival and 

proliferation. This was necessary to yield sufficient numbers for characterisation by 

Flow cytometry and trilineage differentiation. Fifty percent of cells in CFU-F -expanded 

cultures were CD45 negative (Figure 4.5A). This same population stained positive for 

PDGFR-α and SCA-1, hence were identified as PαS cells. Furthermore, the CD45 negative 

population (MSPCs) was positive for CD29, CD73, CD105, CD51, CD90 and CD13; all 

MSPC-associated surface markers. Surface expression of VEGFR-1, PDGFR-β and c-KIT 

was also evident, whilst expression of VEGFR-2 and CD34 was absent on these cells 

(Figure 4.4B). Unfortunately, trilineage differentiation data is not presented here. 

Confluent wells of passage 4 cultures entered senescence and the majority of cells 

detached two weeks into the differentiation protocol. In my second attempt, I carried 

out a FACS sort to enrich the CD45 negative population for differentiation.   Enriched 

cells became confluent after two weeks, but soon after, entered senescence. Despite this, 

the flow cytometry data confirms the MSPC phenotype. 
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Figure 4.5: Peripheral blood CFU-Fs detected in mice treated with VEGF/AMD3100 combination 
regimen express mesenchymal stem/progenitor cell markers  

BALB/c mice were pretreated with VEGF-A (100µg/kg i.p.) once daily on 4 consecutive days. Twenty-four 

hours after last injection, mice were administered AMD3100 (5mg/kg i.p.) and an hour later blood was 

collected via cardiac puncture. Circulating MSPCs detected by the CFU-F assay, were culture expanded 

(P3) and were stained with antibodies to identify PαS cells (A) and analysed for their surface marker 

profile (B) by flow cytometry. The open-dashed line represents the FMO control.  
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4.3.6 IGF-1/AMD3100 combination regimen fails to mobilise MSPCs  

A recently published study reported that IGF-1/AMD3100 combination regimen 

mobilises greater numbers of MSPCs in mice [139]. In search of a more efficient MSPC 

mobilisation protocol for comparison studies, I tested this mobilisation regimen. 

 

Mice receiving IGF-1 (100μg/kg) pretreatment over four days (Figure 4.6A) showed no 

changes in the number of circulating TNCs, HSPCs and MSPCs (Figure 4.6B-D). 

Nonetheless, a combination of IGF-1 pretreatment with AMD3100 demonstrated a slight 

increase in circulating TNCs (Figure 4.6B) and a significant increase in HSPCs (Figure 

4.6C) when compared to AMD3100 alone. However, an increase in circulating MSPCs 

was not detected when mice were administered IGF-1/AMD3100 in combination 

(Figure 4.6D), suggesting that this regimen fails to mobilise MSPCs. 
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Figure 4.6: IGF-1/AMD3100 combination regimen fails to mobilise MSPCs 

Experimental design (A). BALB/c mice were pretreated with IGF-1 (100µg/kg i.p.) or vehicle (PBS) once 

daily on 4 consecutive days. Twenty-four hours after last injection, mice were administered AMD3100 

(5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating TNCs (B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs and CFU-Fs per ml blood 

(n = 3-4; N = 1). Data displayed as mean ± SEM. ∗p < 0.05 (one-way ANOVA; Bonferroni's Multiple 

Comparison Test). 
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4.3.7 β3-Adrenoceptor agonist/AMD3100 combination regimen mobilises HSPCs 

and MSPCs 

Dr T. Fellous working in our laboratory identified a novel pharmacological approach to 

mobilise both MSPCs and HSPCs into the blood (unpublished data). He showed that 

AMD3100 mobilised MSPCs in mice pretreated with a β3-Adrenoceptor agonist. In 

contrast to previous protocols AMD3100 was administered on day 4, rather than on day 

5 (Figure 4.7A). Dr Fellous’ results showed that pretreatment of mice with a specific β3-

Adrenoceptor agonist (10mg/kg; β3-AR) BRL 37344 alone over 4 consecutive days 

(Figure 4.7A), does not mobilise TNCs, HSPCs or MSPCs (unpublished data). Thus, this 

control group is absent in my initial experiments to reduce the number of animals in 

line with the principles of the NC3Rs (replacement, reduction, refinement). 

 

As shown in Figure 4.7B, AMD3100 stimulated an increase in TNCs that was not 

changed in mice pretreated with a β3-AR agonist. In contrast pretreatment with the β3-

AR agonist significantly increased circulating HSPCs (Figure 4.7C) and MSPCs (Figure 

4.7D) following administration of AMD3100. Of note, the number of CFU-Fs per ml 

blood was much higher than with VEGF/AMD3100 combination treatment (Figure 

4.4E). 
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Figure 4.7: β3-Adrenoceptor agonist/AMD3100 combination regimen mobilises HSPCs and MSPCs 

Experimental design (A). BALB/c mice were pretreated with β3-AR agonist (10mg/kg i.p.) or vehicle 

(dH2O) once daily on 4 consecutive days. One hour after last injection, mice were administered AMD3100 

(5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating TNCs (B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs and CFU-Fs per ml blood 

(n = 4-6; N = 1). Data displayed as mean ± SEM. ∗p < 0.05, ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's 

Multiple Comparison Test). 
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4.3.8 Pharmacological mobilisation of clonogenic MSPCs cannot be detected by 

flow cytometry analysis of circulating PαS cells  

It has been shown by others that PαS cells represent an in vivo/native subpopulation of 

MSPCs in the bone marrow [181, 182]. I found that the CD45- population of the culture 

expanded blood CFU-Fs were indeed PαS cells (Figure 4.5A); I therefore sought to 

investigate whether I could use flow cytometry to quantify PαS numbers in the blood 

and assess MSPC mobilisation. Flow cytometry is a powerful quantitative method which 

could provide immediate results following various mobilisation regimens. If successful, 

the use of flow cytometry to quantify MSPC mobilisation could replace the CFU-F assay 

method which requires a 21-day incubation period to obtain results, and is costly. 

 

When CFU-Fs are quantified in the blood of control mice 0-1 CFU-Fs are detected per ml 

blood (e.g. Figure 4.4E), however when PαS cells were enumerated by flow cytometry I 

detected 50-100 cells per ml blood (Figure 4.8B). Mice receiving VEGF-A pretreatment 

(100μg/kg) over four days (Figure 4.4A) showed no changes in the percentage or 

number of PαS cells in the blood (Figure 4.8A-B) compared to control animals. A 

combination of VEGF-A pretreatment with AMD3100 (Figure 4.4A), again showed no 

changes in the percentage or number of circulating PαS cells (Figure 4.8A-B). Thus 

changes in circulating CFU-F do not correlate with changes in the number of PαS cells.   
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Figure 4.8: Pharmacological mobilisation of clonogenic MSPCs cannot be detected by flow 
cytometry analysis of circulating PαS cells 

BALB/c mice were pretreated with VEGF-A (100µg/kg i.p.) or vehicle (PBS) once daily on 4 consecutive 

days. Twenty-four hours after last injection, mice were administered AMD3100 (5mg/kg i.p.) or vehicle 

(PBS), and an hour later blood was collected via cardiac puncture for enumeration of circulating PαS cells 

by flow cytometry (A-B). PαS cells percentage of TNCs in blood and PαS cells per ml blood (n = 3-4; N = 1). 

Data displayed as mean ± SEM. 
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4.3.9 Strain differences in circulating PαS cells between BALB/c and C57Bl/6 

mice  

Previous results showed that changes in circulating CFU-F numbers did not correlate 

with changes in circulating PαS cells following the VEGF/AMD3100 combination 

treatment.   It was important to examine whether any changes occurred in the number 

of PαS cells following β3-AR agon’/AMD3100 combination; which was previously 

demonstrated to mobilise greater CFU-F numbers into blood (Figure 4.7D). In addition, 

it was found in our laboratory that a higher number of circulating PαS cells can be 

detected in the C57Bl/6 mouse strain, with even greater numbers being detected 

following bleomycin-induced lung injury (Dr K. Gowers; unpublished data). Therefore, 

this strain was also used in this experiment, in hopes of increasing our chances of 

detecting changes in this population after treatment using flow cytometry. 

 

As shown in Figure 4.9A & E, the flow cytometry plots display obvious differences 

between mouse strains. C57Bl/6 mice showed marked levels of CD45/TER119/CD31 

negative cells in circulation, which associated to a larger and more distinct PαS 

population in the blood (Figure 4.9E). C57Bl/6 mice showed an average of 0.08% PαS 

cells in the blood (Figure 4.9G; vehicle) in comparison to the 0.007% found in BALB/c 

mice (Figure 4.9C; vehicle). Previous results showed that BALB/c mice treated with 

AMD3100 demonstrated no changes in the number of circulating PαS cells (Figure 

4.8B). However, administration of this drug in C57Bl/6 demonstrated an apparent 

increase in absolute numbers (Figure 4.9H). When C57Bl/6 mice received β3-AR agonist 

pretreatment, there were no apparent changes over AMD3100 alone (Figure 4.9G, H). In 
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contrast, a new population that is positive for PDGFR-α and dimly positive for SCA-1 

was detected following β3-AR agon’/AMD3100 combination regimen (Figure 4.9E).  
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Figure 4.9: Strain differences in circulating PαS cells between BALB/c and C57Bl/6 mice 

BALB/c (A-D) or C57Bl/6 (E-H) mice were pretreated with β3-AR agonist (10mg/kg i.p.) or vehicle 

(dH2O) once daily on 4 consecutive days. One hour after last injection, mice were administered AMD3100 

(5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating TNCs (B, F) and PαS cells by flow cytometry (C-D, G-H). TNCs, PαS cells 

percentage of TNCs in blood and PαS cells per ml blood (n = 5-7; N = 2) (B-D). TNCs (n = 3-7; N = 2), PαS 

cells percentage of TNCs in blood and PαS cells per ml blood (n = 3; N = 1) (F-H). Data displayed as mean 

± SEM. n.s. = not significant (unpaired t-test).  
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4.4 Discussion 

To investigate the mechanisms of MSPC mobilisation in vivo, it was first necessary to 

establish a robust pharmacological approach for stimulating mobilisation. My work 

suggests that the classical HSPC mobilising factor, G-CSF, fails to mobilise MSPCs in 

BALB/c mice (Figure 4.1). In addition, an increased dose of 250μg/kg G-CSF per day 

was also tested, and although this achieved greater HSPC mobilisation, it was still 

ineffective in stimulating MSPC mobilisation (Figure 10.2). These results are consistent 

with previous studies which could not detect mobilised MSPCs in humans [236, 330, 

331]  or in mice  [137, 328, 329] following G-CSF treatment. Indeed, in one study (1 to 

2) CFU-F colonies were detected in only 3 out of 30 G-CSF -treated BALB/c mice [328]; 

these results are in line with the frequency of circulating MSPCs obtained in this work 

(Figure 4.1D).  

 

I argue that the previous studies reporting MSPC mobilisation in response to G-CSF or 

AMD3100 have used a fundamentally flawed assessment method.  For example, if the 

CFU-F assay is used incorrectly by either seeding cells at too high a density [325] or 

simply counting adherent cells instead of colonies [324, 375], then one runs in danger of 

quantifying cells incorrectly as MSPCs. It was evident that contaminating macrophages 

or monocyte/macrophage colonies were present in both the bone marrow (Figure 3.2) 

and blood (Figure 4.2 and Figure 4.4). It is thus important to optimise the CFU-F assay 

and quantify colonies with stringent practice to avoid false positives. In this work, I 

demonstrated that seeding peripheral blood cells from G-CSF/AMD3100 -treated mice 

at a high density resulted to a monolayer of CD45+CD11b+ cells (Figure 4.2). A study 

conducted on human peripheral blood had also reported adherent spindle-shaped cells 
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that displayed phagocytic activity, confirming the presence of macrophages [382]. It is 

probable that G-CSF/AMD3100 combination regimen mobilises macrophage precursors 

capable of plastic adherence and maturation in MSPC medium (MesencultTM). 

 

Mobilisation of MSPCs was established by administration of VEGF/AMD3100 

combination regimen (Figure 4.4E). CFU-Fs detected in the blood of these mice were 

culture-expanded, and their MSPC phenotype was confirmed by flow cytometry analysis 

(Figure 4.5). Results show that cells expressed the classical MSPC markers: CD29, CD73, 

CD105, CD51, CD90 and CD13. In addition, mobilised MSPCs were identified for the first 

time as PαS cells (CD45-PDGFR-α+SCA-1+; Figure 4.4A). PDGFR-β, a marker shared 

between MSPCs and pericytes [189], was also detected (Figure 4.5B). Indeed, PDGFR-β 

has been implicated in cell-endothelial interactions [383] and reflects the possibility 

that mobilised MSPCs were previously of a perivascular nature (e.g. in the bone 

marrow). Markers associated to EPCs such as CD34 and VEGFR-2 [307] were absent 

from these cells (Figure 4.5B). Surprisingly, culture expanded CFU-Fs expressed 

apparent levels of c-KIT and VEGFR-1 surface protein (Figure 4.4B). These two surface 

antigens were not detected on bone marrow MSPC cultures that were derived from 

naïve mice, as described in chapter 3 (Figure 3.2 and Figure 3.8). For example, it is 

probable that differences in culture conditions attribute to the presence of c-KIT and 

VEGFR-1. It has been reported that VEGFR-1 is expressed on bone marrow MSPCs when 

exposed to hypoxic conditions in culture [315]. Since both VEGFR-1 (Figure 3.8) and c-

KIT (Dr. K. Gowers, unpublished data) have been detected on freshly isolated native 

MSPCs (PαS cells), it is possible that ex vivo expansion under hypoxic culture conditions 

(thought to be closer to physiological conditions in tissue) may maintain their native 
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phenotype. Alternatively, it is tempting to speculate the possibility that mobilised 

MSPCs were VEGF-responsive. Therefore, the phenotypic differences in these MSPCs are 

of interest. They may be explained by changes in MSPCs due to the VEGF-pretreatment, 

changes resulting from ex vivo expansion or may reflect the fact that a distinct 

subpopulation of MSPCs is mobilised from the bone marrow.  All these possibilities 

require further investigation. 

 

It is interesting to note the presence of CD45+ cells in CFU-F colonies, which persisted 

through several passages. It is striking that many recent studies failed to detect the 

presence of haematopoietic cells during characterisation of peripheral blood CFU-Fs 

[235, 250, 325, 326, 384, 385]. In this work, supplementary characterisation of CFU-F 

colonies, bone marrow and peripheral blood –derived, demonstrated that CD45+ cells 

were not only located sparsely throughout the well but also reside firmly on top or 

within CFU-F colonies. Indeed, confocal fluorescence imaging analysis demonstrated 

that many CFU-F colonies are comprised of PαS cells (CD45-PDGFR-a+SCA-1+; Figure 2.2 

and Figure 2.2) and monocyte/macrophage lineage cells 

(CD45+CD11b+CD115+F4/80+CD14+; Figure 2.2). These results support early 

characterisation of CFU-F colonies by Castro-Malaspina et al. (1980) that reported 

adherent phagocytic cells between or within CFU-F colonies [21]. It is therefore possible 

that MSPC colonies via cell-cell contact stimulation supply mitogens such as M-CSF 

[386], the retention molecule CXCL12 [387] and/or provide favourable ECM [388] to 

support growth and maturation of macrophages. In light of this and the data presented 

here, circulating stromal cells which were described as monocyte-derived mesenchymal 

progenitors (MOMPs) are unlikely to originate from mesenchymal stem cells. In this 
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study, MOMPs grew as clusters, displayed fibroblast-like morphology and expressed 

monocyte/macrophage lineage and MSPC markers [234]. In addition, they were 

reported to exhibit trilineage differentiation; however the images supporting this were 

not convincing. As authors simply subjected the whole peripheral blood mononuclear 

cell–derived culture to mono-colour flow cytometry analysis and differentiation, it is 

likely that a heterogeneous population of monocyte/macrophage precursors and MSPCs 

were present. Therefore, careful practice and characterisation of the CFU-F assay is 

required to avoid discrepancies between studies. It is important when investigating 

circulating MSPCs to identify them by their colony formation, morphology, marker 

expression and trilineage differentiation ability. Therefore, I will reattempt trilineage 

differentiation in my future work to recapitulate multipotency results by Pitchford et al. 

(2009) [137]. But before pursuing this, further insight is required on the survival and 

expansion of these cells. 

 

As previously described, bone marrow MSPCs were demonstrated to enter replicative 

senescence during extended culture expansion [118-121]. In this work, peripheral 

blood CFU-Fs displayed very limited expansion potential. Several attempts were 

required to harvest sufficient numbers for full characterisation by flow cytometry 

(Figure 4.4) and trilineage differentiation. In both cases where culture-expanded CFU-F 

cells were examined for trilineage differentiation, cells quickly became senescent and 

failed to differentiate. Likewise, such limited expansion potential has been reported in 

the past [326, 327, 339]. Chen and colleagues (2010) conducted CFU-F assays using 

peripheral blood harvested from liver-injured mice. Culture-expansion of these cells 

was carried out, and in all cases cells entered senescence at passage 4 [339]. In another 
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study, senescence was reported after single passaging of mobilised human CFU-Fs. It 

was reported that cells displayed an initial lag phase then grew steadily over 3 weeks 

with about 8-9 population doublings, before senescence was detected [326]. Similarly, 

Kassis et al. (2006) reported that mobilised human MSPCs exhibited 7 population 

doublings before cells ceased to grow [327]. It appears that peripheral blood MSPCs 

may have different growth factor requirements to bone marrow MSPCs. Alternatively, 

MSPCs may undergo fundamental intrinsic/metabolic changes when in peripheral blood 

that could accelerate the ageing process [389]. However, even bone marrow CFU-Fs are 

difficult to expand [382] and to differentiate in culture. Indeed, early characterisation of 

MSPCs demonstrated only a third of bone marrow CFU-Fs were multipotent [22]. Due to 

the general heterogeneous nature of cultured MSPCs and the different conditions that 

may be necessary for expanding those from peripheral blood, it is important to establish 

a balance in my future studies. Careful expansion will be required to establish sufficient 

numbers for differentiation, but with restricted passaging so that senescence is not 

reached. 

 

It has been recently suggested that a combination treatment of IGF-1 with AMD3100 

may be administered to accelerate bone healing as a result of MSPC mobilisation. Kumar 

and Ponnazhagan (2012) reported greater mobilisation of MSPCs, quantified using 

clonogenic assays, in a mouse model of segmental bone defect treated with IGF-

1/AMD3100 combination [139]. Contrary to this, my results demonstrate that the same 

combination treatment does not mobilise MSPCs in healthy mice (Figure 4.6D); despite 

using the same dose, reagents and culture medium. Notably, the authors of the study in 

2012 failed to report circulating MSPC numbers in important control groups such as: (a) 
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sham/healthy mice undergoing pharmacological treatment, and (b) injured mice 

following IGF-1 only treatment [139]. IGF-1 has been previously demonstrated to 

stimulate chemotaxis in bone marrow MSPCs [40, 390]. It is possible that signals from 

the bone fracture injury ‘prime’ MSPCs for subsequent mobilisation by IGF-1. 

Alternatively, MSPCs may migrate into the circulation from leaky bone marrow at the 

fracture site, which is enhanced in the presence of blood-borne IGF-1. In addition, 

enhanced bone healing reported in treated mice could be a result of increased 

osteoprogenitor motility within the bone and IGF-1’s pro-osteogenic properties [139, 

391]; as opposed to circulating MSPCs being recruited to the site for regeneration. It is 

therefore tempting to conclude that the limitations of this study render the fracture 

injury model unsuitable for studies on mobilisation of bone marrow stem cells. 

Furthermore, this particular pharmacological approach is unsuitable for further use in 

this work. 

 

ELR+ CXC- chemokines have been demonstrated to mobilise both neutrophils and HSPCs 

[225, 288, 392]. Likewise I have shown that administration of the ELR+ CXC- chemokine 

KC induces rapid mobilisation of neutrophils and HSPCs (Figure 4.3C-D). ELR+ CXC- 

chemokines (i.e KC, MIP-2 and IL-8) are known to activate neutrophils and stimulate 

their migration; therefore it was suggested that mobilisation occurs as a form of 

stimulated chemotaxis towards blood [224, 393]. Contrary to this, it is unclear whether 

HSPCs express the corresponding chemokine receptor, CXCR2 [394]. Instead it was 

proposed that the activation of neutrophils and consequently secretion of proteolytic 

enzymes permitted mobilisation of HSPCs [287, 289, 290]. Moreover, G-CSF has been 

demonstrated to stimulate production of CXCR2 ligands by endothelial cells and 
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megakaryocytes [393, 395]. Single administration of CXCR2 ligands was reported to 

enhance mobilisation of neutrophils and HSPCs following G-CSF pretreatment [225, 

288]; likely to be acting via distinct mechanisms. IL-17 is another factor which 

stimulates the production of ELR+ CXC- chemokines [396, 397]. Indeed, a single 

injection of IL-17 induced rapid mobilisation of neutrophils (Figure 4.3C), consistent 

with previous results in our laboratory (unpublished data). Results show elevation of 

endogenous KC in the plasma (Figure 4.3F), equivalent to that achieved with 

administration of exogenous KC (Figure 4.3F). Despite this, IL-17 was not successful in 

mobilising HSPCs (Figure 4.3D) in line with another recent study that examined 

repeated IL-17 administration over five days [398]. In contrast, chronic and sustained 

levels of circulating IL-17 produced by adenoviral vectors demonstrated significant 

mobilisation of HSPCs at day 3 post Ad-IL-17 transfection [399]. Given that IL-17 is 

thought to stimulate a variety of responses in vivo, especially in the context of bone and 

cartilage turnover in pathology [400, 401], chronic IL-17 overexpression may 

demonstrate very different results. For example, IL-17 is also known to stimulate G-CSF 

production [401]. From my results, it is still unclear as to why IL-17-mediated 

production of KC did not induce HSPC mobilisation. Therefore, it is fair to say that 

further studies are required to resolve the role of IL-17 in HSPC mobilisation. It is 

conclusive, however, that acute elevation of circulating KC levels (directly/indirectly) 

cannot induce mobilisation of MSPCs (Figure 4.3E). 

 

In this chapter, I examined whether flow cytometry analysis of PαS cells in peripheral 

blood can be used to detect pharmacological mobilisation of MSPCs. PαS cell staining is 

currently the only feasible method for MSPC identification in vivo, without the need of 
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transgenic mouse models [181]. Having established mobilisation of MSPCs with two 

different combination regimens (Figure 4.4E and Figure 4.7D) and their PαS positive 

phenotype (Figure 4.5A), I examined levels of circulating PαS cells in mice receiving 

these two distinct treatments. Both the VEGF/AMD3100 and β3-AR agon’/AMD3100 

combination regimen failed to show an increase in circulating PαS cells (Figure 4.8B, D). 

There are clear inconsistencies between the two quantification techniques and the data 

gathered during mobilisation experiments. Notably, more PαS cells were detected in 

normal mice than CFU-Fs. It appears therefore, that not all peripheral blood PαS cells 

can give rise to CFU-Fs, as per demonstrated for their bone marrow-derived 

counterparts [182]. This technique may be detecting cells that cannot adhere to plastic 

or have the capacity to form clones in vitro.  In line with this speculation, Khosla and 

Eghbali-Fatourechi (2006) detected a staggering 106-fold higher frequency of 

circulating osteoprogenitor cells by flow cytometry analysis (OCN and AP markers) 

compared to the traditional CFU-F method [402]. The above discrepancies between PαS 

and CFU-Fs highlight differences between the two techniques that will be discussed 

further in chapter 8.  

 

It is important to note that PαS cells isolated from peripheral blood have not been 

characterised as of yet. In the bone marrow, only 2.5% of freshly isolated PαS cells were 

shown to have clonogenic capacity [182].   Further characterisation of bone marrow PαS 

cells demonstrated endothelial lineage differentiation and expression of CD34, CD133 

and VEGFR-2, markers associated to EPCs [182]. This may raise concerns that the PαS 

population could include a rare number of EPCs, as the authors failed to provide 

refuting evidence.  Administration of AMD3100 in mice has been reported to induce EPC 
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mobilisation [137, 283]. The appearance of a PDGFR-α+SCA-1low population in 

AMD3100-treated mice (Figure 4.9E) may suggest mobilisation of EPCs.  CD31, also 

known as Platelet endothelial cell adhesion molecule (PECAM-1), is abundantly 

expressed on EPCs [403]. Indeed, CD31 was included in the exclusion channel along 

with CD45 and TER119 in order to eliminate detection of EPCs in this work. In addition, 

the CFU-F assay also discriminates MSPCs from EPCs; EPCs cannot adhere to plastic, 

require special endothelial-specific medium and have distinctive 

morphology/phenotype in culture.  

 

There is a wealth of literature with respect to the factors and mechanisms regulating 

HSPC mobilisation. I hypothesised, therefore, that by comparing MSPC and HSPC 

mobilisation, as done in these experiments would give an insight into whether common 

or distinct pathways are involved in MSPC mobilisation. In the next chapters I will 

investigate mechanisms in several parts: (a) the importance of the CXCR4 antagonist 

administration in MSPC mobilisation, (b) differential affects that G-CSF or VEGF may 

have on possible target cells, and (c) the role of a bone marrow resident cell that is 

important in the stem cell retention system. 

 

In summary, the classic CFU quantification technique was put into practice for HSPC and 

MSPC mobilisation studies. Successful mobilisation of HSPCs was demonstrated by G-

CSF, AMD3100 and KC administration. Successful mobilisation of MSPCs was 

demonstrated by VEGF/AMD3100 and β3-AR agon’/AMD3100 combination regimen; 

highlighting a two-step mechanism and the necessity of AMD3100. In addition to this, 
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differential mobilisation of HSPCs and MSPCs was demonstrated between regimens. 

Finally, flow cytometry analysis of circulating PαS cells did not demonstrate conclusive 

evidence for its use in quantifying mobilised MSPCs. 
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5.1 Introduction 

In chapter 4, I demonstrated pharmacological mobilisation of HSPCs and MSPCs. This 

was achieved by administering mobilising cytokines G-CSF or VEGF-A over several days.  

Due to rapid degradation of recombinant proteins in vivo, very high doses are required 

to investigate their effect systemically. For example, recombinant VEGF-A is cleared in 

under an hour post administration in mouse. Gabrilovich and colleagues (1998) 

conducted experiments using radiolabelled recombinant VEGF, and showed that a 

single intravenous injection of 125I-labelled VEGF (10µg) had a half-life of twenty-five 

minutes in BALB/c mice [404]. Indeed for a single mouse in this work, an average of £27 

is spent on recombinant murine VEGF-A to induce mobilisation of MSPCs. Therefore, 

pharmacological mobilisation studies prove to be very expensive and I sought to 

investigate cheaper alternatives that could also provide sustained levels of mobilising 

cytokines in the peripheral circulation. 

 

Adenoviral vectors injected intravenously mostly traffic to the liver, and transduce 

hepatocytes for expression of transgenes [405-407]. For example, in one study, it was 

reported that more than 75% of the adenoviral genome was detected in the liver [406]. 

Indeed, the liver becomes a hub for constitutive expression and release of chosen 

proteins into peripheral blood. Previous studies have used adenoviral vectors to 

provide sustained levels of cytokines in mice [284, 308, 399, 408, 409] for 

stem/progenitor cell mobilisation. However, these studies are limited in numbers and 

were mostly conducted by a single group. A single intravenous injection of Ad-CXCL12 

was shown to induce mobilisation of leukocytes and HSPCs. Levels of CXCL12 peaked at 

day 5, creating a robust chemokine gradient between the bone marrow and blood, thus 
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was suggested to regulate HSPC mobilisation (peak at day 5). Hattori and colleagues 

(2001) also demonstrated that an increase in the number of circulating HSPCs was 

correlated to their decrease in the bone marrow and increase in the spleen [284]. Soon 

after, another study was published by the same authors who reported that chronic 

VEGF-A production following Ad-VEGF-A delivery mobilised bone marrow resident 

cells. It was reported that circulating VEGF-A reached maximum levels at twenty-four 

hours post administration. As a result, leukocytes, HSPCs and EPCs were mobilised into 

peripheral blood – peak levels observed at day 3, day 5 and day 7, respectively [408]. It 

is notable that the above experiments were conducted in immunocompromised SCID 

mice [284, 408]. Adenoviral vectors are highly immunogenic and therefore these 

studies must be conducted in immunocompromised animals to avoid rapid clearance of 

the viral vector [410]. Alternatively, non-viral DNA vectors can be utilised in 

immunocompetent organisms to deliver genes. Non-viral vectors offer many practical 

advantages over adenoviral vectors as they are cheap, easy to produce and safer to 

handle. 

 

In order to target the liver for persistent gene expression, non-viral vectors are 

delivered in vivo via hydrodynamic tail vein (HTV) injection [411]. The hydrodynamic 

technique is achieved by rapidly injecting a large volume containing non-viral DNA into 

a blood vessel. The large volume injected flows to the heart, where it induces cardiac 

congestion that further generates a retrograde flow directed towards the liver via the 

large hepatic vein. Due to high hydrostatic pressure and the leaky nature of the liver’s 

capillary system, non-viral DNA is forced out of capillaries and into hepatocytes (Figure 

5.1). This technique has been demonstrated to achieve transfection of up to 5% 
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hepatocytes in the liver [412]. Following HTV injection, animals recover quickly with 

hepatic vascular structure and function, and blood composition reported to return to 

their original condition after 1 and 3 days, respectively. Ever since its discovery in the 

late 1990s, it has become a common technique to deliver non-viral gene vectors, in 

rodents, for gene therapy or to functionally test genetically modified vectors. 

Furthermore, this technique has been utilised in the past to deliver a range of cytokines 

to evaluate their role in vivo [413]. Such examples are: • Interleukins IL-2 [414], IL-10 

[415, 416] and IL-12 [417], and • Mitogens HGF [418] and GM-CSF [417]. 

 

Figure 5.1: HTV injection of non-viral DNA vector in mouse 

 

In this chapter, I sought to establish sustained levels of cytokines/chemokines in 

peripheral blood of mice via HTV injection of non-viral DNA vectors. I sought to 

investigate whether this technique is able to mobilise bone marrow stem cells, 

specifically MSPCs, and reflect findings in chapter 4. Finally, if successful, I sought to use 

this mode of delivery in future studies as an alternative to evaluate the effect of 
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mobilising cytokines on the bone marrow and further elucidate possible mechanisms in 

MSPC mobilisation. 

 

5.2 Aims 

 To set up the hydrodynamic delivery technique in BALB/c mice. 

 To establish elevated levels of the mobilising agent VEGF in peripheral blood 

circulation by delivering plasmid DNA that carries a VEGF transgene. 

 To investigate the effect of sustained elevation of VEGF over a five-day period. 

 To analyse total nucleated cell numbers in blood and bone marrow during this 

period. 

 To examine whether HSPCs and MSPCs are mobilised.  

 To elucidate whether AMD3100 is also essential in this process. 

 To determine whether this technique is a suitable alternative for the purpose of 

mechanistic studies.  
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5.3 Results 

5.3.1 Hydrodynamic delivery of CMV-VEGFA pDNA generates circulating VEGF-A 

It was previously reported that adenoviral vector delivery generated maximal 

circulating VEGF-A after twenty-four hours, which returned to baseline by week 5 [408]. 

Likewise, I expect maximal levels at day 1 post pDNA injection. However, due to the 

nature of the promoter and of the technique, I hypothesise expression levels to return to 

baseline after 5-7 days in line with previous studies using similar constructs and/or 

delivery [414, 417, 419].  In addition, I hypothesised that the non-viral DNA method of 

gene delivery, due to its nature (i.e. lower expression and low immunogenicity), will not 

induce sustained mobilisation of leukocytes. 

 

The non-viral DNA vector used in the studies below is driven by a cytomegalovirus 

(CMV) promoter, expressing a VEGF-A transgene, and in contact with a kanamycin (Km) 

resistance gene for amplification (Figure 5.2B). Mice were administered plasmid DNA 

CMV-VEGFA (Figure 5.2B) by a single hydrodynamic tail vein (HTV) injection, and were 

sacrificed on different days (Figure 5.2A).  These mice exhibited rapid elevation in levels 

of circulating VEGF-A, at day 1, which dropped considerably at day 2. Moreover, levels 

remained just slightly above baseline at day 3 and 4 (Figure 5.2C). Similarly, the number 

of circulating TNCs were higher at day 1, and returned to baseline levels by day 3 

(Figure 5.2D). In contrast, there were no changes in the number of bone marrow TNCs 

(Figure 5.2E). These results suggest that delivery of CMV-VEGFA pDNA via HTV 

generates transient circulating VEGF-A, which is correlated with an increase in the 

number of circulating TNCs.  
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Figure 5.2: Hydrodynamic delivery of CMV-VEGFA pDNA generates circulating VEGF-A 

Experimental design (A). BALB/c mice were administered CMV-VEGFA pDNA (50µg/mouse) or vehicle 

(PBS) via hydrodynamic tail vein (HTV) injection on day 0. On day 1, 2, 3 and 4, blood and bone marrow 

was collected for enumeration of TNCs (D-E). Schematic representation of plasmid CMV-VEGFA (B). ELISA 

analysis was used to quantify levels of VEGF-A in the blood. VEGF-A pg per ml plasma (n = 2-4; N = 2) (C). 

TNCs per ml blood and TNCs per femur (n = 1-2; N = 1) (D-E). Data displayed as mean ± SEM.  
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5.3.2 CMV-VEGFA pDNA/AMD3100 combination fails to mobilise MSPCs  

Previously, a saturating concentration of 50µg pDNA per mouse was used. Indeed, most 

studies that deliver cytokines establish prolonged expression levels with lower 

concentrations of pDNA [415, 418]. In this experiment, the concentration was reduced 

to 10 and 25µg pDNA per mouse in hopes of preventing the marked increase in 

circulating leukocytes that was previously detected (Figure 5.2D). Furthermore, an 

additional ‘control’ group was incorporated into the experiment which consisted of a 

vector expressing reporter genes. Delivery of pDNA carrying reporter genes has been 

used in previous studies to assess expression in vivo [420]. Following delivery of CMV-

Luc/GFP (Figure 5.3B), in vivo imaging of gene expression was performed in mice. 

Bioluminescence imaging of luciferase activity demonstrated stable expression of 

luciferase in the liver between animals (Figure 5.3C), confirming successful delivery of 

vectors by HTV injection and consistency in the technique. 

 

My data (Figure 4.4) and that of Pitchford et al. (2009) demonstrated that daily 

administration of recombinant VEGF-A alone does not mobilise leukocytes, HSPCs or 

MSPCs [137, 246]. Contrary to this, adenoviral-mediated overexpression of VEGF-A in 

vivo was shown to mobilise bone marrow stem/progenitor cells (i.e. HSPCs and EPCs) 

[408]. Having demonstrated that hydrodynamic delivery of CMV-VEGFA pDNA 

generates transient and lower levels of circulating VEGF-A (Figure 5.2C), in comparison 

to Ad-VEGF-A experiments [408], I hypothesised that mobilisation will resemble data 

obtained using recombinant proteins. Mice receiving CMV-VEGFA pDNA treatment 

demonstrated no changes in the number of circulating TNCs (Figure 5.3E), HSPCs 

(Figure 5.3E) or MSPCs (Figure 5.3F). To assess whether peak elevation in circulating 
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VEGF-A was sufficient in ‘priming’ MSPCs for mobilisation, AMD3100 was administered 

in mice at day 2 (Figure 5.3A). Following administration of AMD3100 in LucGFP-

expressing mice, I detected a significant increase in circulating HSPCs (Figure 5.3E). In 

contrast, the number of mobilised HSPCs was significantly decreased in mice pretreated 

with 25μg CMV-VEGFA pDNA (Figure 5.3E). A combination of CMV-VEGFA pDNA 

pretreatment with AMD3100 (Figure 5.3A) showed no changes in the number of 

circulating MSPCs (Figure 5.3F). In conclusion, the CMV-VEGFA pDNA/AMD3100 

combination fails to mobilise MSPCs.  
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Figure 5.3: CMV-VEGFA pDNA/AMD3100 combination fails to mobilise MSPCs 

Experimental design (A). BALB/c mice were administered CMV-VEGFA pDNA (10 or 25µg/mouse) or 

CMV-Luc/GFP pDNA via HTV injection on day 0. On day 2, mice were administered AMD3100 (5mg/kg 

i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for enumeration of 

circulating TNCs (D), HSPCs (E) and MSPCs (F). Schematic representation of plasmid CMV-Luc/GFP (B). In 

vivo bioluminescence imaging of luciferase activity in transfected livers of mice one day after HTV 

delivery of CMV-Luc/GFP pDNA (C). TNCs, CFU-HPCs and CFU-Fs per ml blood (n = 3-4). Data of one 

experiment (N = 1), displayed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; 

Bonferroni's Multiple Comparison Test).  
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5.3.3 CMV-Luc/GFP induces upregulation of endogenous VEGF-A expression  

As shown in Figure 5.2C, circulating VEGF-A levels drop close to baseline at day 2 

(Figure 5.4A) following CMV-VEGFA pDNA delivery. Surprisingly, mice administered 

CMV-Luc/GFP pDNA also showed elevated VEGF-A levels in the blood (Figure 5.4A), 

consistent with levels previously detected at day 1 following CMV-VEGFA pDNA 

treatment (Figure 5.2C). Despite demonstrating a marked increase in blood-borne 

VEGF-A levels, no changes were observed in the bone marrow (Figure 5.4B). Finally, the 

unexpected response observed in mice receiving CMV-Luc/GFP pDNA may be due to the 

expression of foreign luciferase/GFP proteins, rendering this pDNA an unsuitable 

control in my experiment.  
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Figure 5.4: CMV-Luc/GFP induces upregulation of endogenous VEGF-A expression 

BALB/c mice were administered CMV-VEGFA pDNA (10 or 25µg/mouse) or CMV-Luc/GFP pDNA via HTV 

injection on day 0. On day 2, mice were administered AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an 

hour later blood and bone marrow was collected. ELISA analysis was used to quantify levels of VEGF-A in 

the blood (A) and bone marrow supernatant (B). VEGF-A pg per ml plasma/BM supernatant (n = 4) (A-B). 

Data of one experiment (N = 1), displayed as mean ± SEM. ∗p < 0.05 (one-way ANOVA; Bonferroni's 

Multiple Comparison Test). 
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5.3.4 Hydrodynamic delivery of UbC-VEGFA-S/MAR pDNA prolongs circulating 

VEGF-A, however, at lower levels  

Ochiai et al. (2006) showed that transient expression of their reporter gene after HTV 

delivery was due to silencing of CMV promoters [421]. To avoid downregulation of 

VEGF-A transgene expression by this mechanism, a different pDNA construct was used. 

The modified non-viral DNA vector utilised is driven by a Ubiquitin C (UbC) promoter, 

contains a scaffold/matrix attachment region (S/MAR) downstream of VEGF-A, in 

contact with a kanamycin (Km) resistance gene for amplification (Figure 5.5B). The 

mammalian UbC promoter is a strong cellular promoter of ubiquitously expressed 

genes. The S/MAR element is a DNA sequence which has been shown to anchor 

chromatins to nuclear scaffolds [422]. In the context of gene therapy, the presence of 

the S/MAR module in the expression cassette was shown to shield transgene silencing 

via a number of mechanisms; by (a) generating active chromatin domains, (b) recruiting 

chromatin remodelling proteins and/or transcription factors and (c) attaching pDNA to 

chromosomal DNA during replication [423]. Therefore, sustained transgene expression 

has been demonstrated by introducing these two elements in pDNA vectors [420].   

 

The ‘empty’ vector UbC-S/MAR was used as control instead of plasmids expressing 

foreign genes. This plasmid is identical to UbC-VEGFA-S/MAR, but does not carry the 

mVEGF-A transgene (Figure 5.5B). Mice were administered 10 or 25µg UbC-VEGFA-

S/MAR pDNA per mouse (Figure 5.5B) by a single HTV injection and were sacrificed on 

different days (Figure 5.5A). These mice exhibited elevated levels of VEGF-A in 

peripheral blood at day 1 (in comparison to naïve mice) which gradually dropped by 

day 3 (10µg/mouse) or day 4 (25µg/mouse)(Figure 5.5C). However, mice treated with 
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the ‘empty’ vector also showed elevated levels of VEGF-A in peripheral blood at day 1 

(Figure 5.5C). Elevated levels of circulating VEGF-A correlated with an increase in the 

number of circulating TNCs (Figure 5.5E). Likewise, the number of circulating TNCs 

returned to baseline levels at day 4 (Figure 5.5E). The bone marrow showed no 

substantial changes in VEGF-A levels (Figure 5.5D) and no clear trend in the number of 

TNCs (Figure 5.5F). 

  



Chapter 5 

- 164 - 
 

 

Figure 5.5: Hydrodynamic delivery of UbC-VEGFA-S/MAR pDNA prolongs circulating VEGF-A, 
however, at lower levels and shorter time than expected 

Experimental design (A). BALB/c mice were administered UbC-VEGFA-S/MAR pDNA (10 or 25µg/mouse) 

or UbC-S/MAR (Vector) via HTV injection on day 0. On day 1, 2, 3 and 4, blood and bone marrow was 

collected for enumeration of TNCs (E-F). Schematic representation of plasmids UbC-S/MAR and UbC-

VEGFA-S/MAR (B). ELISA analysis was used to quantify levels of VEGF-A in the blood (C) and bone 

marrow supernatant (D). VEGF-A pg per ml plasma/BM supernatant (C-D). TNCs per ml blood and TNCs 

per femur (E-F) (n = 1-2). Data of one experiment (N = 1), displayed as the mean.   
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5.3.5 Hydrodynamic delivery of UbC-VEGFE-S/MAR pDNA  

As previously described, VEGF-E is a selective VEGFR-2 agonist identified in the orf-

virus genome [300, 301]. It was interesting to test how expression of this agonist, 

unfamiliar to eukaryotes, affects the bone marrow. 

 

Mice were administered UbC-VEGFE-S/MAR (Figure 5.6B) by a single HTV injection and 

were sacrificed on different days (Figure 5.6A). These mice showed a marked increase 

in the number of circulating TNCs at day 2 which returned to baseline at day 4 (Figure 

5.6C). This correlated with a decrease in the number of bone marrow TNCs (Figure 

5.6D).  Unfortunately, it was not possible for me to detect the levels of VEGF-E in the 

plasma and bone marrow as there are currently no commercially available antibodies or 

ELISA kits for detecting this protein.  
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Figure 5.6: Hydrodynamic delivery of UbC-VEGFE-S/MAR pDNA 

Experimental design (A). BALB/c mice were administered UbC-VEGFE-S/MAR pDNA (50µg/mouse) or 

vehicle (PBS) via HTV injection on day 0. On day 1, 2, 3 and 4, blood and bone marrow was collected for 

enumeration of TNCs (C-D). Schematic representation of plasmid UbC-VEGFE-S/MAR (B). TNCs per ml 

blood and TNCs per femur (C-D) (n = 2-4). Data of one experiment (N = 1), displayed as mean ± SEM. 
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5.4 Discussion 

In this chapter, non-viral DNA vectors were utilised in an attempt to generate sustained 

elevated levels of VEGF in peripheral blood. Analogous studies which conducted 

hydrodynamic delivery of cytokine transgenes – expressed under the CMV promoter – 

have achieved circulating cytokine levels in the nanogram concentration range [416, 

424]. In addition to this, both studies reported optimal levels that lasted a week; and in 

one of these studies the cytokine IL-10 was still detectable a month after treatment 

[416]. Another study reported a shorter expression profile after the cytokine IL-2 was 

no longer detectable at forty-eight hours post HTV administration [414]. Despite 

similarities in the dose and pDNA construct between this work and that of studies 

described above, the duration and quantity of cytokine detected varied significantly. 

Work presented here, showed that administration of CMV-VEGFA in mice resulted to 

poor elevation of VEGF-A in the blood that lasted less than forty-eight hours (Figure 

5.2C). It is therefore possible that the type of cytokine transgene delivered and the 

biological nature of the cytokine [425] also determines the duration of its expression in 

vivo by pDNA vectors.  

 

It is important to note that the study presented here is the first to deliver VEGF 

transgenes via this technique, and prospects on the degree of circulating VEGF were 

based on the few studies that utilised adenoviral vector delivery [408, 409].  Hattori and 

colleagues (2001) reported peak elevation at twenty-four hours and a return to baseline 

at day 35. However, both the 2001 and 2014 study failed to graphically illustrate this 

response in their publication. 
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It was initially believed that silencing of the CMV promoter, which is well documented 

[426], was responsible for the downregulation of VEGF-A transgene expression in this 

work, and so the pDNA construct was modified accordingly. The promoter driving the 

gene was replaced by a mammalian ubiquitous promoter (UbC) and a protective 

element (S/MAR) was introduced downstream of the expression cassette (Figure 5.5B). 

Previous studies that utilised these modifications, reported prolonged expression of 

reporter genes in the liver after HTV administration.  For example, luciferase transgene 

expression was detectable for up to three months in treated mice [420]. It was therefore 

surprising and unfortunate that both pDNA vector constructs, CMV- and UbC-S/MAR, 

exhibited short-lived expression of VEGF-A in my studies (Figure 5.2C, Figure 5.4A and 

Figure 5.5C). Peak elevation of VEGF-A was detected twenty-four hours post pDNA 

administration (Figure 5.2C and Figure 5.5C) which was associated with an elevation in 

the number of circulating TNCs (Figure 5.2D and Figure 5.5E). Notably, elevation in 

VEGF-A was also detected in mice administered CMV-GFP/Luc pDNA (Figure 5.3A) and 

‘empty’ pDNA vector (Figure 5.5C). This data suggests that an endogenous response 

regulates expression of host VEGF-A genes in the liver. 

 

One would speculate that damage to the endothelium as a result of the hydrodynamic 

technique [427] could be regulating host VEGF-A gene expression. Clearly, it is not the 

case here, as HTV injection of PBS did not exhibit any changes in circulating VEGF-A 

(Figure 5.2C). In light of this, it is likely that the bacterial sequence in the plasmid 

backbone is generating an immune response; associated with an increase in circulating 

leukocytes (Figure 5.2 and Figure 5.5). Unmethylated CpG motifs in bacterial DNA can 
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be recognised by TLRs on a range of leukocytes. This immune response has been shown 

to downregulate transgene expression by: (a) applying post-transcriptional inhibitory 

effects, (b) triggering cell apoptosis or (c) directly eliminating transduced cells [428]. It 

is therefore possible that elevation of VEGF-A, in the absence of the transgene, is a 

consequence of acute inflammatory damage on transfected hepatic cells. Indeed, to 

avoid this from happening, CpG motifs may be methylated or even eliminated from the 

pDNA. Novel minicircle vector technology, which has been shown to enhance and 

stabilise transgenic expression in vivo [420], could be used in future studies to achieve 

reliable and sustained expression of VEGF-A. 

 

In agreement to previous studies [409], there was no change in the level of VEGF-A in 

the bone marrow despite an apparent increase in the blood (Figure 5.5D). It would be 

interesting to investigate the effect of VEGF transgene expression in the bone marrow in 

vivo and whether this could augment changes that may occur in mice receiving 

recombinant VEGF-A. Targeting the bone marrow for transgene expression can be 

achieved by tissue-specific promoters (e.g. osteoblast/osteocyte genes) or local 

administration of non-viral vectors to the femoral vessels [429].  

 

Even though the HTV technique was established successfully in mice, generating 

reliable and sustained VEGF transgene expression in vivo needed further identification 

of a suitable non-viral vector construct. Subsequent optimisation with a greater number 

of mice would also be necessary to make any conclusive observations. However, at this 

point it was decided to focus on other aspects of my work yielding positive results; 
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including other pharmacological strategies which appeared more efficacious in 

mobilising MSPCs. 

 

In summary, the hydrodynamic delivery technique was successfully established in 

BALB/c mice in this work. However, given the limitations described above, particularly 

rapid downregulation of VEGF expression and a possible immune response to pDNA, it 

was decided not to continue with this technique to study MSPC mobilisation 

mechanisms. 
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Chapter 6 

The CXCL12 chemokine gradient and its 

role in MSPC mobilisation 
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6.1 Introduction 

As previously described, CXCL12 is a chemokine that is constitutively expressed within 

the bone marrow by a number of resident stromal cells. Bone-lining osteoblasts [266, 

345], CXCL12-abundant reticular (CAR) cells [174], LEP-R+ cells [169, 177], Nestin+ cells 

[171-173, 209] and endothelial cells [177, 430, 431] have all been shown to generate 

CXCL12 in vitro or in vivo. CXCL12 has been reported to have a central role in retaining 

leukocytes and stem cells within the bone marrow via its interaction with CXCR4 [222, 

223, 226, 278]. Indeed, G-CSF was reported to disrupt the CXCL12/CXCR4 chemokine 

retention system by reducing local protein [260, 261, 349] and mRNA [171, 172, 209, 

211, 266] levels of CXCL12, and accompanied by alterations in the level of CXCR4 on 

cells [257, 349]. Current studies indicate that a decrease in bone marrow CXCL12 is a 

final result of suppressed osteoblast function [210, 266-271] and/or reduced 

production by perivascular MSPCs [171, 172, 209, 211].  

 

Surface expression of CXCR4 is not only important in the retention of leukocytes and 

stem cells within tissues, but also in their recruitment to a site of injury [12, 336, 339, 

342-344, 432, 433] and their return back to the bone marrow [224, 434, 435]. Some 

studies have shown that leukocyte and HSPC mobilisation can be stimulated by 

introduction of CXCR4 agonists in peripheral circulation [284, 436]. Perez et al. (2004) 

reported that administration of a CXCL12 peptide analogue (CTCE-0214), which 

displayed improved half-life and bioavailabity compared to native CXCL12, induced a 

rapid increase in neutrophils and HSPCs [436]. In contrast, antagonism of CXCR4 has 

also been shown to stimulate rapid mobilisation of leukocytes and bone marrow stem 
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cells [226, 278, 280, 283, 437]. AMD3100, also known as Plerixafor or Mobozil, is the 

leading CXCR4 antagonist used in clinical HSPC mobilisation [278, 438].  

  

During drug screening for HIV treatment, it emerged that AMD3100, a small organic 

bicyclam molecule, had the ability to inhibit viral replication of the X4 HIV strain known 

to require CXCR4 as a coreceptor for its entry into T cells. AMD3100 was therefore 

identified as a CXCR4 antagonist from these studies [439]. During pre-clincal and phase 

I clinical studies on HIV, it was noted that AMD3100 administration led to a rapid 

increase in circulating white blood cells [440]. As HSPC mobilisation is very often 

associated with neutrophil mobilisation, AMD3100 was then tested for its ability to 

mobilise HSPCs. This phenomenon further led to its discovery and application for HSPC 

mobilisation.  

 

It is generally believed that AMD3100 stimulates mobilisation of leukocytes and HSPCs 

via disruption of the CXCL12/CXCR4 retention system [226]. Contrary to this, a recent 

study argued that an active migration process is involved [279]. The authors reported a 

rapid elevation of CXCL12 in the peripheral circulation of mice following AMD3100 

administration. Intra-femoral injection of labelled CXCL12 demonstrated that the 

chemokine could escape from the bone marrow and enter circulation; and this process 

was enhanced in the presence of AMD3100. Further experiments showed that 

AMD3100 stimulated an increase in the production of CXCL12 protein from bone 

marrow endothelial cells (BMECs). This study suggested that CXCL12 release from the 

bone marrow into circulation was contributed by intracellular stores; as opposed to 
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displacement of the CXCR4-bound form [279]. The authors suggested that the increase 

in CXCL12 levels in the plasma caused a transient reversal of the CXCL12 chemokine 

gradient, and that mobilisation was therefore dependent on active migration of HSPCs 

along this gradient. In support of this notion, other CXCR4-binding compounds have 

also demonstrated elevation of circulating CXCL12 and subsequent HSPC mobilisation 

[441].  

 

Chalcones are defined by their chemical composition of two aromatic rings – a ketone 

and an enome – and are precursors of many biomolecules. Flavonoids, metabolites 

found in plants, are principle derivatives of chalcone molecules. Chalcones and their 

derivatives have gained considerable interest in medicine as they have shown 

promising pharmacological activities ranging from anti-cancer, anti-inflammatory to 

anti-bacterial [442]. Namely, chalcone 4 was shown to prevent recruitment of 

inflammatory cells in a mouse model of allergic lung inflammation [443]. It was found 

that chalcone 4 binds to CXCL12’s hydrophobic pocket previously described as the area 

necessary for CXCR4 interaction. By neutralising CXCL12 in this way, chalcone 4 

prevented induction of CXCR4 signalling and CXCL12-mediated CXCR4 internalisation 

[444]. Therefore, as a potent inhibitor of CXCL12/CXCR4 interaction, chalcone 4 could 

potentially be used in this study to interrogate the importance of the CXCL12 chemokine 

gradient. In this work, I have shown that MSPC mobilisation is induced following 

AMD3100 administration in mice pretreated with VEGF or β3-AR agonist (Figure 4.4 

and Figure 4.7). It was of interest to determine whether a CXCL12 neutraligand will 

inhibit mobilisation by hindering reversal of the CXCL12 chemokine gradient. There is a 



Chapter 6 

- 175 - 
 

possibility, however, that the neutraligand may block CXCL12/CXCR4 interactions in the 

bone marrow to stimulate yet more mobilisation.  

 

Only a handful of studies have investigated the role of VEGF in healthy adult bone 

marrow. Indeed, results were obtained from long-term continuous infusion or 

adenoviral vector-mediated overexpression experiments in mice [404, 408]. It was 

shown that sustained high levels of VEGF stimulate production of B cells and immature 

myeloid cells, whilst in parallel inhibit dendritic cell development [404]. In addition, 

conditional knock out of the VEGF gene in HSCs demonstrated its importance in HSC 

survival and repopulation capacity [295].  The biological impact of VEGF on niche-

regulating cells, in particular native MSPCs, is currently unknown. In the context of 

mobilisation, sustained high levels of circulating VEGF have demonstrated changes in 

bone marrow architecture (i.e. vascular remodelling) and cellularity [294, 409]. In 

contrast, daily exogenous VEGF treatment used during this work did not demonstrate 

changes in gross morphology [137]. Pitchford et al. (2009) proposed that stimulation of 

distinct VEGFRs on HSPCs and EPCs, mediate distinct downstream activities [137] 

which determine their mobilisation ability. However, VEGF-mediated differential 

changes/activities that determine selective mobilisation of MSPCs are unknown. 

 

  



Chapter 6 

- 176 - 
 

6.2 Aims 

 To characterise the CXCL12 chemokine gradient following AMD3100 or GCSF 

treatment. 

 To set up and assess chalcone 4-phosphate administration in vivo for neutralisation 

of circulating CXCL12. 

 To examine whether CXCL12 neutralisation affects pharmacological mobilisation of 

HSPCs. 

 To interrogate the role of the CXCL12 chemokine gradient in MSPC mobilisation. 

 To elucidate any differential effects that G-CSF or VEGF treatment may have on bone 

marrow cellularity, specifically on stem/progenitor cell reserves.  
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6.3 Results 

6.3.1 AMD3100 rapidly reverses the CXCL12 chemokine gradient 

HSPCs, MSPCs and leukocytes were isolated from mouse bone marrow. Due to difficulty 

in isolating primary endothelial cells from the same source, the b.END cell line was used 

instead. Baseline expression of CXCR4 and CXCL12 genes were examined in these cell 

types. Robust CXCR4 expression was detected in all cells except cultured MSPCs which 

exhibited lower levels (known to be downregulated by culture-expansion) (Figure 

6.1A). Contrary to this, CXCL12 was expressed in MSPCs at very high levels. CXCL12 

expression was also detected in HSPCs and monocyte/macrophage lineage cells (Figure 

6.1B).  This data supports previous reports which indicate that MSPCs are a major 

source of CXCL12 in the bone marrow; emphasising their important role in the 

retention of HSPCs and mature leukocytes [177]. 

 

As described previously, G-CSF-induced mobilisation of HSPCs is dependent on 

disruption of the CXCL12/CXCR4 chemokine retention system in the bone marrow 

[229]. In line with these studies, treatment of mice with G-CSF (100µg/kg) over four 

days, significantly reduced protein levels of CXCL12 in the bone marrow supernatant 

(Figure 6.1C). Mice treated with AMD3100 (5mg/kg) showed a similar 50% reduction in 

CXCL12 (Figure 6.1E), however unlike G-CSF (Figure 6.1D), this reduction was 

associated with a significant elevation of CXCL12 in peripheral blood (Figure 6.1F). 

Therefore, this data demonstrates that AMD3100, unlike G-CSF, rapidly reverses the 

CXCL12 chemokine gradient across the bone marrow endothelium. 
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Figure 6.1: AMD3100 rapidly reverses the CXCL12 chemokine gradient 

Bone marrow cells isolated as described in section 2.7.1 were lysed to extract RNA. qRT-PCR data of 

relative mRNA expression of CXCR4 and CXCL12 in bone marrow MSPCs (P1), HSPCs, neutrophils (NΦ), 

monocytes (MØ), macrophages (MΦ) and b.END cells (bEND). Data is shown relative to the lowermost 

expressing sample for each gene, displayed as mean ± SEM of three independent experiments. Gene 

expression was normalised to average Ct of BACT (A). BALB/c mice were treated with G-CSF (100µg/kg 

i.p.) or vehicle (PBS) once daily on 4 consecutive days. Twenty-four hours after last injection, blood and 

bone marrow was collected (C-D). BALB/c mice were administered AMD3100 (5mg/kg i.p.) or vehicle 

(PBS), and an hour later blood and bone marrow was collected (E-F). ELISA analysis was used to quantify 

levels of CXCL12 in the bone marrow supernatant (C, E) and blood plasma (D, F). CXCL12 displayed as pg 

per ml BM supernatant/plasma (n = 6-8; N = 2) (C-D); (n = 10 - 12; N = 3) (E-F). Data displayed as mean ± 

SEM. ∗p < 0.05, ∗∗p < 0.01 (unpaired t-test).  
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6.3.2 AMD3100 coordinates a transient elevation of circulating CXCL12 which 

regulates HSPC mobilisation in a time-dependent manner 

Mice were administered AMD3100 via a typical route and dose – i.p.  5mg/kg – used in 

our laboratory (Figure 6.2A) to mobilise HSPCs.  A rapid but transient elevation of 

CXCL12 was detected in peripheral blood (Figure 6.2D). Peak levels in CXCL12 were 

observed one hour post administration and was followed by a delayed increase in the 

number of circulating TNCs (Figure 6.2B) and HSPCs (Figure 6.2C). Circulating HSPCs 

peaked two hours post AMD3100 administration (Figure 6.2C). Mice treated with a 

lower dose of AMD3100 (0.4mg/kg [445]) directly into the peripheral vasculature (i.v. ; 

Figure 6.2E) did not show a robust elevation in circulating CXCL12 but still exhibited a 

significant increase in the number of circulating TNCs (Figure 6.2F). However, the 

number of circulating HSPCs was not significantly increased in these mice (Figure 6.2G). 

These results suggest that a robust increase in circulating levels of CXCL12 is necessary 

to achieve mobilisation of HSPCs, whilst a modest disruption of the CXCL12/CXCR4 

chemokine retention system is sufficient for the mobilisation of leukocytes.  
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Figure 6.2: AMD3100 induces a transient elevation of circulating CXCL12 which regulates HSPC 
mobilisation in a time-dependent manner 

Experimental design (A, E). BALB/c mice were administered AMD3100 (5mg/kg i.p. or 0.4mg/kg i.v.) or 

vehicle (PBS), and at varying time points blood was collected via cardiac puncture for enumeration of 

circulating TNCs (B, F) and HSPCs (C, G).  ELISA analysis was used to quantify levels of CXCL12 in the 

blood plasma (D, H). TNCs and CFU-HPCs per ml blood (n = 3; N = 1) (B-G). CXCL12 pg per ml plasma (n = 

2-3; N = 1) (D, H). Data displayed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01 (one-way ANOVA; Bonferroni's 

Multiple Comparison Test). 
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6.3.3 Systemic administration of the novel CXCL12 neutraligand Chalcone 4-

Phosphate  

Chalcone 4-phosphate is a novel and highly soluble derivative of chalcone 4 [446]. The 

compound is also a prodrug; it will distribute uniformly in the circulation where it will 

release the active chalcone 4 molecule. The compound readily dissolves in PBS and 

displays enhanced bioavailability, as compared to chalcone 4, [446] and thus was 

suitable for my in vivo studies.  

 

To investigate the effect of chalcone 4-phosphate on circulating levels of leukocytes and 

HSPCs, mice were administered two doses (0.03 and 1.5 µmol/kg) via different routes 

(i.v. and i.p.)(Figure 6.3A). The doses chosen were close to the half maximal (IC50) and 

maximal inhibitory concentration, respectively, as determined by others [446]. Treated 

mice showed no changes in the number of TNCs; in the blood (Figure 6.3B) and bone 

marrow (Figure 6.3C). Although not significant, a slight decrease was detected in the 

number of circulating HSPCs (Figure 6.3D). The higher dose and intravenous route was 

selected for future studies to allow for immediate counteraction of CXCL12 in 

circulation. 

  



Chapter 6 

- 182 - 
 

 

Figure 6.3: Systemic administration of the novel CXCL12 neutraligand Chalcone 4-Phosphate 

Experimental design (A). BALB/c mice were administered chalcone 4-phosphate (0.03 or 1.5 µmol/kg i.v. 

or i.p) or vehicle (PBS). Two hours after injection, blood was collected via cardiac puncture for 

enumeration of circulating TNCs (B) and HSPCs (D). Bone marrow was collected for enumeration of TNCs 

(C). TNCs and CFU-HPCs per ml blood (B, D), and TNCs per femur (C) (n = 3-4). Data of one experiment (N 

= 1), displayed as mean ± SEM. 
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6.3.4 Chalcone 4-phosphate pretreatment abrogates enforced mobilisation of 

HSPCs by AMD3100 

As shown here (Figure 6.1E, F) and previously shown by others [279], when the CXCR4 

antagonist AMD3100 is administered to mice it causes a rapid reversal of the bone 

marrow:blood gradient of CXCL12, with a reduction in bone marrow and increase in 

blood. To investigate whether elevated plasma levels of CXCL12 were required for 

mobilisation of TNCs and HSPCs, I used chalcone 4-phosphate to neutralise CXCL12 in 

peripheral blood. 

 

Mice were pretreated with chalcone 4-phosphate (1.5µmol/kg; Figure 6.4A), for one 

hour, and then administered AMD3100 (5mg/kg). One hour later, the levels of 

circulating HSPCs and TNCs were quantified. Chalcone 4-phosphate was shown to 

significantly reduce the ability of AMD3100 to stimulate an increase in circulating TNCs 

(Figure 6.4B) and HSPCs (Figure 6.4C). Although a marked decrease was detected in the 

number of TNCs, their numbers were still significantly elevated compared to the vehicle 

control (Figure 6.4B). This data suggests that chalcone 4-phosphate pretreatment 

dampens enforced mobilisation of leukocytes and completely abrogates enforced 

mobilisation of HSPCs by AMD3100.  
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Figure 6.4: Chalcone 4-phosphate pretreatment suppresses enforced mobilisation of leukocytes 
and HSPCs by AMD3100 

Experimental design (A). BALB/c mice were pretreated with chalcone 4-phosphate (1.5 µmol/kg i.v.) or 

vehicle (PBS). One hour later, mice were administered AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an 

hour later blood was collected via cardiac puncture for enumeration of circulating TNCs (B) and HSPCs 

(C). TNCs (n = 6-8) and CFU-HPCs (n = 5-7) per ml blood. Data of two independent experiments (N = 2), 

displayed as mean ± SEM. ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test). 
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6.3.5 Chalcone 4-phosphate impairs mobilisation of MSPCs by AMD3100 (in mice 

pretreated with VEGF) 

Data in chapter 4 (Figure 4.4) and Pitchford et al. (2009) studies [137, 282], 

demonstrated that administration of AMD3100 was necessary to achieve MSPC 

mobilisation in mice pretreated with VEGF. It was therefore interesting to investigate 

whether mobilisation of MSPCs by AMD3100 was similarly dependent on an elevation 

of circulating CXCL12.   

 

Mice receiving VEGF-A pretreatment (100µg/kg) over four days (Figure 6.5A) with 

administration of chalcone 4-phosphate on day five two hours before the cull, showed 

no changes in the number of circulating TNCs (Figure 6.5B), HSPCs (Figure 6.5C) and 

MSPCs (Figure 6.5D). Chalcone 4-phosphate was shown to significantly decrease the 

number of circulating MSPCs in mice receiving the VEGF/AMD3100 combination 

treatment (Figure 6.5D). In contrast, no significant changes were detected in the 

number of circulating TNCs and HSPCs in these mice (Figure 6.5B-C). This data suggests 

that the presence of a CXCL12 neutraligand impairs mobilisation of MSPCs induced by 

the VEGF/AMD3100 combination regimen. Furthermore, reduction of leukocyte and 

HSPC mobilisation by VEGF pretreatment previously reported in chapter 4 (Figure 4.4) 

and Pitchford et al. (2009) study, was unaffected by chalcone 4-phosphate. 
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Figure 6.5: Chalcone 4-phosphate impairs mobilisation of MSPCs by AMD3100 (in mice pretreated 
with VEGF) 

Experimental design (A). BALB/c mice were pretreated with VEGF-A (100µg/kg i.p.) or vehicle (PBS) 

once daily on 4 consecutive days. Twenty-four hours after last injection, mice were treated with chalcone 

4-phosphate (1.5 µmol/kg i.v.) or vehicle (PBS). One hour later, mice were administered AMD3100 

(5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating TNCs (B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs (n = 6-9) and CFU-Fs (n 

= 7-10) per ml blood. Data of two independent experiments (N = 2), displayed as mean ± SEM. ∗p < 0.05, 

∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test). 
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6.3.6 G-CSF treatment enriches primitive HSPCs in the bone marrow  

To gain a further insight into the mechanisms underlying the differential mobilisation of 

HSPCs and MSPCs by VEGF and G-CSF, I sought to assess changes in stem and progenitor 

cell reserves by performing flow cytometry analysis. As previously described in chapter 

4, primitive HSPCs are identified from their negative expression of lineage markers and 

positive expression of SCA-1 and c-KIT [152]. Indeed, as HSPCs differentiate into their 

separate haematopoietic lineages, cells gradually lose SCA-1 and c-KIT, and gain 

markers associated to their lineage specification [161]. In addition to primitive HSPCs 

(Lin-SCA-1+c-KIT+), changes in populations that have been described to represent 

progenitors restricted to the lymphoid (Lin-c-KIT-SCA-1+) [447] and myeloid lineage 

(Lin-SCA-1-c-KIT+) [448] respectively, will be quantified for comparison.  

 

Mice receiving VEGF-A treatment (100µg/kg) over four days showed no changes in the 

number of TNCs (Figure 6.6B), and percentage of primitive HSPCs (Figure 6.6A, C) and 

committed precursors (Figure 6.6A, D, E). In contrast, mice receiving G-CSF treatment 

(100µg/kg) over four days showed a significant decrease in the number of TNCs (Figure 

6.6B), and proportion of lymphoid- and myeloid- committed precursors (Figure 6.6A, D-

E). Furthermore, a statistically significant increase was detected in the proportion of 

primitive HSPCs (Figure 6.6A, C). This data suggests that recombinant VEGF-A 

treatment has no effect on bone marrow HSPC and leukocyte numbers. Whereas G-CSF 

significantly depletes lymphoid-committed precursors (Figure 6.6D) and total 

leukocytes, but enriches primitive HSPC (Figure 6.6C, E) reserves.  
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Figure 6.6: G-CSF treatment enriches primitive HSPCs in the bone marrow 

BALB/c mice were treated with G-CSF (100µg/kg i.p.), VEGF-A (100µg/kg i.p.) or vehicle (PBS) once daily 

on 4 consecutive days. Twenty-four hours after last injection, bone marrow cells were collected for 

enumeration of TNCs (B) and analysis by flow cytometry (A, C-D). Bone marrow cells were stained with 

antibodies to detect Lin-SCA-1+c-KIT+ (C; HSPCs), Lin-c-KIT-SCA-1+ (D; early lymphoid-committed 

precursors) and Lin- SCA-1-c-KIT+ (E; early myeloid-committed precursors) cells by flow cytometry. TNCs 

per femur (n = 8-10) (B). L-SK+, LK-S+ and LS-K+ cells percentage of TNCs in femur (n = 4-8) (C-D). Data of 

two independent experiments (N = 2), displayed as mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way 

ANOVA; Dunnett's Multiple Comparison Test)  
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6.3.7 G-CSF treatment depletes PαS cells in the bone marrow 

It has been demonstrated that native MSPC subpopulations can be identified using 

antibodies [181, 182] or transgenic reporter mice [171, 174, 176, 177]. Morikawa et al. 

(2009) suggested that PαS cells, devoid of a HSPC contamination, represent native 

MSPCs in the bone marrow; they demonstrate in vitro and in vivo multipotency, 

clonogenic ability, repopulation capacity and self-renewal [182]. However, cells 

detected in the other marker quadrants shown in Figure 6.7A (i.e. SCA-1+PDGFR-α-, 

PDGFR-α+SCA-1- and SCA-1-PDGFR-α-) have not been fully characterised. It has been 

recently suggested that PDGFR-α+SCA-1- may represent CAR cells (high CXCL12 

expression) [169]; SCA-1+PDGFR-α- may represent EPCs/ECs (cobble-stone 

morphology)[182]; and SCA-1-PDGFR-α- may represent committed osteoblast 

precursors (as they readily form bone; Dr. M. Francois, personal communication) [182], 

but require further investigation. 

 

Similarly, PαS cells and other non-hematopoietic subpopulations in the bone marrow 

were investigated after VEGF-A and G-CSF treatment by flow cytometry analysis (Figure 

6.7A). Mice receiving VEGF-A treatment (100µg/kg) over four days showed no changes 

in the percentage of PDGFR-α and SCA-1 expressing subpopulations (Figure 6.7B-D) in 

the bone marrow. In contrast, mice receiving G-CSF treatment (100µg/kg) over four 

days showed a significant decrease in the percentage of PαS (Figure 6.7B), SCA-

1+PDGFR-α- (Figure 6.7D) and SCA-1-PDGFR-α- subset (Figure 6.7E). This data suggests 

that G-CSF depletes native MSPCs and other non-hematopoietic subpopulations in the 

bone marrow.  
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Figure 6.7: G-CSF treatment depletes PαS cells in the bone marrow 

BALB/c mice were treated with VEGF-A (100µg/kg i.p.), G-CSF (100µg/kg i.p.) or vehicle (PBS) once daily 

on 4 consecutive days. Twenty-four hours after last injection, bone marrow cells were collected for 

analysis by flow cytometry (A-D). Bone marrow cells were stained with antibodies to detect PαS (B), 

PDGFR-α+SCA-1- (Pα+S-; C), SCA-1+PDGFR-α- (S+Pα-; D), and SCA-1-PDGFR-α- (S-Pα-; E), subsets from 

TER119-CD45-CD31- population by flow cytometry. PαS, Pα+S-, S+Pα- and S-Pα- cells percentage of TNCs in 

femur (n = 8). Data of two independent experiments (N = 2), displayed as mean ± SEM. ∗p < 0.05, ∗∗p < 

0.01 (one-way ANOVA; Dunnett's Multiple Comparison Test) (B-E).  
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6.3.8 Changes in the number of CFU-Fs cannot be accounted for by PαS cells: 

discrepancies between two forms of MSPC enumeration 

In Figure 6.6 and Figure 6.7, I have used flow cytometry to investigate whether cytokine 

pretreatment affected specific subpopulations of stem and progenitor cells in the bone 

marrow. Whilst I have shown that G-CSF treatment affects both haematopoietic and 

mesenchymal stem/progenitor cell reserves, VEGF-A treatment did not demonstrate 

any changes. Similarly, Pitchford et al. (2009) reported no changes in the number of 

HSPCs or MSPCs, enumerated using clonogenic assays, following VEGF-A treatment 

[137]. Although, in this publication the authors had detected an increase, as opposed to 

a decrease, in bone marrow CFU-Fs following G-CSF treatment; in line with previous 

reports [267, 328]. In addition, this study failed to detect changes in bone marrow CFU-

HPCs in G-CSF-treated mice [137]. Having previously encountered discrepancies 

between changes in CFU-F and PαS cell numbers in the blood, I also performed 

clonogenic assays to determine the effect of G-CSF treatment on bone marrow 

stem/progenitor cell reserves. 

 

Mice receiving G-CSF treatment (100µg/kg) over four days showed a significant 

increase in the proportion of CFU-HPCs (Figure 6.8A) and CFU-Fs (Figure 6.8B) in the 

bone marrow. Indeed, direct comparison of the clonogenic assay versus flow cytometry 

as a method of HSPC and MSPC enumeration showed a tight correlation between CFU-

HPCs and LSK cells (Figure 6.8C). In contrast, there was around 170-fold difference 

between CFU-Fs and PαS cells, with 180 CFU-F colonies to the 3×104 PαS cells detected 

per control mouse femur (Figure 6.8D). This data suggests that G-CSF treatment exerts 
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differential effects on PαS versus clonogenic MSPC reserves, and that these methods are 

not interchangeable. 
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Figure 6.8: Changes in the number of CFU-Fs cannot be accounted for by PαS cells: discrepancies 
between two forms of MSPC enumeration 

BALB/c mice were treated with G-CSF (100µg/kg i.p) or vehicle (PBS) once daily on 4 consecutive days. 

Twenty-four hours after last injection, bone marrow cells were collected for enumeration of HSPCs (A) 

and MSPCs (B) using clonogenic assays. CFU-HPCs and CFU-Fs per 106 TNCs (n = 4). Data of one 

experiment (N = 1), displayed as mean ± SEM. ∗p < 0.05 (unpaired t-test) (A-B). The number of HSPCs (C) 

and MSPCs (D) in control mice was compared using two forms of enumeration techniques – clonogenic 

assays (CFU-) and flow cytometry (LSK and PαS), and expressed as colonies or cells per femur (×104). 

Data of at least two independent experiments (n = 8-23; N = 2-6), displayed as mean ± SEM. 
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6.3.9 Endothelial cells in the bone marrow after G-CSF and VEGF-A treatment 

VEGF has multiple effects on endothelial cells [291, 292, 298]. Sustained high levels of 

circulating VEGF in mice exhibited increased proliferation and dilation of vessels that 

was shown to be dependent on either VEGFR-1 [408] or VEGFR-2 stimulation [449].  

However, such bone marrow vascular remodelling was not detected following daily 

doses of recombinant VEGF for four days [137]. Instead, it was suggested that VEGF 

directly stimulates HSPCs, thought to promote intrinsic changes that determined their 

mobilisation ability in response to AMD3100. In this work, I will investigate phenotypic 

changes on bone marrow endothelial cells following VEGF or G-CSF treatment that may 

be implicated to the differential effects reported on these cells. As opposed to tissue 

morphology/remodelling, the surface molecule repertoire (e.g adhesion or receptor 

molecules) can be modified rapidly in response to stimulus. 

 

E-Selectin is described as an endothelial-leukocyte adhesion molecule which is 

facultatively expressed by the endothelium at sites of injury or inflammation [450]. Both 

VEGF and G-CSF have been shown to upregulate E-Selectin expression in vitro [451, 

452]. Interestingly, the bone marrow sinusoidal endothelium is thought to display 

constitutive expression of E-Selectin. Indeed, corresponding ligands on circulating 

HSPCs were reported as highly important in their homing and engraftment to the bone 

marrow [159]. It was recently reported that E-Selectin mediates proliferation of HSPCs 

in the bone marrow, where its antagonism was shown to induce HSPC quiescence [216]. 

Pitchford et al. (2009) demonstrated that VEGF-A pretreatment suppressed HSPC 

mobilisation; and proposed that this effect was due to an increased percentage of HPCs 
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(Lin-SCA-1+) in S/G2M proliferative phase. I propose here that an increase in E-Selectin+ 

endothelial cells (ECs) may be responsible. 

 

Bone marrow endothelial cells (ECs) were detected by selecting Lin-CD45-CD31+ cells 

(Figure 6.9Figure 6.9A-B) and E-selectin expression on these cells was analysed by flow 

cytometry (Figure 6.9C). Regardless of the treatment used, no apparent changes were 

detected in the percentage of ECs (Figure 6.9B) or percentage of E-selectin+ ECs (Figure 

6.9C).  

 

CXCR4 on endothelial cells has been implicated in the active translocation of CXCL12 

across the bone marrow endothelium [430]. It was shown that pretreatment with anti-

CXCR4 neutralising antibodies, during steady state, led to abolished CXCR4-mediated 

secretion of CXCL12 into blood and resultant accumulation of CXCL12 in the bone 

marrow [279, 430]. In addition, neutralisation of CXCR4 abolished reversal of the 

CXCL12 chemokine gradient created by AMD3100 [279]. Preliminary data (Figure 10.4) 

has demonstrated that VEGF-A pretreatment may be affecting elevation of circulating 

CXCL12. In line with Dar et al.’s proposal, I sought to examine whether VEGF-A 

downregulates CXCR4 expression on bone marrow ECs and if this is responsible for a 

possible decrease in HSPC mobilisation into blood. 

 

Mice receiving VEGF-A treatment showed no changes in the percentage of CXCR4+ ECs 

(Overton subtraction) or their level of CXCR4 surface expression (MFI) (Figure 6.9D).   
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Figure 6.9: Endothelial cells in the bone marrow after G-CSF and VEGF-A treatment 

BALB/c mice were pretreated with VEGF-A (100µg/kg i.p.), G-CSF (100µg/kg i.p.) or vehicle (PBS) once 

daily on 4 consecutive days. Twenty-four hours after last injection, bone marrow cells were collected for 

analysis by flow cytometry (A-D). Bone marrow cells were stained with antibodies to detect endothelial 

cells (B; Lin-CD45-CD31+, ECs), E-Selectin/CD62E+ ECs (C) and CXCR4 expression on ECs (D). ECs 

percentage of TNCs in femur and E-Selectin+ percentage of ECs (n = 4). Data of one experiment (N = 1), 

displayed as mean ± SEM. n.s. = not significant (one-way ANOVA; Dunnett's Multiple Comparison Test) 

(B-C). Overton subtraction percentage CXCR4 positive ECs and CXCR4 MFI on ECs (n = 4). Data of one 

experiment (N = 1), displayed as mean ± SEM.  n.s. = not significant (unpaired t-test) (D). 
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6.4 Discussion 

CXCL12 is produced constitutively in the bone marrow [174], and it has been shown 

that leukocytes and stem/progenitor cells that express CXCR4 (Figure 6.1A) are actively 

retained within the bone marrow [229]. In line with other literature [13, 135], I have 

similarly shown expression of CXCR4 on MSPCs, albeit at lower levels after culture 

expansion; a matter which has been raised in previous studies [41, 132-135]. Notably, 

robust expression of CXCR4 on the surface of freshly isolated PαS cells has been 

detected in our laboratory (Dr. K. Gowers and Dr. M. Francois; personal 

communication). Therefore, CXCR4 may be implicated in mobilisation of primed MSPCs 

following disruption of the CXCL12/CXCR4 retention system. 

 

Consistent with many previous publications [229, 260, 261, 266, 349],  I demonstrated 

in this work that G-CSF treatment reduces the levels of CXCL12 protein in the bone 

marrow (Figure 6.1C). This is thought to be the central mechanism whereby G-CSF 

induces HSPC mobilisation. However, as shown in this work (Figure 4.1 and Figure 4.2) 

and by others [137, 236, 282, 328-331] G-CSF does not induce MSPC mobilisation, 

suggesting that a general decrease in CXCL12 is not capable of mediating MSPC release. 

Instead, a combination of VEGF-A or β3-AR agonist with a CXCR4 antagonist stimulates 

MSPC egress into circulation (Figure 4.4 and Figure 4.7). It was originally proposed that 

the CXCR4 antagonist AMD3100 induced mobilisation of HSPCs solely by disrupting the 

interaction of CXCL12 with its receptor CXCR4 [226]. However, a single paper has 

suggested that AMD3100 mediates active CXCL12-dependent mobilisation, whereby 

AMD3100 inverts the CXCL12 chemokine gradient so HSPCs migrate towards blood 

[279]. In line with this notion, I have also demonstrated rapid elevation in circulating 
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CXCL12, accompanied by a decrease in its levels in the bone marrow following 

AMD3100 administration (Figure 6.1E-F). Henceforth, in this study I made use of a 

novel CXCL12 neutraligand to further verify whether HSPC mobilisation by AMD3100 

was dependent on active reversal of the CXCL12 chemokine gradient across the bone 

marrow endothelium, and indeed examine whether this mechanism of action was 

critical for MSPC mobilisation.  

 

CXCL12 is a strong chemoattractant for leukocytes and HSPCs [335]. In this work, I 

demonstrated that AMD3100 stimulates a transient elevation of circulating CXCL12 

which regulated mobilisation of leukocytes and HSPCs in a time-dependent manner 

(Figure 6.2B-D). Indeed, pretreatment with a CXCL12 neutraligand, chalcone 4-

phosphate, dampened mobilisation of leukocytes and abrogated mobilisation of HSPCs 

by AMD3100 (Figure 6.4). This data suggests that reversal of the CXCL12 chemokine 

gradient mediates mobilisation of HSPCs and contributes to mobilisation of TNCs. 

Indeed, this is mostly consistent with evidence presented by Dar et al. (2011), where an 

anti-CXCL12 antibody inhibited HSPC mobilisation by AMD3100. However, in this 

publication the authors failed to demonstrate suppression of leukocyte mobilisation 

[279] which was detected in my CXCL12 neutralisation experiments (Figure 6.4B). 

Further interrogation of this mechanism led me to propose that the reversed CXCL12 

chemokine gradient is essential for HSPC mobilisation but not to the same extent for 

leukocytes. This is based on evidence in this work whereby low dose administration of 

AMD3100 stimulated mobilisation of leukocytes in the absence of elevated circulating 

CXCL12 (Figure 6.2G-F). Notably, neutrophils express the same level of CXCR4 gene 

compared to HSPCs (Figure 6.1A), but are also known to express other chemokine 
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receptors, i.e. ELR+ CXC- receptors, that are important for their egress into peripheral 

blood [224, 393]. Neutrophils are highly motile cells and as previously described in 

chapter 4 they can migrate towards CXCR2 ligands which are constitutively expressed 

by the bone marrow endothelium. Evidence of this was presented in a study conducted 

by Eash et al. (2010) which described a tug-of-war model behind neutrophil 

mobilisation from the bone marrow. Under physiological conditions, the CXCL12 

gradient coming from the endosteal niche defeats the ‘weaker’ CXCL1/CXCL2 gradient 

coming from the vascular niche [393]. Therefore the CXCL1/CXCL2 chemokine gradient 

is probably regulating residual mobilisation of leukocytes (Figure 6.4B).  In conclusion, 

the inhibitory effect of AMD3100 on CXCR4 is short-lived but sufficient, and indeed is 

likely to work in parallel with the proposed active process for the mobilisation of 

mature leukocytes; whilst mobilisation of HSPCs is highly dependent on a robust 

CXCL12 chemokine gradient across the endothelium.   

 

AMD3100 administration has been associated with an increase in circulating 

Sphingosine-1-phosphate (S1P) – a mediator of HSPC mobilisation [453]. Despite 

evidence for this elsewhere [453, 454], neutralisation of CXCL12 abrogated HSPC 

mobilisation (Figure 6.4C) suggesting that S1P chemokine gradient is not involved this 

work. 

 

It has been shown previously in this work (Figure 4.1) and by others [137, 226] that G-

CSF pretreatment augments mobilisation of leukocytes and HSPCs following AMD3100 

administration. This data suggests that different mobilising mechanisms are in motion. 
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In light of Dar et al.‘s proposal and of the data presented here, the CXCL12 chemokine 

gradient was further interrogated in enhanced mobilisation of HSPCs. Indeed, mice 

receiving a combination of G-CSF pretreatment (100μg/kg) with AMD3100 exhibited 

enhanced reduction in CXCL12 levels in the bone marrow. However, when the daily G-

CSF dose was increased from 100 to 250µg/kg, further reduction in bone marrow 

CXCL12 concentration following AMD3100 reached a plateau (Figure 10.3). Notably, the 

elevation in circulating CXCL12 levels by AMD3100 was not apparent in mice pretreated 

with G-CSF (Figure 10.3). This data suggests that G-CSF pretreatment prevents the rapid 

and active reversal of the CXCL12 chemokine gradient by AMD3100. This is likely to be 

a consequence of reduced bone marrow CXCL12 (Figure 10.3), in line with the notion 

that the bone marrow supplies CXCL12 to peripheral blood [279, 430]. It is also possible 

that G-CSF pretreatment may be inhibiting CXCL12 production in cells found to be 

otherwise stimulated by AMD3100. G-CSF has been demonstrated to downregulate 

expression of CXCR4 on haematopoietic and progenitor cells [257, 455]. G-CSF may also 

be downregulating CXCR4 expression on endothelial cells, thought to be mediating 

translocation of CXCL12 from the bone marrow into peripheral blood [430]. Despite 

elucidating mechanisms that establish reversal of the CXCL12 chemokine gradient 

following AMD3100 treatment, these results may dispute active/directed migration of 

HSPCs across this particular gradient during the G-CSF250/AMD3100 combination.  It is 

possible that another chemokine gradient may take over; becoming the primary 

chemoattractive stimulus which mediates chemotaxis of HSPCs following disruption in 

their retention. For example, S1P/S1P1 gradient has been reported during G-CSF and 

AMD3100 induced mobilisation of HSPCs [453, 456, 457]. In addition, G-CSF 

pretreatment stimulates expansion of the HSPC pool (Figure 6.6) which may mean more 

cells available for mobilisation by AMD3100. 
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VEGF-A has no effect on the CXCL12/CXCR4 retention system [137] and does not 

mobilise leukocytes, HSPCs or MSPCs (Chapter 4) [137, 246]. It is important at this stage 

to recall my previous hypothesis that VEGF-A via a direct (or indirect) mechanism may 

stimulate a migratory phenotype in MSPCs.  However, based on previous reports [137] 

and in this work (Figure 4.4), this cytokine alone cannot actively mediate MSPC egress 

from the bone marrow, and thus requires another chemokine gradient. CXCL12 is 

generally known to be a potent chemoattractant for MSPCs [13, 135] and is thought to 

mediate their recruitment to damaged tissue  [336, 339, 342-344]. In this work, I have 

demonstrated that AMD3100 reverses the CXCL12 chemokine gradient; potentially 

forming a gradient for MSPC chemotaxis. Pretreatment with a CXCL12 neutraligand, 

chalcone 4-phosphate, impaired mobilisation of MSPCs by AMD3100 (Figure 6.5) in 

VEGF-pretreated mice; in support of my hypothesis. Indeed, such multistage 

mobilisation process has been reported in a study conducted by Liu et al. (2011). In this 

published study, hypoxia-induced mobilisation of MSPCs was dependent on an initial 

elevation of VEGF in the bone marrow followed by rapid elevation of CXCL12 in 

peripheral circulation [252]. It is possible that VEGF-A pretreatment may be priming 

MSPCs in such a way so they can respond to the CXCL12 chemokine gradient generated 

by AMD3100. 

 

VEGF-A pretreatment suppresses mobilisation of leukocytes and HSPCs by AMD3100 

(Figure 4.4)[137]. It is interesting to note that leukocyte and HSPC mobilisation was not 

further suppressed by CXCL12 neutralisation in VEGF-A pretreated mice (Figure 6.5B-

C). This data may suggest that VEGF-A somewhat alters generation of the CXCL12 
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chemokine gradient across the bone marrow endothelium.  However, in preliminary 

work VEGF-A pretreatment did not demonstrate a significant decrease in circulating 

CXCL12 levels (Figure 10.4). The inverted chemokine gradient was still evident (Figure 

10.4) which is likely to mediate residual HSPC mobilisation, as well as being sufficient 

for MSPC mobilisation in these mice (Figure 4.4). CXCR4 has been previously 

demonstrated to mediate translocation of CXCL12 into peripheral blood when 

stimulated by AMD3100 [279], and a decrease in this receptor may explain suppression 

in mobilisation of leukocytes and HSPCs reported in VEGF pretreated mice [137]. 

However, VEGF-A pretreatment did not change CXCR4 expression on bone marrow 

endothelial cells (Figure 6.9D). Further investigation into this matter is required to 

elucidate VEGF-A effects the formation of the CXCL12 chemokine gradient. CXCR7 has 

been reported to act as a decoy receptor for CXCL12 [334]. Therefore, it would be of 

interest to quantify levels of CXCR7 expression on the surface of bone marrow ECs 

following VEGF-A pretreatment.  

 

In order to understand the underlying mechanisms involved in differential mobilisation 

I quantified stem cell reserves following G-CSF and VEGF treatment (Figure 6.6 and 

Figure 6.7). One would expect a decrease in bone marrow cell reserves as a 

consequence of the mobilisation process. In agreement with this notion, studies that 

examined sustained high levels of mobilising cytokines demonstrated a clear 

correlation, i.e. the more stem/progenitor cells were mobilised into the blood, the less 

were detected within the bone marrow [284, 408, 409]. This pattern is absent in my 

data. Results show that G-CSF treatment, known to mobilise HSPCs (LSK and CFU-

HSPCs) (Figure 4.1)[167, 272] but not MSPCs [137, 236, 282, 328-331], indeed enriched 
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HSPCs (Figure 6.6C & Figure 6.8A) and in parallel depleted PαS MSPCs (Figure 6.7B) in 

the bone marrow. Contrary to Pitchford et al.‘s study which showed no changes in the 

number of HSPC colonies after G-CSF treatment [137], my data is consistent with more 

recent studies that demonstrated an expansion of HSCs (SLAM LSK) and HSPCs (LSK) 

[172, 272, 458]. Alternatively, one may hypothesise that an increase in a specific 

stem/progenitor cell pool may permit more cells to be mobilised in peripheral blood 

following AMD3100 administration. As this may be a possible explanation for 

synergistic mobilisation of HSPCs seen in G-CSF pretreated mice (Figure 4.1), this seems 

to be unlikely for VEGF-A-stimulated mobilisation of MSPCs because results showed no 

changes in PαS reserves (Figure 6.7). In addition, VEGF treatment had no effect on the 

number of HSPCs in the bone marrow (Figure 6.6C), and therefore, is unlikely to be the 

cause of dampened AMD3100-induced HSPC mobilisation (Figure 4.4)[137]. It is 

tempting to conclude that the number of stem/progenitor cells in the bone marrow 

cannot be used as an indication for their mobilisation. Furthermore, changes in the 

localisation of stem/progenitor cells in the niche may be more important and should be 

examined in future studies. 

As previously described, the proportion of PαS cells in the bone marrow were decreased 

following G-CSF treatment (Figure 6.7B). However, the proportion of clonogenic MSPCs 

detected in these mice were higher (Figure 6.8B). This data is in line with previous 

reports [267, 328], which proposed that this is a consequence of adverse effects on bone 

metabolism, i.e. enhanced bone resorption and reduced bone formation. It was 

reasoned that an increase in CFU-Fs was due to an accumulation in osteoprogenitors as 

differentiation into osteoblasts was impaired in G-CSF-treated mice [267]. Brouard and 

colleagues (2010) demonstrated that G-CSF did not stimulate proliferation of clonogenic 
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cells but instead mediated their release from the bone and relocation to the bone 

marrow. Indeed, the same study demonstrated a decrease in the proportion of 

uncommitted (primitive) clonogenic MSPCs [328] which is in agreement with my flow 

cytometry data (Figure 6.7). It is therefore likely that G-CSF is affecting MSPC 

subpopulations via differential effects on lineage commitment, i.e. the ratio of primitive 

versus pro-osteogenic MSPCs. In addition, PαS cells and CFU-Fs are clearly not 

demonstrating the same pattern in the bone marrow following treatment, and the large 

gap in their numbers detected (170-fold more PαS than CFU-Fs) is reminiscent of the 

challenges when studying MSPCs in vivo (Chapter 4). Therefore, these two types of 

measurements need to be approached with caution and distinct interpretation of the 

data is required. This will be discussed further in chapter 8. 

 

Endothelial cells are thought to be the primary target of VEGF stimulation [298]. It has 

been shown that overexpression of VEGF in vivo mediates an increase in bone marrow 

vascularity [408]. However, in this work I did not detect an increase in the number of 

endothelial cells in the bone marrow (Figure 6.9); consistent with histological analysis 

of the bone following this treatment [137]. Furthermore, another study which examined 

the bone marrow following 5 days of hypoxic treatment demonstrated no changes in 

bone marrow cellularity or vascular morphology, despite having sustained elevation of 

VEGF protein in the tissue. Indeed, it was after day 7 that sinusoidal vessels were found 

to increase in number [252]. Therefore, it is likely that the length and level of VEGF 

treatment is primarily responsible for these differences. In my system VEGF does not 

appear to cause gross anatomical changes to the vasculature or expression of key 

molecules that may affect stem cell migration and the generation of the chemokine 
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gradient (E-selectin and CXCR4). However, I cannot rule out other mechanisms; 

particularly as a number of recent publications have demonstrated that native MSPCs 

have a perivascular location in the bone marrow. 

 

Sustained high levels of VEGF either by long-term infusion or overexpression by 

adenovirus delivery has been reported to stimulate haematopoiesis in the bone marrow 

[404, 408]. In addition, previous work in the laboratory showed that VEGF pretreatment 

over four days resulted to an increased proportion of cycling HSPCs (demonstrated by 

an increase in colony size and DNA content) [137]. In this work, I hypothesised that an 

increase in E-selectin expression on the surface of bone marrow endothelial cells would 

explain the increase in cycling of HSPCs reported by Pitchford et al. [137]. However, 

results showed no changes in E-Selectin expression on ECs (Figure 6.9). Furthermore, 

the number of E-selectin positive endothelial cells was very low (Figure 6.9) which at 

first is thought to contradict the previously held view of constitutive expression on the 

bone marrow endothelium [157]. My results, however, are in line with the recent study 

which showed that roughly 7-10% of endothelial cells in the bone marrow express E-

selectin. It is probable that VEGF may be driving entry into the cell cycle via direct 

stimulation of HSPCs as these cells have been recently reported to express VEGFRs, 

suggested to be important in adult haematopoiesis [302, 308, 408, 459]. 

 

In this work, G-CSF treatment led to the depletion of lymphoid-committed precursors 

(Figure 6.6D) probably due to a reduction in lymphopoeisis [460]. Myeloid-committed 

precursors were reduced, but at a level which may not be regarded as biologically 
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significant (Figure 6.6E). Interestingly, it is thought that G-CSF treatment regulates 

differential changes in the mature myeloid cell pool. Briefly, G-CSF treatment stimulates 

an increase in neutrophils [317] and a decrease in monocytes/macrophages [210, 213, 

269, 273] in the bone marrow. In contrast, Pitchford et al. (2009) detected a decrease in 

neutrophil reserves and notably an increase in mononuclear cells following VEGF-A 

treatment [137]. Changes in leukocytes were demonstrated as part of the multi-facet 

and multi-stage mechanism of HSPC mobilisation [209, 210, 213, 272], similarly 

differential effects in resident myeloid cells caused by VEGF may regulate selective 

mobilisation. It may be of interest to follow this up in future experiments. 

 

In summary, the reversal of the CXCL12 chemokine gradient by AMD3100 is necessary 

for the mobilisation of MSPCs following VEGF pretreatment. G-CSF and VEGF-A 

demonstrate differential effects on bone marrow stem/progenitor cell reserves. VEGF 

however does not demonstrate any apparent changes (stem/progenitor cell pool, 

vascularity and EC surface proteins), in this chapter, that may be implicated in the 

selective mobilisation of MSPCs.  
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Bone marrow macrophages  
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7.1 Introduction 

Macrophages are mononuclear myeloid cells which participate in myriad biological 

activities; these can be categorised as followed:  (a) tissue development, (b) tissue 

homeostasis, (c) metabolism, and (d) innate and adaptive immune responses. For 

instance, macrophages as natural guardians of tissue homeostasis play an immediate 

role in repair and/or regeneration after insult. They achieve this by mediating 

resolution of tissue inflammation and secretion of vital trophic factors for the 

restoration of tissue integrity and function [461]. Macrophages belong to the phagocyte 

family, and out of its members – is superior in engulfing cellular debris, foreign particles 

and pathogens. Historically, tissue macrophages were thought to originate from bone 

marrow-derived monocytes which circulate and invade the tissue. However recent 

evidence has challenged this dogma revealing that macrophages are derived from 

embryonic precursors, and subsequently self-maintain in adult tissue [14]. Bone 

marrow-resident macrophages are tissue macrophages capable of major expansion in 

vitro and in vivo [462]. 

 

Macrophages have been shown to play an important role in regulating bone 

homeostasis and the stem cell niche. Indeed, bone marrow macrophages interact with 

resident cells via paracrine factors to regulate haematopoiesis [209-213, 269, 463] and 

erythropoiesis [208, 464].  

 

In 2008, Chang and colleagues demonstrated the location of F4/80+ macrophages in 

mouse long bones. Macrophages were detected throughout the bone marrow stroma 
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and lining of the endosteal and periosteal surfaces. Interestingly, macrophages 

displayed distinct tissue distribution depending on their association to cells of the 

osteoblast lineage. For example, macrophages were observed intercalated among 

immature/quiescent osteoblasts whereas they formed distinctive canopy-like 

structures over mature osteoblasts which participated in bone anabolism. Depletion of 

these macrophages resulted in a loss of bone-lining osteoblasts, and were suggested to 

be important in osteoblast maturation and function [212]. Macrophages associated to 

bone are also known as Osteomacs.  

 

An adverse effect frequently reported during clinical use of G-CSF was intense bone pain 

in patients [465]. Early studies revealed that long-term administration of G-CSF could 

lead to osteoporosis [466, 467], presenting concerns about G-CSF treatment on bone 

metabolism. It became clear in later published studies that G-CSF’s adverse impact on 

bone cellularity drove HSPC mobilisation [192, 266, 267, 269-271]. It is notable in a 

study conducted on G-CSFR-/- mice that bone catabolism was only observed after 

transplantation of haematopoietic cells. Mice displayed increased bone turnover due to 

mature osteoblast apoptosis and suppressed late-phase osteogenic differentiation. This 

study identified for the first time that G-CSFR signalling in a haematopoietic cell was 

necessary for HSPC mobilisation. [267]. In another study by Christopher and colleagues 

(2011), G-CSF-induced mobilisation was conducted in lymphocyte deficient mice, G-

CSFR-/- and monocyte/macrophage-restricted G-CSFR mice (CD68:G-CSFR). G-CSF-

mediated suppression of osteoblast function and mobilisation of HSPCs was unaffected 

in lymphocyte deficient mice. Furthermore, mice with restriction of G-CSFR signalling to 

monocytic cells demonstrated normal mobilisation compared to their G-CSFR-/- 
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littermates. These findings therefore identified monocytes/macrophages as key players 

in the mobilisation process [213].  

 

Repeated stimulation of G-CSFR on monocytic cells was shown to cause a decline in 

their number and distribution within the bone; over 2-4 days [210, 213]. Loss of 

macrophages either by G-CSF treatment, clodronate liposomes or in MAFIA transgenic 

mice induced mobilisation of HSPCs [210]. These studies therefore supported the 

hypothesis that it is the loss of macrophages via G-CSFR signalling and subsequent 

suppression of osteoblast function which drives mobilisation of HSPCs. 

 

In 2011, Chow et al. selectively depleted bone marrow-resident macrophages using 

CD169-DTR mice, and reported mobilisation of HSPCs. Moreover, the authors conducted 

a number of experiments using clodronate liposomes to deplete macrophages and 

demonstrated a decrease in CXCL12, Ang-1, SCF and VCAM-1 transcription in bone 

marrow-resident Nestin+ MSPCs. It was noted that transcription of these genes was 

unchanged in bone marrow osteoblasts. With these findings, Chow and colleagues 

argued that tissue resident bone marrow macrophages (not monocytes) interact with 

MSPCs (not osteoblasts) to maintain the HSPC niche, and disruption of this by G-CSF 

treatment is one of the main molecular mechanisms resulting in mobilisation of HSPCs 

[209].  

 

The interaction between macrophages and MSPCs in the bone marrow was thought to 

be via a paracrine factor. Despite having demonstrated that the factor was a protein, 
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attempts made in Chow’s (2011) study to establish the identity of this protein were 

unsuccessful [209]. It was later found that a lipid mediator, PGE2, secreted by a rare α-

smooth muscle actin positive (α-SMA+) macrophage subpopulation induced the 

expression of CXCL12 in Nestin+ MSPCs [211]. It is possible that PGE2 cooperates with 

the unidentified protein from Chow’s study to preserve primitive HSPCs and regulate 

stem cell niche functions. Establishing connection between PGE2 and G-CSF mobilisation 

is of course something that has attracted interest and continues to do so by leading 

scientists in the field. For example, it was recently reported that inhibition of PGE2 

production by non-steroidal anti-inflammatory drug (NSAID) treatment induced HSPC 

mobilisation in mice, baboons and humans. This was due to reduced E-prostanoid 4 

(EP4) receptor signalling which was found to be important in HPC proliferation and 

HSPC retention [468]. 

 

As previously described in the introductory chapter, culture-expanded MSPCs have 

been shown to exert anti-inflammatory effects in vitro and in vivo, and a number of 

studies have suggested that these effects are dependent on their interactions with tissue 

macrophages at the site of inflammation [74-76]. MSPCs are thought to induce 

macrophage polarisation from an M1 to M2 phenotype which switches the response 

from an inflammatory to anti-inflammatory status [81] [82]. However, studies on the 

interaction of bone marrow macrophages and native MSPCs under homeostatic or 

inflammatory conditions are non-existent. 
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In light of these studies, it is clear that macrophages and MSPCs are in close association 

within the bone marrow, and through their interaction regulate retention of stem cells. 

It was therefore interesting to investigate whether this interplay was important in the 

retention and/or mobilisation of MSPCs. In chapter 3, I demonstrated that bone marrow 

macrophages can express VEGFR1 and VEGFR2 genes; albeit at low mRNA levels (Figure 

3.7). In agreement with this data, Jeon et al. (2007) showed protein expression of 

VEGFR-1 and VEGFR-2 in a mouse macrophage cell line (WEHI3). Indeed, high VEGFR-2 

expression was detected if cultures were treated with VEGF-A [469]. Therefore, 

evidence of VEGFR signalling in macrophages [469-471], provided promise and the 

possibility that 4-day VEGF-A pretreatment may signal via macrophages to prime 

MSPCs for mobilisation.  

 

It has previously been shown that depletion of bone marrow macrophages reduces 

levels of CXCL12 in the bone marrow, thereby stimulating the mobilisation of HSPCs 

[209, 210, 213]. It was therefore of interest to examine whether depletion of bone 

marrow macrophages could similarly enhance pharmacological mobilisation of MSPCs. 

Alternatively, if we consider my findings in Chapter 6 which demonstrated that the 

inverted CXCL12 chemokine gradient (which is dependent on bone marrow-derived 

CXCL12) is critical for the mobilisation of primed MSPCs; then macrophage depletion 

may have detrimental effects on the action of AMD3100.  
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It was demonstrated in Chapter 6 that G-CSF affects native MSPC subpopulations in the 

bone marrow, it was therefore interesting to elucidate whether these changes occurred 

due to a loss of bone marrow macrophages (interaction). 

 

In this chapter, I sought to investigate the role of macrophages in the mobilisation of 

MSPCs. I sought to achieve this by depleting macrophages in vivo prior administration of 

mobilisation regimens.  

 

7.2 Aims 

 To establish depletion of bone marrow macrophages using clodronate liposomes. 

 To elucidate the impact of macrophage depletion on stem/progenitor cell reserves. 

 To examine pharmacological mobilisation of TNCs, HSPCs and MSPCs in the absence 

of macrophages. 

 To interrogate whether G-CSF differential mobilisation of stem/progenitor cells 

may be a consequence of a loss in macrophages (and their interaction with MSPCs). 
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7.3 Results 

7.3.1 Depletion of bone marrow macrophages 

To deplete bone marrow macrophages in this study, mice were administered clodronate 

liposomes. Clodronate – a biphosphate drug – is encased by liposomes for delivery in 

vivo and is non-toxic to cells unless phagocytosed. Phagocytic cells such as macrophages 

engulf clodronate liposomes, and once the protective liposome vehicle is degraded, 

clodronate is released. Intracellular accumulation of clodronate induces apoptosis in 

these cells. 

 

Mice were administered clodronate liposomes (10µl/g; Figure 7.1A) and bone marrow 

cells were harvested at day 1 and 5 post injection for analysis of macrophages by flow 

cytometry (TER119-CD3-CD19-NKp46-Gr-1-/lowCD115intermediateF4/80+SSClow; Figure 

7.1B). These mice showed a reduction in the number of TNCs (Figure 7.1C) and 

macrophages (Figure 7.1B, D-E) at day 1 post injection, that remained low at day 5. This 

data demonstrates a depletion of up to 99% in bone marrow macrophages with a single 

injection of clodronate liposomes; and hence would be effective over the duration of 

treatment with mobilising agents. 
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Figure 7.1: Depletion of bone marrow macrophages 

Experimental design (A). BALB/c mice were pretreated with a single dose of Clodronate Liposomes (CLs 

10µl/g i.v.) or PBS Liposomes on day 0. One and five days post injection, bone marrow cells were 

collected for enumeration of TNCs (B). Bone marrow cells were stained with antibodies to detect 

Macrophages by flow cytometry (B, D-E; MΦs). TNCs per femur (n = 6-11) (C). MΦs percentage of TNCs in 

femur and MΦs per femur (n = 8) (D-E). Data of two independent experiments (N = 2), displayed as mean 

± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; Dunnett's Multiple Comparison Test). 
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7.3.2 Clodronate liposomes deplete bone marrow monocytes which are restored 

by day 5 

Other haematopoietic cells such as monocytes and neutrophils can perform 

phagocytosis [472] however to a different degree to that of macrophages. It was 

therefore necessary to investigate how these bone marrow-residing phagocytes are 

affected after clodronate liposome administration. Mice were treated as described 

previously (Figure 7.1A). These mice exhibited an initial 96% and 76% reduction in 

Ly6Chigh (Lin-CD11b+CD115+SSClowLy6Chigh) and Ly6Clow monocytes (Lin-

CD11b+CD115+SSClowLy6C-/low) respectively, at day 1 post injection (Figure 7.2B, C). 

Both these monocyte subsets were significantly elevated in number at day 5 (Figure 

7.2B, C). Finally, no significant changes were seen in the number of neutrophils (Lin-Gr-

1highCD115-SSChigh) at both time points (Figure 7.2A). These data suggest that 

Ly6Chigh/low monocytes are capable of phagocytosing clodronate liposomes and initial 

depletion of these monocyte subsets is evident, however their numbers are shortly 

restored and are present for the final duration of my mobilising treatment protocols.   

 

It was important to examine whether clodronate liposome administration affected HSPC 

and MSPC reserves in the bone marrow. Although there were no changes seen in the 

proportion of HSPCs (Figure 7.2F) and native MSPCs (Figure 7.2D) in these mice, there 

was an unexpected initial increase in the proportion of clonogenic MSPCs (CFU-F; 

Figure 7.2E). Finally, this data confirms that clodronate liposomes do not target HSPCs 

and MSPCs for depletion.  
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Figure 7.2: Clodronate liposomes deplete bone marrow Ly6Chigh Monocytes which are restored by 
day 5 

BALB/c mice were pretreated with a single dose of Clodronate Liposomes (CLs 10µl/g i.v.) or PBS 

Liposomes on day 0. One and five days post injection, bone marrow cells were collected for flow 

cytometry analysis (A-D), enumeration of MSPCs (E) and HSPCs (F). Bone marrow cells were stained with 

antibodies to detect Neutrophils (A; NΦs), Ly6Chi Monocytes (B; MØs), Ly6Clo MØ (C) and PαS (D) cells by 

flow cytometry. NΦs (n = 8; N = 2), Ly6Chi and Ly6Clo MØs (n = 4-5; N = 1) per femur. PαS cell percentage 

of TNCs in femur (n = 5; N = 1). CFU-Fs (n = 3 – 7; N = 2) and CFU-HPCs ( n = 2-4; N = 1) per 106 TNCs. 

Data displayed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; Dunnett’s Multiple 

Comparison Test). 

  



Chapter 7 

- 218 - 
 

7.3.3 Clodronate liposome pretreatment impairs VEGF/AMD3100-mediated 

selective mobilisation of MSPCs  

To investigate mobilisation of MSPCs in the absence of macrophages, mice were 

pretreated with a single injection of clodronate liposomes (Figure 7.3A) and the 

mobilisation regimen commenced the next day. A depletion in macrophages showed a 

significant increase in the number of circulating TNCs (Figure 7.3B) and HSPCs (Figure 

7.3C) at day 5, that was comparable to AMD3100 administration (1hr) in naïve mice. 

Administration of AMD3100 in macrophage depleted mice (Figure 7.3A) demonstrated 

enhanced elevation in circulating TNC (Figure 7.3B) and HSPC (Figure 7.3C) numbers; 

in line with another study [209]. Furthermore, circulating MSPCs were not detected in 

these mice (Figure 7.3D). In contrast to HSPCs, this data suggests that macrophage 

depletion does not mobilise MSPCs; nor does it prime MSPCs for mobilisation by 

AMD3100. 

 

AMD3100 mobilises MSPCs in VEGF-A pretreated mice (Figure 7.3D). In contrast, 

VEGF/AMD3100 combination treatment in macrophage depleted mice (Figure 7.3A) 

demonstrated a significant reduction in mobilised MSPC numbers (Figure 7.3D). VEGF-A 

pretreatment was shown in this work (Chapter 4 and 6) and by others [137] to 

suppress mobilisation of leukocytes and HSPCs by AMD3100. In contrast, VEGF-A 

pretreatment in macrophage depleted mice showed no changes in the number of 

circulating TNCs and HSPCs mobilised following AMD3100 administration; numbers 

comparable to AMD3100 (+CLs) (Figure 7.3B-C). Finally, these data suggest that the 

absence of bone marrow macrophages impairs VEGF/AMD3100-mediated selective 

mobilisation of MSPCs.  
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Figure 7.3: Clodronate liposome pretreatment impairs VEGF/AMD3100-mediated selective 
mobilisation of MSPCs  

Experimental design (A). BALB/c mice were pretreated with a single dose of Clodronate Liposomes (CLs 

10µl/g i.v.) or PBS Liposomes on day 0. One day post injection, mice were pretreated with VEGF-A 

(100µg/kg i.p.) or vehicle (PBS) once daily on 4 consecutive days. Twenty-four hours after last injection, 

mice were administered AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected 

via cardiac puncture for enumeration of circulating TNCs (B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs 

and CFU-Fs (n = 4–12) per ml blood. Data of two independent experiments (N = 2), displayed as mean ± 

SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test).  
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7.3.4 Clodronate liposome pretreatment impairs β3-AR agon’/AMD3100-induced 

mobilisation of MSPCs  

It was interesting to see whether the above inhibitory effect was specific to VEGF-A-

mediated mobilisation of MSPCs which could imply macrophages as a target cell for 

VEGF-A signalling. To test this I examined β3-AR agon’/AMD3100-induced MSPC 

mobilisation in the absence of bone marrow macrophages. Contrary to 

VEGF/AMD3100’s selective mobilisation, this combination regimen was shown in 

Chapter 4 (Figure 4.7) and by Dr. T. Fellous to also enforce mobilisation of HSPCs. 

Fellous et al. proposed that lipid mediators and cannabinoid signalling (via unknown 

bone marrow-resident cells) mediated priming of HSPCs and MSPCs for mobilisation by 

AMD3100 (unpublished data). To date, it is still unclear whether downstream cell 

targets, signalling or mediators diverge for the mobilisation of MSPCs. Macrophages 

were found to express high levels of cannabinoid receptor 2 [473-477], hence may also 

be a potential target cell in this example. Thus, examining this regimen may elucidate 

whether macrophages are participants in differential mobilisation mechanisms. 

 

AMD3100 mobilises MSPCs in β3-AR agonist pretreated mice (Figure 7.4D). In contrast, 

β3-AR agon’/AMD3100 combination treatment in macrophage depleted mice (Figure 

7.4A) demonstrated a significant reduction in mobilised MSPC numbers (Figure 7.3D). 

In addition, combination treatment in these mice displayed a significant increase in 

circulating TNC and HSPC numbers when compared to AMD3100 (+CLs) (Figure 7.4B-

C). These data demonstrate that absence of bone marrow macrophages enhances 

enforced mobilisation of HSPCs but impairs mobilisation of MSPCs by  β3-AR 

agon’/AMD3100.  
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Figure 7.4: Clodronate liposome pretreatment impairs β3-AR agon’/AMD3100-induced 
mobilisation of MSPCs 

Experimental design (A). BALB/c mice were pretreated with a single dose of Clodronate Liposomes (CLs 

10µl/g i.v.) or PBS Liposomes on day 0. One day post injection, mice were pretreated with β3-AR agonist 

(10mg/kg i.p.) or vehicle (dH2O) once daily on 4 consecutive days. One hour after last injection, mice were 

administered AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac 

puncture for enumeration of circulating TNCs (B), HSPCs (C) and MSPCs (D). TNCs (n = 4-9), CFU-HPCs (n 

= 2-9) and CFU-Fs (n = 4-10) per ml blood. Data of two independent experiments (N = 2), displayed as 

mean ± SEM. ∗p < 0.05, ∗∗p < 0.01 (one-way ANOVA; Bonferroni's Multiple Comparison Test).  
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7.3.5 G-CSF treatment displays differential effects on leukocyte reserves in the 

bone marrow  

In chapter 6, I have demonstrated that G-CSF treatment affects primitive 

haematopoietic and mesenchymal stem/progenitor cell reserves in the bone marrow 

(Figure 6.6 and Figure 6.7). In addition, G-CSF depleted lymphoid and myeloid –

committed precursors (Figure 6.6). Myeloid progenitors give rise to: mononuclear cells 

such as monocytes/macrophages, and granulocytes such as neutrophils [161]. It was 

notable in the Pitchford et al. (2009) study that further differential effects were found in 

the general myeloid cell population [137]. Similarly, I illustrate here using flow 

cytometry the enrichment of granulocytes and depletion of mononuclear cells in the 

bone marrow at day 5, following four daily doses of G-CSF treatment (Figure 7.5A). 

Further characterisation of these populations by flow cytometry analysis showed a 

significant decrease in the proportion of bone marrow macrophages. In contrast, there 

was a significant increase in the proportion of Ly6Chigh and Ly6Clow monocytes, and 

neutrophils (Figure 7.5B) in the bone marrow. These changes were not detected after 

one day of G-CSF pretreatment. Therefore, repeated doses of G-CSF are required to 

induce differential changes in leukocyte reserves.   
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Figure 7.5: Repeated G-CSF treatment depletes macrophages, but enriches monocyte subsets and 
neutrophils in the bone marrow  

BALB/c mice were pretreated with G-CSF (100µg/kg i.p.) or vehicle (PBS) once daily for 1 or 4 

consecutive days. Twenty-four hours after last injection, bone marrow cells were collected for analysis by 

flow cytometry. Bone marrow cells were stained with lineage antibodies to detect granulocytes (GR) and 

mononuclear cells (MNC) (A). In addition, bone marrow cells were stained with antibodies to detect 

Macrophages (MΦs), Ly6Clo and Ly6Chi monocytes (MØs), and neutrophils (NΦs) (B). MΦs, Ly6Clo and 

Ly6Chi MØs, and NΦs percentage of TNCs in femur (n = 4). Data of one experiment (N = 1) displayed as 

mean ± SEM. ∗∗∗p < 0.001 (one-way ANOVA; Dunnett’s Multiple Comparison Test). *Experiment in figure 

7.5B was carried out by Dr. M. Francois in our laboratory.  
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7.3.6 G-CSF treatment impairs β3-AR agon’/AMD3100-induced mobilisation of 

MSPCs 

In this work, it was demonstrated that pharmacological mobilisation of MSPCs was 

impaired in mice depleted of bone marrow macrophages (Figure 7.3D & Figure 7.4D). 

In addition, bone marrow macrophages were depleted in mice receiving 4 daily doses 

of G-CSF, consistent with other studies [210, 213]. To investigate whether G-CSF-

mediated depletion of macrophages similarly impairs mobilisation of MSPCs, β3-AR 

agon’/AMD3100 combination treatment was conducted in G-CSF treated mice.  This 

combination treatment was selected as it tends to mobilise more MSPCs and to reduce 

the costs of the experiment. 

 

It was previously shown that G-CSF pretreatment enhances mobilisation of TNCs and 

HSPCs by AMD3100 (Figure 4.1). However, β3-AR agonist pretreatment was 

demonstrated to enhance mobilisation of HSPCs only (not TNCs; Figure 4.7). Mice 

receiving a combination of β3-AR agonist with AMD3100, in G-CSF treated mice (Figure 

7.6A), showed a significant increase in the number of circulating TNCs (Figure 7.6B) 

and HSPCs (Figure 7.6C). In contrast, these mice displayed a significant reduction in 

mobilised MSPC numbers (Figure 7.6D). Analogous to macrophage depletion 

experiments using clodronate liposomes, these data demonstrate that G-CSF increases 

enforced mobilisation of HSPCs and impairs mobilisation of MSPCs by β3-AR 

agon’/AMD3100 combination regimen. This suggests that bone marrow macrophages 

are necessary for pharmacological mobilisation of MSPCs. In addition to this, 

mobilisation of leukocytes and HSPCs is favoured (over MSPCs) in their absence.  
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Figure 7.6: G-CSF treatment impairs β3-AR agon’/AMD3100-induced mobilisation of MSPCs 

Experimental design (A). BALB/c mice were pretreated with G-CSF (100µg/kg i.p.) or vehicle (PBS) once 

daily for 4 consecutive days. One day post first G-CSF injection, mice were pretreated with β3-AR agonist 

(10mg/kg i.p.) or vehicle (dH2O) once daily on 4 consecutive days. One hour after last injection, mice were 

administered AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac 

puncture for enumeration of circulating TNCs (B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs and CFU-Fs 

per ml blood (n = 4-9). Data of two independent experiments (N = 2), displayed as mean ± SEM. ∗p < 0.05, 

∗∗p < 0.01 (one-way ANOVA; Bonferroni's Multiple Comparison Test).  



Chapter 7 

- 226 - 
 

7.3.7 G-CSF and clodronate liposome pretreatment decrease Ki-67 expression in 

bone marrow PαS cells 

Several studies have investigated changes in cell cycle status to understand the nature 

of ‘priming’ stem cells. For example quiescent skeletal muscle precursors (satellite cells) 

responded to a distant muscle injury by exhibiting changes in their cycling properties. 

Satellite cells were reprogramed from a G0 to a GAlert status and thus demonstrated 

enhanced motility and increased functional properties [478]. In another study where 

the bone marrow HSC-niche was examined under chronic stress, release of 

noradrenaline increased the number of HSCs in non-resting (non-G0) phase which led to 

their expansion in preparation for a neutrophilic response in mice [244]. Similarly, a 

loss of CXCL12 expression in MSPC subpopulations by conditional deletion stimulated a 

resting-to-active (G0-to-G1) phase transition in HSPCs, and their subsequent 

mobilisation into blood [176]. Therefore, as different systemic and/or local mediators 

shape the cycling status of quiescent stem cells, this may reflect on ‘priming’ of cells 

which exhibit enhanced migratory phenotype. This intrinsic reprogramming may 

activate cells in preparation to subsequent stimulus; i.e. a chemokine gradient, for a 

rapid response. I therefore examined whether changes in cycling status of native MSPCs 

following mobilising cytokine treatments is associated to their mobilisation fate.  

 

Ki-67 is a nuclear protein expressed during active phases (late G1, G2, S & M) of the cell 

cycle [479]. To investigate the effect of pretreatments on primitive HSPCs and MSPCs 

resting-to-active status, I conducted flow cytometry analysis on the expression of Ki-67 

protein in these cells. Mice receiving VEGF-A pretreament over four days showed no 

changes in the expression of Ki-67 in primitive HSPCs (Figure 7.7A) and MSPCs (Figure 
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7.7B). However, mice receiving G-CSF pretreatment over four days showed a significant 

decrease in the expression of Ki-67 in PαS cells (Figure 7.7B) in the bone marrow – 

despite having no effect on HSPCs (Figure 7.7A). Similarly, mice depleted of bone 

marrow macrophages exhibited a 40% decrease in the expression of Ki-67 in PαS cells 

(Figure 7.7C). This data suggests that G-CSF may be mediating a decrease in active 

MSPCs as a result of macrophage depletion.  
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Figure 7.7: G-CSF and clodronate liposome pretreatment decrease Ki-67 expression in bone 
marrow PαS cells 

BALB/c mice were pretreated with G-CSF (100µg/kg i.p.), VEGF-A (100µg/kg i.p.) or vehicle (PBS) once 

daily on 4 consecutive days. Twenty-four hours after last injection, bone marrow cells were collected for 

analysis by flow cytometry (A-B). BALB/c mice were pretreated with a single dose of Clodronate 

Liposomes (CLs 10µl/g i.v.) or PBS Liposomes on day 0. One and five days post injection, bone marrow 

cells were collected for analysis by flow cytometry (C). Bone marrow cells were stained with antibodies to 

detect Ki-67 expression in Lin-SCA-1+c-KIT+ (A; HSPCs) and PαS (B-C) cells. Percentage change from 

control sample of Ki-67+ cells in L-SK+ (n = 4-8; N = 2) and PαS (n = 4 – 12; N = 2) (B), (n = 4-5; N = 1) (C) 

population. Data displayed as mean ± SEM. ∗∗∗p < 0.001 (one-way ANOVA; Dunnett's Multiple 

Comparison Test).  
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7.4 Discussion 

Macrophages and MSPCs are thought to reside in close proximity to regulate the HSC 

niche, and notably HSPC retention [209, 211]. In these studies, it was reported that 

paracrine factors originating from bone marrow macrophages regulated MSPC activity 

and function [209, 211]. In light of these studies and the possibility that macrophages 

could be a target cell for mobilising cytokines or downstream pathways, it was logical to 

investigate the role of macrophages in pharmacological mobilisation of MSPCs. 

 

To investigate whether macrophages had an immediate role, pharmacological 

mobilisation of stem/progenitor cells was conducted in their absence. First it was 

necessary to establish a protocol which allowed for practical and robust depletion of 

macrophages for the duration of my administration regimens. In essence, a single 

injection of clodronate liposomes resulted in the rapid depletion of bone marrow 

macrophages, with only 1% of macrophage reserves present at day 5 post 

administration (Figure 7.1). Administration of clodronate liposomes did not affect 

neutrophil reserves, however showed significant changes in both monocyte subsets 

residing in the bone marrow (Figure 7.2). These results are in line with observations 

made by Chow et al. (2011) which also utilised clodronate liposomes throughout their 

study. The authors argued that monocytes were redundant in this system as they could 

not stimulate retention factors in Nestin+ MSPCs. To further support this notion, it was 

shown that bone marrow-resident macrophages (CD169+) were in close vicinity to 

Nestin+ MSPCs and their targeted depletion by DTR was sufficient in mobilising HSPCs 

similar to levels detected during clodronate liposome experiments [209].  Therefore, in 

this work I consider monocyte depletion as an inevitable consequence of clodronate 
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liposome administration and choose to focus on macrophages as central regulators.  

Given that most bone marrow macrophages were absent twenty-four hours after 

clodronate administration (Figure 7.1), pharmacological mobilisation regimens 

commenced on day 1 (Figure 7.3 & Figure 7.4).   

 

Macrophages have been found to express receptors for VEGF and endocannabinoids 

[309, 469-471, 473-477, 480]. VEGFR signalling in macrophages has been demonstrated 

to induce their activation and migration [309, 480-482]. Cannabinoid receptor 

stimulation, on the other hand, has been shown to mediate their pro- and anti- 

inflammatory activity [483-485]. To date, the effect of these ligands on bone marrow 

macrophages is unknown. In this work, I proposed that macrophages may be an 

intermediate cell whereby mobilising factors act on to ‘prime’ MSPCs for mobilisation. It 

was shown in this work that AMD3100 mobilises MSPCs in mice pretreated with VEGF-

A or β3-AR agonist. However, pharmacological mobilisation of MSPCs was impaired in 

macrophage depleted mice (Figure 7.3 & Figure 7.4). These results suggest that β3-AR 

downstream lipid mediators and VEGF-A may signal via macrophages to ‘prime’ MSPCs, 

consistent with my hypothesis. 

 

The impact of macrophage depletion (Figure 7.4) was examined using the 

pharmacological regimen, β3-AR agon’/AMD3100, which was previously shown to 

enforce both HSPC and MSPC mobilisation (Figure 4.7). Indeed, results showed that 

HSPC mobilisation was further enhanced, whilst MSPC mobilisation was impaired 

(Figure 7.4). Interestingly, enhanced HSPC mobilisation suggested that not only β3-AR-
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mediated mobilisation of HSPCs is independent of macrophages but implies that other 

pathways are in motion. It is possible that downstream endocannabinoids target 

different cells, and consequently stimulate different pathways to establish mobilisation 

of HSPCs and MSPCs respectively. Both HSPCs and bone marrow macrophages express 

cannabinoid receptors [474]. It is tempting to hypothesise for this particular regimen 

that endocannabinoids act directly on HSPCs and indirectly on MSPCS (via 

macrophages) to regulate their priming. Future studies are required to provide 

evidence for this. 

 

Previous studies have demonstrated that macrophages mediate production of CXCL12 

by bone marrow stromal cells [209-211, 213]. In this work, it was questioned whether 

macrophage depletion would result in detrimental effects on the action of AMD3100; i.e. 

by diminishing the supply of bone marrow-derived CXCL12 thought to be important for 

the generation of a chemokine gradient across the endothelium. However, preliminary 

data demonstrated that bone marrow CXCL12 protein levels in mice treated with 

clodronate liposomes were comparable to control mice at day 5 (data not shown). This 

data may initially contradict studies supporting a reduction in CXCL12 following 

macrophage depletion using clodronate liposomes [209, 210], however none of these 

studies showed CXCL12 protein levels in the bone marrow at day 5. Instead, the authors 

demonstrated a decrease in expression of CXCL12 mRNA in restricted cell types. For 

example, Chow and colleagues (2011) demonstrated significant reduction in mRNA and 

protein of CXCL12 in total bone marrow 14 hours following clodronate liposome 

treatment. However, reduction in CXCL12 protein at a later time point (72hrs) was only 

quantified using in vitro Dexter cultures, whilst in vivo evidence for this at same and 
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later time points were not reported – despite having examined HSPC mobilisation up 

until 28 days [209]. It is possible that a compensation mechanism may restore CXCL12 

production in later days.   For instance, monocytes which are cells of the same 

haematopoietic lineage were found to increase in number at day 5 following 

administration of clodronate liposomes (Figure 7.2B, C). There is a possibility that these 

cells may compensate for the loss in macrophages, consistent with studies that reported 

monocytes as another cell type important in osteoblast lineage cell maintenance and 

function [213]. It is tempting to gather from this that impaired mobilisation of MSPCs – 

in the absence of macrophages – was not due to inhibition of AMD3100-induced 

processes, but more so a lack of stimulation/priming by pretreatment factors. However, 

further work is required to provide supporting evidence; this will be discussed in 

chapter 8.  

 

Pitchford et al.’s (2009) study explained selective mobilisation of stem cells on the basis 

of changes in HSPC cycling status and motility after VEGF treatment. In the same study, 

Pitchford also detected changes in leukocyte reserves but failed to expand and/or 

interrogate their part in selective mobilisation [137]. Consistent with findings in 

previous studies [210, 213, 272, 486, 487], my work demonstrated that G-CSF 

treatment stimulates expansion of neutrophils, and in parallel, depletion in bone 

marrow macrophages (Figure 7.5). On the contrary, VEGF-A pretreatment was found to 

reduce neutrophil and increase mononuclear cell numbers respectively [137]. Indeed, it 

was only recently that literature reported contrasting roles for neutrophils and 

macrophages in the retention of HSPCs [210, 213, 269, 272, 273]. It was proposed that 

G-CSF induced HSPC mobilisation via direct changes on these myeloid cell reserves 
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[213, 267, 272]. For instance, it was shown that expansion of neutrophils regulated 

suppression of osteoblast function in the endosteal niche by stimulating cell apoptosis 

[272]. Whereas a decrease in macrophages was demonstrated to regulate suppression 

of both the endosteal (osteoblast) [213, 267] and vascular (MSPC) [209] stem cell niche 

function. Chow et al. (2011) argued that macrophages regulate retention of HSPCs 

mainly via their interaction with MSPCs [209]. 

 

It was demonstrated in chapter 4 and by Pitchford et al. (2009) that VEGF-A 

pretreatment supressed mobilisation of leukocytes and HSPCs by AMD3100. In contrast, 

VEGF-A pretreatment in mice with a deficiency in bone marrow macrophages exhibited 

a normal mobilisation response to AMD3100 treatment (Figure 7.3B-C). These results 

suggest that VEGF-A may depend on macrophages to negatively regulate mobilisation of 

leukocytes and HSPCs. Early studies examining the effect of VEGF-A on haematopoiesis 

reported that low dose infusions induced a significant expansion in macrophage 

precursors at day 5 [404]. Gerber and colleagues (2002) also reported that VEGFR-1 

signalling is important in HPCs’ ability to form macrophage precursors [295]. Notably, 

Pitchford et al. (2009) showed an expansion of mononuclear cells within the bone 

marrow after VEGF-A pretreatment [137]. Indeed, this may represent an expansion in 

macrophages that may subsequently enhance retention of HSPCs. It has been 

demonstrated that macrophages also regulate production of other HSPC retention 

factors such as SCF, Ang-1, osteocalcin and VCAM-1 [209, 210, 213]. Contrary to what 

was hypothesised in chapter 6, it is possible that VEGF-A stimulates changes in a 

multifactor retention system [229] as opposed to explicitly on the CXCL12 chemokine 

gradient. These data is reminiscent of a highly complex system that determines 
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retention and/or mobilisation of HSPCs, and similar complexity is also anticipated for 

mobilisation of MSPCs. It is therefore interesting to examine in future studies whether 

there is an expansion in macrophage reserves and/or an upregulation in the production 

of retention molecules following VEGF-A pretreatment.  As these could explain changes 

in cycling of HSPC that was previously reported [137], and the proposed enhanced 

pulling force by the bone marrow thought to dampen HSPC migration along the inverted 

CXCL12 chemokine gradient towards blood (Chapter 6). 

 

Given that macrophage depletion in mice impairs pharmacological mobilisation of 

MSPCs (Figure 7.3 & Figure 7.4), it was interesting to investigate whether G-CSF could 

likewise impair MSPC mobilisation (Figure 7.5). Mobilised MSPCs were hardly detected 

in mice receiving both G-CSF and β3-AR agonist pretreatment with AMD3100 

administration (Figure 7.6D). These data recapitulate findings in my clodronate 

liposome studies (Figure 7.4) and suggests that G-CSF impairs mobilisation of MSPCs 

due to depletion of macrophages (Figure 7.5). In light of these results, it is probable that 

G-CSF prevents priming of MSPCs by the β3-AR agonist.  

 

In chapter 6, it was demonstrated that G-CSF treatment reduces the PαS cell pool within 

the bone marrow (Figure 6.7). However, this pool was not significantly reduced in 

macrophage depleted mice (Figure 7.2D); suggesting that G-CSF is mediating this 

reduction through an alternative mechanism. In addition, it may be gathered from this 

that impaired MSPC mobilisation is possibly not a result of the reduction in the PαS 

subpopulation. It is interesting to note that there were significant changes in the 
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proportion of clonogenic MSPCs (Figure 7.2E) and CAR cells (PDGFR-α+SCA-1-; data not 

shown) in macrophage depleted mice. Further work is required to elucidate the 

biological significance of these changes. 

 

Previous studies have associated changes in stem cell cycling status to potential 

recruitment of their progenitors in response to injury [478] and inflammation [488]. In 

this work, I examined whether the cycling status of native MSPCs was associated to 

their progenitors’ mobilisation fate. Results showed a significant decrease in the ratio of 

active-to-resting PαS cells with G-CSF pretreatment (Figure 7.7.). In support of this, 

Mendez-Ferrer et al. (2010) detected a decrease in the proliferation of Nestin+ MSPCs – 

a drop from 10% to 2% of cells in S/G2/M phase – following repeated G-CSF treatment 

[171]. Importantly, a decrease in active PαS cells was also observed in macrophage 

depleted mice (Figure 7.7) comparable to G-CSF pretreatment (Figure 7.7.). These 

results suggest that macrophages are important in regulating a balance between the 

quiescent and the active MSPC pool, and that an imbalance further determines selective 

mobilisation. It would be important in the future to expand on my cycling studies to 

further detail the impact of mobilising factors on separate cell cycle phases. In addition 

to this, to examine whether a GAlert status can be observed in MSPC subpopulations. 

Ways in which to achieve this will be described in chapter 8.  

 

It is therefore possible that tissue macrophages are central regulators of native MSPC 

activity (secretome, differentiation and migration) in the bone marrow. In support of 

this notion, macrophages mediate MSPC production of retention factors [209, 211], 
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osteogenic differentiation [489-491], and as I have shown here MSPC mobilisation 

(Figure 7.3 & Figure 7.4). 

 

In summary, pharmacological mobilisation of MSPCs was impaired in mice deficient of 

bone marrow macrophages. Interestingly, selective mobilisation of MSPCs by VEGF-A 

was impaired. Differential mobilisation of HSPCs and MSPCs by β3-AR agon’/AMD3100, 

in the absence of macrophages, also suggested divergence in downstream pathways 

leading to their mobilisation. Finally, macrophages have an immediate role in the 

mobilisation of MSPCs, potentially from direct stimulation by mobilising factors. 
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Chapter 8 

General Discussion 
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Mesenchymal stem/progenitor cells isolated from somatic tissues have been shown to 

exhibit multipotency in vitro, and immunomodulatory activity and regenerative 

properties in vivo; and thus have attracted global interest for their use as a cellular 

therapy. Despite a considerable number of clinical trials investigating MSPCs’ potential 

in treating numerous diseases and injuries, with some trials reporting clinical benefits 

[91-97], their overall efficacy remains inconclusive. All these clinical trials use culture-

expanded MSPCs. It is argued that detrimental changes to MSPC properties following 

culture expansion contribute to their limited success in the clinic. This has led 

researchers to seek alternative approaches such as pharmacological interventions 

aimed to exploit the regenerative potential of native MSPCs [136-141].  

 

A recent body of literature is currently examining the biological function of bone 

marrow resident MSPCs in vivo [142, 143], with some studies providing evidence in 

support of  their regenerative properties in adult bone [5, 169]. It has been proposed 

that bone marrow MSPCs circulate in disease or in response to injury to remotely 

promote tissue repair [138, 237, 249, 250, 253]. Recent work in our laboratory 

provided evidence that MSPCs can be mobilised from the bone marrow into the blood 

[137]. While little is known about the mechanisms underlying MSPC mobilisation, there 

is a wealth of research on the mobilisation of other stem/progenitor subsets – notably 

HSPCs. From these studies the CXCL12/CXCR4 pathway has been identified as critical to 

their retention within the bone marrow [199]. On this basis, cytokines including G-CSF 

found to initiate extensive and fundamental changes to the bone marrow niche, 

subsequently disrupt this retention system and mobilise leukocytes, HSPCs and EPCs 

[229]. Likewise, the CXCR4 antagonist AMD3100 mobilises these cells [226, 283]. The 
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cytokine VEGF-A has been shown to mobilise EPCs by establishing a chemotactic 

gradient across the bone marrow endothelium [492]. A combination of cytokine 

pretreatment with AMD3100, showed differential mobilisation of stem/progenitor cells 

from the bone marrow. MSPC mobilisation was stimulated in mice pretreated with 4 

daily doses of VEGF-A followed by a final injection of AMD3100 [137]. The mechanisms 

that lead to mobilisation of native MSPCs either in injury or via pharmacological 

interventions are unknown. In this thesis I have investigated MSPC and HSPC 

mobilisation to gain further insight into the underlying mechanisms. 

 

 The key questions I have addressed are: 

1. Does VEGF-A act directly or indirectly with respect to its ability to regulate MSPC 

mobilisation? 

2. Does G-CSF stimulate MSPC mobilisation? 

3. Is reversal of the CXCL12 chemokine gradient across the bone marrow 

endothelium critical for MSPC mobilisation by AMD3100?  

4. What role do bone marrow macrophages have in MSPC mobilisation? 

  



Chapter 8 

- 240 - 
 

The main findings from this study:  

 In vitro systems cannot be used to elucidate the direct effect of VEGF on MSPCs 

or further our understanding of the priming process, because MSPCs lose their 

expression of VEGF receptors with culture. 

 G-CSF does not mobilise MSPCs and inconsistencies within the literature arise 

from fundamentally flawed assessment methods or poor characterisation of 

circulating cells. 

 VEGF/AMD3100 combination treatment mobilises CFU-Fs characterised by 

classic MSPC markers and the PαS phenotype. 

 Changes in PαS cells do not directly correlate with changes in CFU-F numbers 

following cytokine treatment; both in the bone marrow and peripheral blood. 

 AMD3100 mediates reversal of the CXCL12 chemokine gradient across the bone 

marrow endothelium and this mechanism of action drives mobilisation of MSPCs 

in VEGF-A pretreated mice. 

 G-CSF and VEGF-A differentially mediate stem/progenitor cell and leukocyte 

reserves within the bone marrow. I further hypothesised that changes in 

leukocytes may determine stem/progenitor cell mobilisation. 

 Bone marrow macrophages have a direct role in pharmacological mobilisation of 

MSPCs; may pose as targets for mobilising cytokines. 

 G-CSF affects native MSPC reserves, i.e. enriches clonogenic MSPCs, depletes PαS 

reserves and decreases ratio of active-to-resting PαS cells. Indeed, a change in 

their cycling status was dependent on depletion of macrophages which was 

found to impair MSPC mobilisation. 
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Figure 8.1: Summary of possible underlying mechanisms involved in mobilisation of MSPCs 

Pretreatment of mice using VEGF-A or β3-AR agonist prime mobilisation of bone marrow adult 

stem/progenitor cells, towards a CXCL12 chemokine gradient stimulated by AMD3100 (A, C). For 

example, it was suggested in this study that VEGF-A and β3-AR agonist prime MSPCs for mobilisation 

through direct (A; VEGFR-1*) or indirect (C; generation of endocannabinoids by β3-AR-expressing 

adipocytes) stimulation of macrophages, respectively. Depletion of bone marrow macrophages impaired 

pharmacological mobilisation of MSPCs, while it enhanced mobilisation of HSPCs, further supporting 

differential mobilisation of these cells (B, D). In addition, the absence in macrophages resulted to a 

decrease in the percentage of native MSPCs (PαS) actively cycling in the bone marrow niche. VEGF-A or 

β3-AR agonist may target additional cells bearing relevant receptors; such as VEGF-Rs on endothelial cells 

and/or MSPCs, and cannabinoid receptors on HSPCs and/or MSPCs (A-D).  
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8.1 Mobilised clonogenic MSPCs (CFU-Fs) stained for the PαS phenotype, 

however investigating changes in PαS cells in vivo did not correlate with 

changes detected in CFU-Fs 

At the beginning of this study, literature describing marker based identification 

methods of native MSPCs were limited in number. In 2009, Morikawa and colleagues 

reported that non-haematopoietic PDGFR-α+SCA-1+ cells (PαS) represented native 

MSPCs in tissues [181, 182]. This method was ideal for our study as it did not require 

genetically modified reporter mice such as Nestin-GFP; which have also been recently 

subjected to considerable criticism because different Nestin reporter transgenic mice – 

e.g. Nestin-cre or Nestin-creER – exhibited different expression patterns [169, 177]. In 

comparison to other and more recent MSPC subpopulations, PαS cells are thought to 

best represent clonogenic MSPCs as they contain the highest clonogenic activity [169]. 

In this study, clonogenic assays were used to identify and enumerate stem/progenitor 

cells mobilised using pharmacological methods. It was indeed encouraging that 

mobilised clonogenic MSPCs had the PαS phenotype. Moreover, PαS cells in the bone 

marrow demonstrated robust expression of VEGF receptors which I initially 

hypothesised to mediate priming of MSPCs. However, my results clearly demonstrated 

that simply probing for the PαS population in vivo was not distinguishing changes in the 

population that I was investigating using clonogenic methods, both in the bone marrow 

and peripheral blood. These results further highlight the difficulty in identifying stem 

properties when using flow cytometry analysis, and data must be interpreted with 

caution having in mind that the PαS cell population contains a large proportion of 

mesenchymal progenitor cells with limited division. Morikawa and colleagues 

demonstrated that 2.5% of freshly isolated PαS cells from the bone marrow formed 
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CFU-Fs [182]. It was recently reported that this proportion can be further enriched to 

>10% by isolating Prx1-targeted PαS cells [176]. In this study, it was shown using 

lineage tracing that 50% of bone marrow PαS cells originally expressed Prx1, a 

transcription factor detected during early limb bud mesoderm development. Indeed, 

this population contained all of the clonogenic activity eliminating a percentage of cells 

within the general PαS population which lacked clonogenicity [176]. Another recent 

study has reported that 100% of bone marrow CFU-Fs were targeted by Prx1 which was 

also uniformly expressed in Leptin receptor positive (LEP-R+) non-hematopoietic cells. 

It was then demonstrated that ‹10% of this LEP-R+ MSPC subpopulation demonstrated 

clonogenic activity [169]. In conclusion, at present it is not possible to identify numbers 

of clonogenic MSPCs directly by flow cytometry. However, following expansion in vitro 

flow cytometry may still be utilised to further characterise mobilised MSPCs as 

previously demonstrated in this thesis. Alternatively, for future studies a Fluorescence-

activated cell sorting (FACS) system may be paired with clonogenic assays to identify 

which subpopulation of MSPCs are being mobilised. 

 

It is of note that in my work I have studied PαS cells isolated from flushed bone marrow. 

While Morikawa et al. (2009) referred to the PαS population characterised in their 

study as bone marrow derived, in contrast, the authors’ isolated these cells from 

crushed and collagenase-treated long bones [181, 182]. It can also be argued that much 

of their central bone marrow fraction was discarded during washing of bone fragments. 

In contrast to what was published by Morikawa et al., I have repeatedly detected (a) a 

greater proportion of PαS cells and (b) a larger proportion of active/cycling PαS cells, 

within the bone marrow. These results were consistent with other members of our 
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group (Dr M. Francois and Dr. K. Gowers; personal communication); and takes away 

from the original notion that PαS cells may represent a largely quiescent reservoir of 

MSPCs. In addition, Dr. K. Gowers who conducted a thorough characterisation of PαS 

cells in the bone marrow using flow cytometry found further differences in 

immunophenotype. Therefore, discrepancies between my data and that of Morikawa’s 

study could reflect to differences in PαS cells dependent on their localisation. Indeed, 

current work in our laboratory is being carried out to provide transcriptomic, 

metabonomic and phenotypic characterisation of PαS cells derived from bone marrow 

and periosteum. These studies may give further insight into the phenotypic and 

functional role of these cells. 

 

8.2 Are distinct MSPC subpopulations mobilised, and is it dependent on their 

anatomical localisation in the bone marrow? 

Egress of cells from the bone marrow occurs across the specialised sinusoidal 

endothelium; thus it is likely that MSPCs exit via the same route. It is important to 

consider the relative location of different MSPC subpopulations within the bone 

marrow. Recent reports have shown that native MSPCs exhibit a perivascular location in 

the niche [169, 171, 172, 177, 182]. Indeed, some studies have identified distinct 

anatomical localisation for native MSPC subpopulations, with Nestinbright and 

Nestindim/LEP-R+ MSPCs being peri-arteriolar and peri-sinusoidal respectively [172, 

177]. It is possible that native subpopulations located closest to sinusoids largely 

contribute to the mobilised MSPCs. On the other hand, it was suggested that HSPCs can 

migrate from spatially distinct niches towards sinusoids for their mobilisation from the 

bone marrow [172, 216]. As it is not known whether this can apply to MSPCs, it will be 
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of interest in future studies to assess changes in the location of MSPC subpopulations 

following cytokine treatment or injury.  

 

8.3 Macrophages are important in the mobilisation of MSPCs. How may 

macrophages be mediating MSPC activity?  

Bone marrow macrophages have been demonstrated to promote HSPC retention via 

their interaction with MSPC subpopulations and progeny [209-213]. In this study, I have 

found that bone marrow macrophages need to be present during pharmacological 

treatment to permit mobilisation of MSPCs into peripheral blood. In addition, recent 

collaboration with Dr S. Wong in our laboratory has demonstrated that macrophages 

are also important for the mobilisation of MSPCs during injury. Based on results in my 

pharmacological studies, it was hypothesised that mobilising factors may be acting via 

macrophages known to express receptors for VEGF and endocannabinoids. However, 

future investigations are required to support this. If free to speculate that indeed 

macrophages mediate priming of MSPCs, what evidence can be taken from published 

literature to formulate ideas on the underlying mechanisms? To my knowledge, there is 

currently no published literature reporting paracrine factors downstream of VEGF or 

endocannabinoid signalling in macrophages that may potentially be linked to priming of 

MSPCs. There is, however, a wealth of literature on the paracrine factor PGE2 which has 

been shown to be produced by macrophages [493, 494], and of which MSPCs express 

the corresponding receptors [211, 468, 495]. Native MSPCs have been recently 

demonstrated to express all E-prostanoid (EP) receptors: EP1, EP2, EP3 and EP4, with 

predominant expression in EP4 [468, 495].  Following on from this, PGE2 was reported 

to mediate transcription of HSC niche-supporting factors in MSPCs in vivo and in vitro 
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[211, 468, 495]. Other in vitro studies have identified that macrophage-derived PGE2 

regulates proliferation [496, 497], migration [497] and differentiation [490, 491] of 

cultured MSPCs. Therefore, it may be worth examining the levels of prostaglandins in 

the bone marrow following treatment with mobilising cytokines to elucidate whether 

this is implicated in priming of MSPCs. 

 

8.4 How is G-CSF affecting MSPCs in the bone marrow, and is this contributed by 

a loss in macrophage-MSPC communication?   

In this work, G-CSF treatment was found to affect native MSPC reserves in the bone 

marrow and to impair their pharmacological mobilisation. Notably, G-CSF treatment 

reduced PαS numbers and altered the cycling status of the remaining PαS population. 

These results are in agreement with a previous study reporting a decrease in cycling 

Nestin+ MSPCs following G-CSF treatment [171]. A similar decrease in the ratio of active-

to-resting PαS cells was also detected in macrophage depleted mice. As G-CSF treatment 

depletes macrophage numbers in the bone marrow, it is possible that this may underlie 

the changes detected in this population. Two recent studies have shown that 

macrophage-derived soluble factors stimulated STAT3 signalling in human cultured 

MSPCs [490, 491]. In one of these studies which went on to elucidate the role of this 

signalling pathway, reported that overexpression of STAT3 in MSPCs induced numerous 

transcriptional changes [490]. Further interrogation of the molecular mechanisms 

demonstrated that PGE2 produced by macrophages was part of a feedback loop that 

subsequently stimulated changes in MSPCs [490, 491]. Notably, this PGE2-mediated 

process was demonstrated to upregulate G0/G1 switch gene 2 in MSPCs [490]; a gene 

originally thought to promote entry into G1 phase of the cell cycle [498]. PGE2 has been 
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previously shown to regulate proliferation of MSPCs in vitro [496, 497].  Further recent 

evidence has suggested that an absence in PGE2/EP4 signalling in native MPCs 

significantly reduces their numbers within the bone marrow [468]. Other mitogenic 

factors derived from macrophages such as IL-10, VEGF-A and TGF-β, have been shown 

to promote MSPC survival and proliferation in culture [499]. Therefore depletion of 

macrophages either by G-CSF or clodronate liposomes may induce substantial changes 

to the proliferation and/or activity of native MSPCs; in turn, potentially impairing MSPC 

mobilisation.  To my understanding, it is likely that macrophages support MSPCs and in 

parallel modulate their activity in the niche. Stimulation of macrophages and/or 

increase in their numbers may subsequently mediate changes in MSPCs. Future studies 

are required to elucidate whether it is a loss of stimulus or loss of function that impairs 

pharmacological mobilisation of MSPCs in macrophage depleted mice. 

 

8.5 Can we elucidate other tissue sources contributing to the MSPCs mobilised in 

this work? 

While my work has focussed on the bone marrow, it was reported that MSPCs reside in 

many postnatal tissues in animals and man [24-27]. Thus it is possible that MSPCs may 

be mobilised from tissues other than bone marrow. To test this, one would propose 

application of a technique previously used to track engraftment and subsequently 

mobilisation of labelled haematopoietic stem cells and/or their progeny [500]. 

Haematopoietic cells and progenitors are particularly sensitive to radiation and 

chemotherapy. Post damage, the bone marrow can be reconstituted by transplanting 

healthy and labelled HSCs either by systemic or local delivery. However, there are a 

number of limitations that make this method unreliable for the study of MSPC 
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mobilisation. Firstly, MSPCs are thought to be radio- and chemo- resistant [21, 172, 182, 

501-504], and thus it is not plausible to replace host MSPCs with labelled entities. 

Secondly, MSPCs cannot be isolated and purified for transplantation without extensive 

culture expansion. Following on from this, culture expansion significantly modifies 

MSPC properties and no longer accurately replicates their native counterparts [13, 129]. 

Therefore, this method of in vivo detection which has been used previously for HSPCs 

[152, 505] is not an option to elucidate the source of mobilised MSPCs. 

 

Adipose tissue has been described to contain a rich supply of MSPCs, and recently 

adipose MSPCs are increasingly popular in cellular therapy [506]. In addition, adipose 

tissue is known to express abundant levels of β3-Adrenoceptors [507, 508], and 

collectively makes it a potential target for stimulation by β3-AR agonists. Therefore β3-

AR agon’/AMD3100 combination treatment may be stimulating mobilisation of MSPCs 

resident in adipose. Our group utilised the hind-limb marrow perfusion model which 

segregates bone marrow vasculature from systemic circulation [282] to demonstrate 

mobilisation of MSPCs from the bone marrow into the blood in mice either pretreated 

with VEGF [137, 282] or β3-AR agonist (Fellous et al., unpublished data). It is possible to 

apply the same principle to identify whether adipose contributes to mobilised MSPCs. In 

support of this, a recent study has utilised a similar technique to perfuse intact fat 

depots to examine mobilisation of adipose stromal cells (ASCs) in response to 

exogenous CXCL12 administration [509]. 
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In this study, I depleted bone marrow macrophages by delivering clodronate liposomes 

intravenously in mice. Indeed, it has been reported that this form of delivery establishes 

selective depletion of macrophages resident in the bone marrow, liver and spleen only 

[510]. Pharmacological mobilisation of MSPCs was impaired in this mouse model of 

tissue-macrophage deficiency. In light of these results and of those obtained from 

marrow perfusion experiments, I propose that the bone marrow tissue may indeed 

primarily contribute to the mobilised MSPCs in this work. Further work is required to 

support this. 

 

8.6 Future work  

The findings presented in this work have provided insight into possible mechanisms 

that may be mediating MSPC mobilisation from the bone marrow into peripheral blood. 

It was demonstrated in this work that bone marrow macrophages were indeed critical 

in the pharmacological mobilisation of MSPCs in mice. In addition, I have presented 

evidence that AMD3100-mediated reversal of the CXCL12 chemokine gradient induces 

mobilisation of primed MSPCs. Finally, these results provide a number of leads for 

future studies to identify molecular mechanisms involved in priming, with the ultimate 

aim to refine pharmacological regimens for efficient mobilisation of MSPCs. This work 

has also highlighted the challenges of studying native MSPCs and mobilisation, and a 

thorough understanding of these challenges may offer an improved approach to future 

work. 
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 It would be important to carry out thorough characterisation of mobilised MSPCs 

in peripheral blood. This would entail direct sorting of individual cell 

populations from the blood using markers previously reported to identify native 

MSPCs (e.g. PαS or LEP-R+), and followed by enumeration of colonies formed 

from each subpopulation. Of note, phenotypic and functional characterisation of 

sorted peripheral MSPCs should be attempted either directly on colonies or at 

very early passages to avoid replicative senescence. 

 

 Flow cytometry analysis of leukocytes in the bone marrow to elucidate whether 

VEGF, unlike G-CSF, enriches macrophages and depletes neutrophils. 

 

 Optimisation of techniques to carefully examine the cycling status of MSPC 

subpopulations following treatments. This may be achieved by probing for Ki-67 

expression paired with staining of DNA content to distinguish different cell cycle 

phases. Furthermore, a nucleoside analogue EdU may also be utilised to assess in 

vivo cell activation (Galert) or turnover (proliferation) within the bone marrow. 

These experiments should elucidate whether G-CSF or macrophage depletion 

decrease proliferation of native MSPCs and if priming of MSPCs involves a Galert 

phenotype. 

 

 To start investigations into whether adipose tissue contributes to mobilised 

MSPCs, macrophage reserves in fat depots following clodronate liposome 

treatment will be analysed. This will determine whether intravenous delivery 

affects adipose tissue-resident macrophages.   
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 In future studies, transcriptomic and secretome analysis of bone marrow 

macrophages, as well as MSPC subpopulations, would be important in order to 

identify factors or dissect pathways stimulated following VEGF-A or β3-AR 

agonist treatment in vivo. Identification of common pathways may elucidate the 

priming response. It would be interesting to investigate expression of genes that 

may be associated to a migratory or ‘G alert’ phenotype in freshly sorted MSPCs 

from treated mice. 

 

 Following on from my hypothesis that macrophages mediate priming of MSPCs, 

it is important to establish the level of VEGF and cannabinoid receptor 

expression on the surface of bone marrow macrophages. 

 

 Sophisticated Cre-LoxP systems could be used to achieve conditional deletion of 

receptors for VEGF or endocannabinoids from specific target cells in the bone 

marrow. Bone marrow macrophages can be identified by their expression of 

sialoadhesin CD169, which was used in previous studies to selectively deplete 

macrophages in mice expressing diphtheria toxin receptor under the 

endogenous CD169 promoter (CD169-DTR) [209, 511]. Similarly, CD169-cre 

may be used to conditionally delete VEGF or cannabinoid receptors on 

macrophages and to elucidate whether VEGF-A or β3-AR agonist treatment 

stimulates these cells to prime MSPCs for mobilisation. In addition, if β3-AR 

agonist-mediated mobilisation of MSPCs is impaired whilst HSPC mobilisation is 

enhanced, this should also support my hypothesis of pathway divergence for 

differential priming of stem/progenitor cells. 
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 If we were to extend our studies to eliminate other possible target cells, then 

conditional deletion of VEGF or cannabinoid receptors may also be conducted 

under specific endogenous promoters known to target haematopoietic cells 

(Vav1) [512], endothelial cells (Tie2) [513], osteoblasts (col2.3) [514] and MSPC 

subpopulations (LEP-R and Nestin)[177]. 

 

 Dissection of transcriptomic data or future investigations using conditional 

mouse mutants will also elucidate whether VEGF-A-mediated suppression of 

leukocyte and HSPC mobilisation is due to stimulation of macrophages and 

consequent enhancement of HSPC retention factors produced by MSPCs.  

 

 Analysis of CXCL12 levels following AMD3100 administration in β3-AR agonist 

pretreated mice, to determine whether β3-AR agonist enhances the CXCL12 

chemokine gradient towards peripheral blood. This would provide further 

understanding as to why AMD3100 induces greater MSPC mobilisation in these 

mice. 

 

 Investigate differential effects of repeated cytokine or drug treatments on 

expression of CXCR4 and CXCR7 on endothelial cells, to identify whether this 

may be affecting generation of the CXCL12 chemokine gradient by AMD3100.  

 

 It would be interesting to determine whether reversal of the CXCL12 chemokine 

gradient is a unique property of AMD3100, or whether other potent CXCR4 

antagonists having distinct chemical structures (e.g. KRH3955 or TG0054) and 
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pharmacokinetic profiles can similarly exhibit this activity to mobilise HSPCs and 

MSPCs.  

 

 It would be interesting to attempt immunofluorescent staining of bone marrow 

sections to determine whether MSPCs that are distant from macrophages are 

likely to be quiescent (Ki-67 negative), and to examine localisation of MSPCs and 

macrophages within the bone marrow following VEGF-A or β3-AR agonist 

treatment.
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10.1 List of reagents 

Table 10.1: List of primers 

 

Gene 

Name 

Gene I.D.  Forward primer  

 

Reverse primer  

 

Product 

length 

MMP2 NM_008610.2  TCGCTGCACCATCGCCCATC  CACTTGGGCTTGCGGGGGAAGA  274 
MMP3 NM_010809.1  AGGTGGACCTAGAAGGAGGCAGC  ACACAGCCACAGCAGGACCG  102 
MMP7 NM_010810.4  CCAGGCCTAGGCGGAGATGCT  ACCCAGTGAGTGCAGACCGTT  288 
MMP8 NM_008611.4  GGCAGGGGATGCTGTGAGCTT  TGCCTTCCTCTGCCCCTCTGG  53 
MMP9 NM_013599.2  CACGGTTGGCCCTACAGGCG  AGGCCTCAGAAGAGCCCGCA  119 

MMP11 NM_008606.2  TTGCCGTTTGACGGGCCTGG  CCGCCACTTGCAGCAGGTCA  139 

MMP12 NM_008605.3  CCCTCGATGTGGAGTGCCCGA  TGGAATGCTGCAGCCCCAAGG  422 
MMP13 NM_008607.2  TCTGGCGCCTGCACCCTCAG  GAACCGCAGCGCTCAGTCTCT  237 
MMP14 NM_008608.3  CTCACCTCCAAGCCGACCGC  CAAGCGTGAGCAGGGGGAGC  197 
MMP15 NM_008609.3  GGGTCACCGCCGCTTTCCAA  TGCAGGACATGCCCCTCCGA  78 
MMP17 NM_011846.4  CCCCTGGGGCCCAATCGAGA  AAGTGGGTGTCCCCTGCCGT  325 
MMP19 NM_021412.2  TCCCCGGACACGACGGACTC  CCGAGGGTCGGTCTGGCACT  263 
MMP24 NM_010808.3  TAGAGCGGCGTAAGGAGCGGA  AGGTGACGGGCTGAGGACCC  186 
MMP25 NM_001033339.3  CAGCGCGGCCACTGGTAGAG  GCGGCCACCTCGTCATACCG  130 
MMP28 NM_080453.2  GGGCACGAAGTCCGTGTGGG  AGGACTAGGCGGCGCAGAGG  105 
TIMP1 NM_011593.2  GCCAACTCCGCCCTTCGCAT  AGGAGCCCCGATCTGCGATGA  77 
TIMP2 NM_011594.3  ATAAAACGGCGGCTCGGCCC  CAGTGCACCCGGCGGAGAAG  121 
TIMP3 NM_011595.2  AAAAGAGCGGCAGTCCCCGC  TCCCACCACTTTGGCCCGGA  184 
TIMP4 NM_080639.3  TGGAGGCTGTGGGGCATGTGA  GGGCTGAGGGCAAGGCAGAT  103 
FLT1 NM_010228.3  TGTCCCCGCGCCTCAGATCA  ACGGCCCCCTTCTGGTTGGT  162 
KDR NM_010612.2  AGACCCGGCCAAACAAGCCC  ACCCTCTCTCCTCGTCCCGC  209 

CXCL12 NM_021704.3  AGCCAACGTCAAGCATCTGA  TCGGGGGTCTACTGGAAAGT  185 
CXCR4 NM_009911  GAGGCGTTTGGTGCTCCGGT  GCGAGGTACCGGTCCAGGCT  466 
ACBT NM_007393.3  CTGTCGAGTCGCGTCCACCC  GCTTTGCACATGCCGGAGCC  135 

 

  



Chapter 10 

- 285 - 
 

Table 10.2: List of antibodies 

 

Name Conjugate  Clone  

 

Company 

Flow 
cytometry 

     

CD105 PE  MU7/18  eBioscience 

CD105 PeCy7  MJ7/18  Biolegend 
CD115 APC  ASF98  eBioscience 
CD11b FITC  M1/70  BD Biosciences 
CD11b PE  M1/70  BD Biosciences 
CD13 PE  R3-242  BD Biosciences 
CD19 PB  6D5  Biolegend 
CD29 PE  eBioHMb1-1  eBioscience 
CD3 PB  17A2  Biolegend 

CD31 FITC  390  BD Biosciences 
CD31 PB  390  Life technologies 
CD34 PE  RAM34  BD Biosciences 
CD45 PB  30-F11  Life technologies 
CD45 FITC  30-F11  BD Biosciences 
CD51 PE  RMV-7  eBioscience 

CD62E PE  UZ6  Santa Cruz 
CD73 PE  TY/23  BD Biosciences 
CD90 PE  53-2.1  BD Biosciences 
c-Kit PE  2B8  eBioscience 

CXCR4 PE  247506  RnD systems 
F4/80 PE  BM8  eBioscience 
F4/80 FITC  BM8  eBioscience 
GR-1 PeCy7  RB6-8C5  eBioscience 
GR-1 BV605  RB6-8C5  Biolegend 

Lineage PB  17A2/RB6-8C5/RA3-
6B2/Ter-119/M1/70 

 Biolegend 

Ly6C PeCy7  HK1.4  Biolegend 
NKp46 BV421  29A1.4  Biolegend 

PDGFR-α APC  APA5  eBioscience 
PDGFR-β PE     

SCA-1 PeCy7  D7  BD Biosciences 
TER119 FITC  TER119  eBioscience 
TER119 V450  TER119  BD Biosciences 
VEGFR-1 PE  141522  RnD systems 
VEGFR-1 APC  141522  RnD systems 

VEGFR-2 PE  AVAS 12a1  BD Biosciences 

Western Blot  

VEGFR-1 N/A  N/A  Milipore 
VEGFR-1 N/A  N/A  Cell Signaling 

VEGFR-1 (C-17) N/A  N/A  Santa Cruz 
VEGFR2 N/A  N/A  Cell Signaling 
VEGF-E N/A  N/A  ReliaTech GmbH 

 
β-actin (C4) N/A  N/A  Santa Cruz 
Anti-rabbit HRP  N/A  GE Healthcare 
Anti-mouse HRP  N/A  GE Healthcare 
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     Immuno- 
fluorecence 

 

      
CD115 N/A  N/A  RnD systems 
CD11b N/A  N/A  Biolegend 
CD14 N/A  N/A  Santa Cruz 
CD45 N/A  N/A  Abcam 
F4/80 N/A  N/A  Abcam 

PDGFRa N/A  N/A  Abcam 
SCA-1 N/A  N/A  RnD systems 
Tie-2 N/A  N/A  Biolegend 

VEGFR-1 N/A  N/A  RnD systems 
VEGFR-2 N/A  N/A  Cell signaling 

 Donkey Anti-
Goat IgG (H+L)  

Alexa Fluor® 
488 

 N/A  Life Technologies 

Donkey Anti-Goat 
IgG (H+L) 

Alexa Fluor® 
555 

 N/A  Life Technologies 

 Donkey Anti-
Sheep IgG (H+L) 

Alexa Fluor® 
555 

 N/A  Life Technologies 

Donkey Anti-
Rabbit IgG (H+L) 

Alexa Fluor® 
568 

 N/A  Life Technologies 

 Donkey Anti-
Rabbit IgG (H+L)  

Alexa Fluor® 
594 

 N/A  Life Technologies 

Donkey Anti-Goat 
IgG (H+L)  

Alexa Fluor® 
594 

 N/A  Life Technologies 

Donkey Anti-Rat 
IgG H&L 

Alexa Fluor® 
647 

 N/A  Abcam 
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10.2 Results 

 

Figure 10.1: Treatment of MSPC cultures with VEGF-A/E has no effect on cell-derived MMP activity 

Whole bone MSPCs (P3) were seeded in 96-well plates and left overnight to adhere. Medium was replaced 

the next day with phenol-free DMEM + 1% BSA and treated with VEGF-A (100ng/ml), VEGF-E (100ng/ml) 

and GM6001 (25μM) for twenty-four hours (A). MMP activity was assessed in situ. MMP-9 (100ng) 

protein in TCNB buffer acted as positive control. EDTA-free protease inhibitor cocktail was added to all 

samples in order to eliminate unwanted protease degradation of FS-6. Data of one experiment, performed 

in duplicates, are displayed as the mean.  
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Figure 10.2: G-CSF/AMD3100 combination regimen achieves synergistic mobilisation of HSPCs 

Experimental design (A). BALB/c mice were pretreated with G-CSF (100 or 250µg/kg i.p.) or vehicle (PBS) 

once daily on 4 consecutive days. Twenty-four hours after last injection, mice were administered 

AMD3100 (5mg/kg i.p.) or vehicle (PBS), and an hour later blood was collected via cardiac puncture for 

enumeration of circulating Total nucleated cells (TNCs; B), HSPCs (C) and MSPCs (D). TNCs, CFU-HPCs and 

CFU-Fs per ml blood (n = 4). Data of one experiment (N = 1), displayed as mean ± SEM. ∗∗∗p < 0.001 (one-

way ANOVA; Bonferroni's Multiple Comparison Test).  
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Figure 10.3: G-CSF dampens reversal of the CXCL12 chemokine gradient by AMD3100 

BALB/c mice were pretreated with G-CSF (100µg/kg i.p.) or vehicle (PBS) once daily on 4 consecutive 

days. Twenty-four hours after last injection, mice were administered AMD3100 (5mg/kg i.p.) or vehicle 

(PBS), and an hour later blood and bone marrow was collected. ELISA analysis was used to quantify levels 

of CXCL12 in the bone marrow supernatant (A) and blood plasma (B). CXCL12 displayed as pg per ml BM 

supernatant/plasma (n = 3-4). Data of one experiment (N = 1), displayed as mean ± SEM. ∗p < 0.05, ∗∗p < 

0.01 ∗∗∗p < 0.001 (one-way ANOVA; Bonferroni's Multiple Comparison Test). 
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Figure 10.4: Effect of VEGF-A treatment on the CXCL12 chemokine gradient  

BALB/c mice were pretreated with VEGF-A (100µg/kg i.p.) or vehicle (PBS) once daily on 4 consecutive 

days. Twenty-four hours after last injection, mice were administered AMD3100 (5mg/kg i.p.) or vehicle 

(PBS), and an hour later blood and bone marrow was collected. ELISA analysis was used to quantify levels 

of CXCL12 in the bone marrow supernatant (A) and blood plasma (B). CXCL12 displayed as pg per ml BM 

supernatant/plasma (n = 7-10). Data of two independent experiments (N = 2), displayed as mean ± SEM. 

∗p < 0.05, ∗∗p < 0.01 (one-way ANOVA; Bonferroni's Multiple Comparison Test). 
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Figure 10.5: Effect of clodronate liposome treatment on circulating leukocytes 

BALB/c mice were pretreated with a single dose of Clodronate Liposomes (CLs 10µl/g i.v.) or PBS 

Liposomes on day 0. One and five days post injection, peripheral blood cells were collected for flow 

cytometry analysis (A-E). Cells were stained with antibodies to detect lineage negative (A), macrophage 

(B; MΦ), Neutrophils (C; NΦs), Ly6Chi Monocytes (D; MØs) and Ly6Clo MØ (E) cells by flow cytometry.  

Percentage of cells of TNCs in femur (n = 5). Data of one experiment (N = 1), displayed as mean ± SEM. ∗p 

< 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (one-way ANOVA; Dunnett’s Multiple Comparison Test).  
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Figure 10.6: Baseline protein expression of Ki-67 in native HSPCs and MSPCs 

Bone marrow cells were stained with antibodies to detect Ki-67 expression in Lin-SCA-1+c-KIT+ and PαS 

cells. Ki-67+ LSK (n = 7) and PαS (n = 17) percentage cells of TNCs in femur. Data of at least two 

independent experiments (N = 2-4), displayed as mean ± SEM.  

  



Chapter 10 

- 293 - 
 

           

Figure 10.7: Secondary antibody only controls for fluorescence microscopy imaging of bone marrow and blood CFU-Fs 
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