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The main treatment for osteosarcoma patients remains a combination of surgery followed by 

neoadjuvant chemotherapy. The drug Mifamurtide, introduced in 2001, is routinely given 

concurrently with chemotherapy in the UK, and works by activating macrophages in an 

inflammatory manner. Unfortunately, there are mixed reviews on the therapeutic benefit of 

Mifamurtide, and few new drugs and therapies show efficacy in osteosarcoma clinical trials. 

Greater understanding of the osteosarcoma microenvironment, and the cellular interactions 

involved in tumour proliferation, could introduce novel targets for future therapies. To explore 

this a 3D multicellular model of osteosarcoma was developed, replicating some of the cellular 

interactions of stromal and immune cells in a human bone structure.  

A range of stromal, myeloid and osteosarcoma cells were initially characterised in 2D assays 

for inclusion in the 3D bone model. These included; human bone marrow stromal cells (HBMSCs), 

macrophages derived from bone marrow and peripheral blood mononuclear cells (PBMCs), as 

well as two osteosarcoma cell lines, Saos-2 and MG63. The human bone structure of the 3D bone 

models were made from the femoral head of patients undergoing hip replacement surgery, and 

were cultured either in conditioned media for 20 days or incubated on the chorioallantoic 

membrane (CAM) of fertilised chicken eggs. Micro-computed tomography (µCT) and histological 

techniques were used to validate the 3D bone models; to determine whether bone remodelling 

occurred, as well as characterising the migration and biological activity of the inserted cells. 

Characterisation of the two osteosarcoma cell lines showed distinct differences in tri-lineage 

differentiation, with Saos-2 cells promoting an osteogenic phenotype and consequently being 

used in the 3D bone models. Skeletal location also proved to be important in the tri-lineage 

characterisation of the HBMSCs, with cells isolated from the femoral diaphysis (FD) and femoral 

epiphysis (FE) demonstrating distinct phenotypes. HBMSCs from the FD were used in the 

development of the 3D bone models due to the higher osteogenic potential, which is also found in 

osteosarcoma patients. The third cell type included in the 3D model were monocyte-derived 

macrophages (MDMs) differentiated from PBMCs, which showed a similar phenotype to human 

bone marrow-derived macrophages, but could be produced in greater quantities. The Saos-2 cells, 



 

 

FD HBMSCs and MDMs were introduced into the 3D bone models. Changes in the expression of 

CD68, CD105 and RANK were found between combinations of the three cell types, as well as 

those treated with and without Mifamurtide. No significant changes in bone formation or 

resorption were detected. 

In summary, a 3D multicellular bone model of osteosarcoma has been developed that holds 

the potential to be used to test new drugs and therapies. While further analysis is needed to 

determine whether the stromal and immune cell interactions replicate those found in the 

osteosarcoma microenvironment, it has been shown that multiple cell types can be combined in a 

3D human bone scaffold, cultured on the CAM and remain viable.  
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Chapter 1 Introduction 

1.1 Osteosarcoma 

1.1.1 Epidemiology 

Cancer is a broad term that covers a wide variety of biologically and genomically diverse tumours. 

While the molecular characteristics of tumours can differ markedly between different 

malignancies, they all initiate from genetic mutations that lead to uncontrollable cell growth and 

proliferation. Factors causing genetic mutation and consequently cancer cell initiation can be split 

into three groups: aging, hereditary disease and environmental factors. Aging is one of the most 

widely studied cancer risk factors as there is a strong correlation between an increase in age and 

cancer initiation. Between 2012 and 2016 54% of all US cancer diagnosis were found in patients 

over 65 years of age [1]. While age related cancer is heavily linked with accumulation of mutations 

due from environmental exposures to chemical and physical agents, the aging process itself can 

also be a cause of cancer initiation. Telomere dysfunction, DNA damage accumulation and 

mitochondrial dysfunction have all been shown to contribute to the aging process and have been 

linked to an increased risk of cancer development [1-3]. Hereditary cancer syndrome increases 

the risk of developing specific tumours from inherited mutations, and accounts for around 5% of 

all human cancers [4]. In most known hereditary syndromes the increased risk is due to a 

mutation of a single gene, which is present in every cell of the human body, most often linked 

with regulation of the cell cycle or repair of DNA damage [4]. The majority of cancer mutations are 

caused by environmental factors, highlighting the importance of preventing carcinogenic 

exposures where possible. Many different mutations are caused by environmental factors 

including man-made risks like smoking, which caused 27% of cancer deaths in 2014 [5], and 

alcohol consumption, which has been indirectly linked with increasing risk of developing multiple 

types of cancer [6]. Environmental factors could also come from naturally occurring risks including 

ultraviolet radiation from sunlight, as well as viral and bacterial infections; together estimated to 

cause around 20% of all malignancies [7].  

Osteosarcoma, although a rare type of cancer, is the most frequent primary bone tumour, and 

accounts for >10% of all solid tumours in adolescents [8]. The incidence of osteosarcoma is 

bimodal, with peaks found in adolescent children and in the elderly [9]. Although the aetiology of 

osteosarcoma is still unknown, evidence suggests that it is a genomically unstable disease with 

abnormal karyotypes [10, 11]; a relatively high percentage of patients have somatic P53 and 

Retinoblastoma (Rb) deletions/point mutations [12-15]. A small percentage of osteosarcoma 

cases have been found in patients with hereditary cancer syndromes, which predispose the 

carrier to a wide variety of mesenchymal and epithelial cancers [15, 16]. In younger patients, 
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osteosarcoma most commonly invades the metaphyses of long bones, including the proximal 

tibia, humerus and distal femur [17]. These tumours have the ability to metastasise, most 

frequently to the lung [18], which is associated with poorer prognosis. Osteosarcoma has been 

graded into seven subtypes based on cellular pathology: osteoblastic, fibroblastic, chondroblastic, 

epithelioid, giant-cell rich, small cell and telangiectatic [19, 20], but due to the low frequency, it is 

unclear if these subtypes are associated with distinct genetic mutations. 5-year event free survival 

rates for osteosarcoma are reported to be approximately 50-60%, but are much lower in patients 

with metastasis, who have a 5-year event free survival rate of 30% [21, 22]. The second peak of 

incidence of osteosarcoma is found in patients aged 60-85 years. Initially all cases of 

osteosarcoma in the elderly were considered a secondary neoplasm, occurring at sites of pre-

existing bone lesions, including irradiated bone and Paget’s disease [17, 23]. However, it has been 

shown that around 50% of osteosarcoma in the elderly are primary tumours without pre-existing 

bone disease [23]. Elderly osteosarcoma patients have a higher rate of incidence of tumours in 

axial skeletal locations, including the skull and pelvis, compared with the appendicular skeletal 

axis of younger osteosarcoma patients. Unfortunately, the general poor health of elderly patients 

can limit the use of standard osteosarcoma treatments [23]. This may contribute to the inferior 5-

year survival rate in the elderly population, reported to be between 24-40% [17, 24]. 

1.1.2 Treatment 

The majority of patients with osteosarcoma undergo a combination of neoadjuvant 

chemotherapy followed by surgical resection of the tumour. The first line chemotherapy used to 

treat osteosarcoma has been largely unchanged for several decades, with the majority of patients 

receiving regimens consisting of methotrexate, doxorubicin and cisplatin. In 2001 Mifamurtide, an 

immunomodulating liposome encapsulated muramyl tripeptide (L-MTP-PE), was approved by the 

US Food and Drug Administration (FDA) [25], and is now used in routine clinical practice as a 

component of front line therapy. L-MTP-PE is a synthetic derivative of muramyl dipeptide, which 

is a constituent of bacterial cell walls [26]. It is recognised by multiple signalling molecules 

including nucleotide-binding and oligomerization domain (NOD)-like receptors present in 

monocytes and macrophages [27], this then activates the nuclear factor kappa-light-chain-

enhancer of activated B cells (NFĸB) pathway [28]. Liposome encapsulation promotes phagocytic 

uptake of the drug by macrophages, which results in the production of pro-inflammatory 

cytokines and tumoricidal effects [29, 30]. Muramyl dipeptide also activates NLRP3, a component 

of the inflammasome, which can cause dendritic cell recruitment and polarisation of T-helper cells 

[31]. Mifamurtide’s mechanism of action is proposed to be  through its activation of an immune 

response, similar to that induced during an infection, that can eradicate residual micro metastases 

which are still present after chemotherapy [32]. Comparative analysis of three cohort evaluations 
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of osteosarcoma patients treated with Mifamurtide, have shown three-year event free survival 

increase to between 65-92% [33-36], which while a broad range is an improvement compared 

with historical data of patients treated with surgery and chemotherapy alone. A randomised 

control clinical trial comparing chemotherapy with chemotherapy plus Mifamurtide also showed 

an 18% improvement in the 3-year event free survival [36]. Ongoing clinical trials have also been 

testing alternative pathways of macrophage activation for use in the clinic, this includes targeting 

CD47 [37] a protein shown to be overexpressed in osteosarcoma. Blocking of CD47 was reported 

to inhibit the interaction with macrophage signal regulatory protein α (SIRP α), resulting in 

phagocytosis of sarcoma cells [38]. Early studies have shown this method could be an effective 

target for future osteosarcoma treatment. 

Several novel osteosarcoma therapeutic agents have undergone recent clinical trials, including 

bisphosphonates and inhaled Granulocyte Macrophage Colony Stimulating Factor (GM-CSF). 

Bisphosphonates are routinely used to treat osteoporosis, a degenerative disease, by reducing the 

degradation of bone through inhibiting the activation of osteoclasts [39]. Given the success of 

bisphosphonates in osteoporosis, their potential to treat or prevent bone metastases and 

osteosarcoma has been investigated. Anti-tumour efficacy has been demonstrated in vitro and in 

vivo, by the inhibition of proliferation in cancer cells, and consequently inducing apoptosis of the 

tumour [40, 41], while also enhancing the sensitivity of osteosarcoma cell lines to chemotherapy 

agents [42]. Early phase clinical trials showed the bisphosphonate Zoledronic acid (ZA) could be 

safely incorporated with chemotherapy [43, 44]. Unfortunately, recent phase three clinical trials 

have found that although the addition of ZA improved event free survival [45], it caused a 

reduction in overall survival, which could have been caused by the significant side effects 

including hypocalcemia, hypophosphatemia and, importantly, an increase in lung metastases [45, 

46]. 

GM-CSF is a cytokine secreted by leukocytes that stimulates proliferation of multipotent 

progenitor cells and can be used to upregulate the level of Fas, which is normally downregulated 

on osteosarcoma metastatic cells [47, 48]. The binding of Fas and Fas ligand, expressed on 

activated T cells, induces apoptosis. By targeting this, the recurrence rate of osteosarcoma could 

potentially be reduced. Unfortunately, following promising phase one data [49], a phase two 

clinical trial using this treatment showed that although there was low toxicity of the drug, only a 

limited patient benefit was seen, with little to no improvement in overall survival [50]. GM-CSF is 

in ongoing clinical trials in combination with antibody therapies. Although new therapeutic targets 

and agents are being continually identified and developed to promote regression and cell death, 

few have been therapeutically active in osteosarcoma. Therefore, there is an increased need to 
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understand the growth of osteosarcoma and its microenvironment, in order to produce more 

robust and active therapies. 

1.2 Human Bone and the Osteosarcoma Tumour Microenvironment 

1.2.1 Bone 

Bone is a major structural component of the human body, and can be classified as cortical or 

trabecular, with cortical bone being denser than trabecular bone and forming the surface of the 

skeleton around the medullary cavity [51]. As cortical bone is weight-bearing, it is compact, giving 

it resistance to bending and torsion. Trabecular bone forms small interconnecting bridges, 

resulting in a high surface density but low overall size. This spongy textured bone allows for a 

higher porosity, and is normally found in the epiphysis of long bones [51]. Bone growth and 

remodelling is predominantly regulated by two cell types, osteoblasts and osteoclasts. 

Osteoblasts are cuboidal cells that differentiate from mesenchymal stem cells (MSC). During the 

synthesis of bone matrix, osteoblasts secrete collagen proteins, forming an organic matrix known 

as the osteoid, which is then mineralised to form bone [52]. When mineralisation occurs some of 

the remaining osteoblasts are encased, forming small pockets called lacunae, here these 

osteoblasts differentiate into osteocytes [53]. Connecting all of these osteocyte lacunae are small 

tunnels know as canaliculi, which allow the transport of signalling molecules and interstitial fluid, 

important in bone mechanotransduction, as well as regulating both osteoblast and osteoclasts, 

and consequently bone remodelling [54]. Osteoclasts are multinucleated cells that differentiate 

from a monocyte/macrophage lineage when in the presence of macrophage colony-stimulating 

factor (M-CSF) and receptor activator of nuclear factor–κB ligand (RANKL), which can be secreted 

by osteoblasts, osteocytes and other stromal cells [54]. During bone remodelling osteoclasts are 

polarized, resulting in rearrangement of the actin cytoskeleton to produce an F-actin ring, sealing 

the osteoclast to the bone matrix, where it reabsorbs the bone and releases calcium, magnesium 

and various growth factors [54]. 

Interleukin-6 (IL-6) is a unique cytokine with many roles, particularly in the immune and central 

nervous system. It also plays a role in both osteoclast and osteoblast differentiation and activities 

[55]. IL-6 receptor is expressed on osteoblasts, albeit at low levels and has been shown to 

enhance differentiation and expression of osteoblastic markers, including alkaline phosphatase 

(ALP) [55]. IL-6 has also been reported to have an inhibitory effect on osteoblast differentiation, 

showing apoptotic effects. It has been suggested that the potentially opposing effects of IL-6 on 

osteoblasts is dependent on their differentiation stage, with immature osteoblasts being 

stimulated by IL-6, whilst at maturity IL-6 inhibits differentiation to induce an osteocyte 

phenotype [56]. IL-6 works indirectly on bone resorption by inducing RANKL secretion 
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consequently regulating osteoclast differentiation. Conversely recent evidence suggests IL-6 can 

also directly inhibit osteoclast formation, potentially by redirecting osteoclasts towards a 

macrophage lineage [57]. 

Bone formation and bone resorption are closely regulated by osteoblasts and osteoclasts 

respectively, but their function can be altered in the tumour microenvironment [58]. RANKL and 

other osteoclast stimulating factors, including IL-6 and IL-11, are also secreted by tumour cells in 

bone metastases [58] and osteosarcoma [59, 60], leading to an increase in bone resorption. This 

resorption releases growth factors, including transforming growth factor beta (TGFβ) and bone 

morphogenetic protein (BMP) that interact with the microenvironment to stimulate tumour 

growth, which in turn stimulates the tumour to induce further bone resorption [61] (Figure 1-1). 

As well as inducing bone resorption, osteosarcoma is pathologically defined by the production of 

an osteoid matrix by malignant cells, resulting in immature bone formation [62], although the 

level of osteoid deposition varies greatly between patients [62]. ALP is an enzyme abundant in 

osteoblasts and can be used as an early marker of osteogenic differentiation [63]. Serum analysis 

of patients has revealed ALP as a tumour marker with high specificity to osteosarcoma that can 

even be used for prognosis, as increased ALP at diagnosis has been associated with poorer overall 

survival [64], although this is not currently used clinically. In the tumour microenvironment IL-6 

has been found to inhibit the proliferation of osteosarcoma cells, via the induction of cell cycle 

inhibitors, through the signal transducer and activator of transcription 3 (STAT3) signalling 

pathway (IL-6 receptors) [56], but although they can have a potent inhibitory effect directly on the 

tumour, they are indirectly involved in bone resorption, releasing growth factors which result in 

tumour proliferation.  
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Figure 1-1. Manipulation of bone remodelling in the osteosarcoma microenvironment. 

Osteosarcoma cells and osteoblasts both express osteoclast activation stimulating factors 

including RANKL, IL-6 and IL-11. These bind to receptors on osteoclasts and activate bone 

resorption. The resorption of bone results in the release of growth factors including BMPs and 

TGFβ3, stimulating the growth and proliferation of both the tumour and osteoblasts. 

1.2.2 Bone Marrow 

Bone marrow is the main component in the medullary cavity of bone, with trabecular bone only 

accounting for 15% [65]. Bone marrow is routinely separated into two categories, namely ‘red’ 

and ‘yellow’, named by the colouration resulting from their differing phenotype. Nuclear 

magnetic resonance (NMR) imaging techniques have shown that red bone marrow is composed of 

approximately 60% haematopoietic cells and 40% adipocytes [65, 66]. Haematopoietic cells are a 

heterogenous population that allow for the generation of myeloid and lymphoid cells. This 

includes the differentiation of red blood cells, white blood cells and platelets, important in 

generating an effective immune system. Haematopoiesis occurs within a stromal cell framework, 

including endothelial and mesenchymal cells, these cells are important in bone metabolism and 

have been found to regulate haematopoiesis [67, 68].  

In comparison yellow bone marrow is composed of around 95% adipocytes [65, 66], and although 

their purpose is still not completely understood, there have been data to suggest adipocytes also 

have a role in metabolism and in regulating haematopoiesis [69, 70]. During aging, red bone 

marrow, which occupies all bones during fetal development, gradually converts to yellow [65, 66]. 

In the femur this process starts in the diaphysis and progresses both proximally and distally within 

the bone (Figure 1-2). During adolescence, approximately 11 to 25 years of age, the conversion of 
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red bone marrow to yellow is still ongoing, meaning areas near the metaphysis and growth plates 

are in the process of being converted [65]. By adulthood red bone marrow is only found in the 

proximal metaphysis of the femur [66], although an increase in demand for haematopoietic cells 

can result in the conversion of yellow to red bone marrow [71], as found in some athletes. As 

discussed subsequently, the components of red and yellow bone marrow play an important role 

in tumorigenesis. 

 

Figure 1-2. The conversion of red bone marrow to yellow bone marrow in the femur. In long 

bones, yellow bone marrow conversion starts in the diaphysis and progresses outwards towards 

the epiphysis. By adulthood (~25+ years) the majority of the femur has converted to yellow bone 

marrow, except for the proximal metaphysis. 

The cell of origin for osteosarcoma is unclear, with current evidence suggesting it to be located 

somewhere on the MSC to osteoblast differentiation pathway [20]. Key phenotypic markers to 

accurately define MSCs have not yet been found, but they are understood to be stem-cell like 

precursors of important structural cells in bone, including osteoblasts, adipocytes and 

chondrocytes [72]. MSCs are proposed to be one of the cell types found in human bone marrow 
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stromal cells (HBMSCs), which are progenitors of skeletal components. HBMSCs are a key element 

in osteosarcoma, providing a major component of the tumour microenvironment. Stromal cells 

have been found to inhibit anti-tumour immune responses [73], and are key contributors in the 

growth and development of many cancers through the promotion of: angiogenesis [74-76], drug 

resistance [77], and tumour cell migration and metastasis [78] via extracellular matrix (ECM) 

remodelling. The effect of HBMSCs on osteosarcoma is less well studied, but evidence has shown 

that stromal cells also enhance migration, metastasis [79] and chemoresistance [80] via IL-6 

secretion. 

Stromal cells of mesenchymal origin are actively recruited to the osteosarcoma tumour site [80], 

where they act as if there was an unhealed wound, causing inflammation [81] and inducing the 

influx of circulating stromal cells into the surrounding tissue. Here they are manipulated by the 

tumour microenvironment to promote tumour growth, as well as recruit immunosuppressive 

monocytes, macrophages and regulatory T cells (Tregs) [82, 83]. There is also evidence the 

stromal cells can impede tumour growth by upregulating soluble factors, inhibiting angiogenesis, 

as well as inducing apoptosis [84]. It has been suggested that the contradictory evidence of naïve 

mesenchymal stromal cells in promoting tumour growth or inhibition, could be a result of 

differing cytokines present in the tumour microenvironment, to which these cells respond 

accordingly [85]. Mesenchymal stromal cells isolated from osteosarcoma tumours show similar 

morphology and phenotype to normal tissue derived cells, but they differ in functionality [85]. 

Tumour associated stromal cells exhibit a greater proliferative capacity and stronger migratory 

capability than those found in normal tissue [86, 87]. This could be an important target in the 

development of new treatments for osteosarcoma.  

1.2.3 Macrophages 

Macrophages are found in tissues throughout the human body. The majority are seeded during 

embryonic development, classed as tissue resident macrophages and are involved in tissue 

homeostasis and repair [88]. Other macrophages are derived from monocytes circulating in the 

blood and are involved with the pro-inflammatory immune response [88]. Macrophages have a 

wide range of differing phenotypes and characteristics; the extremes of this polarisation spectrum 

are known as M1-like and M2-like macrophages. In the healthy human body M1-like macrophages 

are  classed as having a more pro-inflammatory phenotype [89], secreting pro-inflammatory 

cytokines including  IL-6 [89], while M2-like macrophages stimulate proliferation and tissue repair 

[90]. Macrophages have been shown to play key roles in the development of osteosarcoma and 

other cancers, and are involved in a broad range of functions including regulating metastasis [91]. 

Macrophages can be actively recruited into the tumour microenvironment [92, 93], where they 

are then classed as tumour associated macrophages (TAMs).  The majority of evidence suggests 
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TAMS are directly involved in tumour growth, with their presence correlating with metastasis and 

a poor outcome [94, 95], but there is also contrasting evidence to suggest TAMs act as anti-

tumour effectors, with a positive correlation between TAM presence and increased overall 

survival [96]. TAMs generally express an M2-like phenotype in the majority of cancers, which 

promote angiogenesis facilitating metastases, and can be linked to poorer prognosis [97, 98]. 

They can also mediate the immune reaction by inhibiting activation of T cells via the programmed 

cell death protein 1 (PD-1) receptors, while also secreting chemokines to recruit regulatory T cells 

[99]. 

The role of macrophages in osteosarcoma is complex and remains controversial, with different 

forms of the disease resulting in differing macrophage recruitment and phenotype. TAMs can be 

recruited by osteosarcoma cells through the release of IL-34, directly ensuring infiltration into the 

osteosarcoma microenvironment [92]. Similarly, to other cancers, the majority of research shows 

correlations between an increase of M2-like TAMs with increasing tumour vascularisation and 

metastasis [95, 100, 101]. Other studies have linked an increase of CD68+ macrophages with the 

development of metastases but in the same study the number of M2-like macrophages did not 

change [95]. A higher level of M1-like TAMs have also been associated with non-metastatic form 

of osteosarcoma compared with the metastatic disease [100]. Figure 1-3 is a schematic 

representing the differences recorded in M1-like and M2-like TAMs in the osteosarcoma 

microenvironment.  

Osteoclasts differentiate from a monocyte lineage, and can be formed from the fusion of osteal 

macrophages or from myeloid progenitor cells [102]. Differentiation of osteoclasts can also be 

regulated by macrophages through the expression of various cytokines, for example; the 

secretion of IL-10 and IL-4 by M2-like macrophages can inhibit osteoclast differentiation [103, 

104]. It has also been found that inflammation in areas of tissue damage, for example bone 

fractures, leads to a higher infiltration of macrophages, which are known to differentiate into 

osteoclasts [103]. The interaction of macrophages and osteoclasts in bone cancer isn’t very widely 

studied, but may prove to be a potential target for future therapies. 
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Figure 1-3. M1-like and M2-like TAMs in the tumour microenvironment. M1-like TAMs secrete 

pro-inflammatory cytokines including IL-6 and TNFα. Increased numbers of M1-like TAMs have 

been linked with non-metastatic tumours, correlating with an increased chance of survival. M2-

like TAMs secrete cytokines to recruit Tregs, while inhibiting the activation of T cells. They have 

shown to be increased in metastatic osteosarcoma and correlate with a higher level of 

vascularisation and a poorer prognosis. 

1.2.4 Lymphocytes 

As discussed earlier, bone marrow is an important part of the immune system, with lymphocytes 

consisting of between 8-20% of all bone marrow mononuclear cells [105]. Lymphocytes are an 

important part of the osteosarcoma tumour microenvironment (Figure 1-4), which are 

transported through the bone marrow via blood vessels, and are found throughout the stroma 

including in follicle-like structures [105]. The interaction of these immune cells with structural 

bone cells, while in the presence of osteosarcoma is still poorly understood. It has been 

demonstrated that while cancer cells can recruit immune suppressive cells, including Tregs and 

TAMs, to the tumour site, they can also manipulate the function of inflammatory immune cells 

into a tumour-promoting phenotype, facilitating tumour growth [106].  

In many cancers, having a higher number of tumour infiltrating lymphocytes (TILs) in the tumour 

stroma correlates with a better prognosis [107, 108]. Although there is patient variability, multiple 

studies have found high levels of CD3+ and CD8+ T cells in osteosarcoma samples [109, 110], 

suggesting osteosarcoma maybe a good target for immunotherapies. Interestingly skeletal 

location of osteosarcoma has an effect on the level of TIL infiltration, with osteosarcoma of the 
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jaw showing very low levels [111]. Although high levels of TILs have been found in a number of 

osteosarcoma patients, most commonly in the femur and tibia [109], there is also a positive 

correlation with programmed cell death ligand 1 (PDL1) expression on the osteosarcoma cells 

[112]. PDL1, expressed on the tumour cell surface, binds to PD1, present on CD8+ T cells, and 

inhibits the immune response [112]. This suggests that although CD8+ T cells are present in the 

tumour they are potentially being suppressed. Anti-PD1 immunotherapy drugs have been 

approved for use in the treatment of multiple cancers including melanoma and renal cell cancer 

[113, 114], and there are ongoing anti-PD1 clinical trials on sarcoma patients. In a phase 2 clinical 

trial, 5% of bone sarcoma patients treated with pembrolizumab, a PD1 inhibitor, showed an 

objective response, but this only equated to two patients [115]. Activating the CD8+ T cell 

response, either alone or in combination with other therapies may be an effective treatment 

strategy for osteosarcoma. 

 

Figure 1-4. Formation of the osteosarcoma microenvironment. The osteosarcoma 

microenvironment is a complex arrangement of structural cells, including stromal cells, 

osteoblasts, osteoclasts, osteocytes and adipose cells, alongside lymphocytes and myeloid immune 

cells, which are transported through the bone marrow by blood vessels. Osteosarcoma cells 

routinely form tumours along the growth plate that can protrude from the trabecular bone 

through the cartilage layer. Adapted from: Smith, H.L., et al., The Role of Pre-Clinical 3-

Dimensional Models of Osteosarcoma. Int J Mol Sci, 2020. 21(15). 
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1.2.5 Angiogenesis and Hypoxia 

Angiogenesis, the formation of blood vessels, is a pivotal step in the progression and development 

of most cancers including osteosarcoma. Additional nutrients and oxygen are needed as a tumour 

increases in size, causing the onset of vascularisation. This has led to the generation of anti-

angiogenic compounds, including vascular endothelial growth factor (VEGF) inhibitors [116]. VEGF 

is a key mediator of angiogenesis, both in healthy patients for wound healing, and also for tumour 

growth. Due to the overstimulation of VEGF production tumour vasculature is functionally and 

structurally abnormal, with irregularly shaped blood vessels, which can be haemorrhagic [117]. 

This suboptimal tumour blood supply results in a hypoxic environment as well as inducing further 

VEGF production [118, 119]. Higher expression of VEGF has also been associated with lower 

disease-free survival and lower overall survival of osteosarcoma patients [120]. VEGF inhibitors 

are currently in early clinical trials for osteosarcoma patients, with initial results showing limited 

responsiveness to these therapies, ending in stable disease rather than tumour regression. These 

included phase 2 clinical trials of two different small molecule multi-kinase inhibitors; 

Regorafenib, which showed no significant difference in overall survival of osteosarcoma patients 

[121], and Sorafenib, which only reached a 6-month progression free survival rate of 45%, less 

than the pre-specified target [122]. Both drugs target a range VEGF receptors, Regorafenib 

inhibits VEGF receptors 1-3 while Sorafenib targets VEGF receptors 2-3, alongside other stromal 

and oncogenic receptor tyrosine kinases. These results have meant few drugs are proceeding to 

phase 3 clinical trials [122-124]. 

While hypoxic regions are present in normal healthy bone, particularly around the growth plate 

[125], high levels of hypoxia in osteosarcoma patients are associated with poor prognosis [126]. 

Hypoxia inducible factors (HIF) signalling pathway is critical in regulating osteoblastic and vascular 

niches during cartilage development, with HIF1α regarded as a positive regulator of osteoblast 

activity and bone formation [127]. HIF1α is also involved with indirectly regulating osteoclast 

mediated bone resorption by stimulating cytokines and increasing mitochondrial metabolic rate 

supporting bone resorption [128]. Osteosarcoma normally occurs at the site of a growth plate, 

known to have pre-existing hypoxic regions, which could facilitate tumour initiation. While chronic 

hypoxia leads to tumour necrosis, a known factor of osteosarcoma tumours, in the early stages of 

cancer initiation hypoxia has been shown to inhibit apoptosis [129]. Overexpression of HIFs was 

significantly linked with poor prognosis and metastatic disease in osteosarcoma patients, 

presenting a potential therapeutic target [130, 131]. Hypoxic inhibitors have been generated to 

block hypoxic pathways, either directly or indirectly, and are increasingly being introduced in 

clinical trials, although they have not yet been used for osteosarcoma patients.  
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1.3 Pre-Clinical Modelling of Osteosarcoma- 3D Models  

Outcomes for osteosarcoma are largely unchanged over several decades and novel therapeutic 

drug strategies are needed. 2-dimensional (2D) in vitro assays have been essential in the field of 

cancer research; producing novel insights into characterising protein production, cell biology and 

the tissue morphology of various subsets of cancer [132]. Unfortunately, they have many 

limitations including that the culture process can induce changes in morphology, as well as cause 

disruption of cellular and extracellular interactions [132]. With more awareness on the 

heterogeneity and complexity of the tumour microenvironment, robust and informative 3-

dimensional (3D) models are being developed to mimic the cellular interactions found in human 

osteosarcoma. 3D models offer the potential to better understand micro-environmental 

interactions. There are a growing number of models including in vivo, in vitro and in ovo 3D 

models of osteosarcoma. 

1.3.1 In Vivo Animal Models 

As the origin and pathogenesis of osteosarcoma is still unknown, establishing a robust and 

representative animal model, that mimics all aspects of the human disease, is challenging. Initial 

rodent models for osteosarcoma were developed by exposing the tibia to chemical and 

radioactive carcinogens, which produced histologically accurate tumours and could still be utilised 

to represent the DNA damaging effect on pathogenesis [133]. Despite the success in generating 

this model, it does not represent the sporadic and spontaneous generation of this disease in 

humans, and is not routinely used to represent the aetiology of osteosarcoma [134]. The 

establishment of immunocompromised mice allowed for inoculation of a variety of human 

osteosarcoma cell lines; these can be injected subcutaneously, although cell grafts into the femur 

are considered more therapeutically relevant, as subcutaneous injection only allows for ectopic 

bone formation. These models have had success in providing insights into osteosarcoma 

migration, especially as these murine models allows for metastasis [135], and they are a useful 

tool for screening drugs [136, 137]. The fundamental limitation of this approach is the use of 

mature osteosarcoma cells, which does not provide information on tumour initiation, although it 

can be used to study angiogenesis. The lack of a tumour microenvironment before implantation, 

and a lack of an intact immune system, also means key interactions are lost [138].  

The introduction of gene targeting technologies allowed for the development of transgenic mice 

that spontaneously develop osteosarcoma. There are several genetically modified mouse models 

for osteosarcoma; most based on the P53 and Rb mutations [134]. Unfortunately, the Rb gene is 

essential for normal mouse development, and Rb transgenic mutations alone tend to result in 

serious defects, making them very hard to breed [139]. Even if these mice reach maturity they do 
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not tend to develop osteosarcoma [140]. There was more success in P53 transgenic mice, where 

spontaneous osteosarcoma development was observed [141], but was accelerated with the 

combination of P53 and Rb mutations [140, 142], which did not generate the same serious defects 

as Rb alone mutations. Importantly mice with P53 mutations also developed lymphomas, 

carcinomas and adenocarcinomas [141, 143], sometimes before the establishment or 

characterisation of osteosarcoma could occur. Other genes have also been found to have been 

implicated in osteosarcoma pathogenesis including c-fos. Transgenic mice overexpressing the c-

fos proto-oncogene showed a high level of penetrance and development of bone tumours, but 

mixed levels of malignancy, along with evidence of other diseases including woven bone and 

fibrous marrow [144, 145]. While mouse models allow us to gain some insight into the 

development of osteosarcoma, the high cost and limited representation of human osteosarcoma, 

means effective and robust alternatives are needed. 

In vivo mouse models have advantages over in vitro assays, this includes in the investigation of 

osteosarcoma development and drug efficacy [136, 141]. Mice have a close genetic lineage to 

humans, and non-immunocompromised mice have a complete immune system. Murine models 

for osteosarcoma have given further insights into methods of tumour invasion and metastasis, 

when compared to current in vitro and in ovo 3D models [135]. Unfortunately, osteosarcoma 

models generated by injecting cells into the femur is a highly skilled and more costly process than 

in vitro assays. Alternative subcutaneous implantation and grafts are applicable for studying 

osteosarcoma establishment, but do not replicate the human microenvironment as they lack 

bone and cartilage [138]. Although mice are genetically similar to humans it has been shown that 

there are critical differences in cellular, molecular and immunological biology [146], thus also 

questioning the translation relevance of these models for the human disease. 

Canine osteosarcoma is more common than the human equivalent, but it has been shown to be 

very similar histologically and have parallel genetic features to human osteosarcoma. The primary 

treatment method for human osteosarcoma, surgery and chemotherapy, is also the main 

treatment used in canines, which have been found to show a similar level of response [147]. The 

level of similarity between the two species shows increased relevancy compared to other animal 

models. Studies into canine osteosarcoma gene expression after chemotherapy, have identified 

significantly differentiated pathways between non-responders and responders, which were 

consequently found to be mirrored in human osteosarcoma [148]. Although gene expression 

pathways in canine osteosarcoma are not always found in human osteosarcoma [149], the 

frequency of canine osteosarcoma compared with the sporadic, rare nature of human 

osteosarcoma, as well as the closer histological similarities than mouse models, presents an 
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increased opportunity to identify further biological and genetic pathways that can impact new 

therapies and treatments.   

1.3.2 In Vitro 3D Models 

As an alternative to in vivo systems, in vitro 3D models have been developed to mimic cellular 

interactions and understand tumour development. In vitro 3D models are broadly separated into 

two groups, those with a scaffold and those without. 3D models without a scaffold normally entail 

the formation of spheroids/organoids. One method of looking at spheroid formation of 

osteosarcoma is using liquid overlays or ultra-low binding plates [150]. The liquid overlay, which 

can be a type of agar/agarose [151] or poly-hydroxyethyl methacrylate (HEMA) [152], is used to 

coat the plate, preventing the cells from adhering to the surface of the vessel, enhancing cellular 

interactions and allowing them to form spheroids. These methods have been used to study how 

hypoxic changes [153] can increase spheroid adhesion, and how drug responses can differ 

between spheroids and 2D cultures [152], in both osteosarcoma cell lines and other cancer cell 

lines. Ultra-low binding plates have been used more extensively to compare differences in 

chemoresistance of spheroids and monolayer cultures [154]. An alternative scaffold free method 

is the hanging drop method, this technique utilises gravity to generate multi-cell co-cultures [150], 

and have been combined and compared with 2D cultures [155] to show that cells grown in the 

hanging drop technique express increased levels of VEGF, compared with 2D cultures [155]. While 

these scaffold-free techniques are relatively low cost and have the advantage of being high 

throughput, they lack a number of components of the tumour microenvironment, including ECM-

cell interactions, which influence the formation, and growth of osteosarcoma. 

In the bone microenvironment mechanical signals are very important in modulating tumour 

behaviour [156]. Scaffolds allow for cell adhesion and an added dimension of cell-ECM signalling 

compared with scaffold-free models. The material selected to form a scaffold must be chosen 

appropriately to allow for correct, functional environmental signalling. Scaffolds can be made 

from natural material (collagen, Matrigel, silk), or synthetic (Hydrogel, polyethylene glycol, 

ceramics) [150, 156]. The hard brittle surface, and mechanical stiffness of ceramic scaffolds 

exhibit biocompatibility to bone because of their structural similarity [157], and studies have 

shown osteoblast differentiation and proliferation are enhanced when interacting with ceramic 

[158], unfortunately the brittleness of the scaffold means it has limited applications [159]. The 

success of synthetic scaffolds is the flexibility in fabrication and architecture whilst being able to 

control degradation [160], but in turn some have reduced levels of bioactivity [157]. Natural 

scaffolds generally have good levels of bioactivity but can show increased levels of degradation 

[156]. The choice of scaffold will depend on the scientific question, and whether mechanical 

stiffness or slow degradation is required. A mixture of synthetic and natural scaffolds have been 
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developed in stem cell research [161] that can overcome some of these disadvantages, but there 

is a limited amount of published work showing their use with osteosarcoma, especially when co-

culturing with other important cell types found in the microenvironment.  

The ECM is a major component of the tumour microenvironment, with studies showing that it 

acts in a pro-tumorigenic capacity, enhancing osteosarcoma cell invasion, with some evidence 

suggesting it provides a protective niche for drug resistance [162]. This has been studied mainly in 

2D in vitro assays using multiple components of ECM, including fibroblasts [163] and acellular 

proteins [162]. There have also been a few 3D models incorporating components of the ECM, 

including the use of collagen sponges [156] and growth factors [164] to simulate aspects of the 

tumour microenvironment. The complete and integrated understanding of the 

osteosarcoma/ECM interaction is important as it makes up a large part of the vascular network, 

and one of the main limitations of in vitro 3D models is the lack of angiogenesis, important in 

tumour growth. 

Innovative in vitro 3D models are evolving and becoming translationally relevant, as we 

understand more about the tumour microenvironment. In vitro 3D models can be constructed 

from components that are completely human derived, using scaffolds to try and replicate 

structures of the bone [165]. They are generally cost effective with a high-throughput ratio, but 

the majority do not yet have the complexity to replicate the multicellular interactions attained in 

osteosarcoma. In vitro models are also limited by the lack of published data showing 

combinations of osteosarcoma cells with other cells found in the bone and cartilage niche and 

tumour microenvironment. Without the interaction of these cells, we cannot effectively mimic 

the aetiology in a 3D model. Animal models are able to use the host for processes like 

angiogenesis and nutrient movement between the tumour and its microenvironment [166]. The 

continued development of in vitro 3D models may compensate for these issues in the future, but 

overall, these in vitro 3D models currently act as more of a bridge between 2D and in vivo animal 

models. 

1.3.3 In Ovo Chorioallantoic Membrane Models 

The Chorioallantoic membrane (CAM) is a dense vascular network that rapidly develops in a 

fertilised chicken egg, it is formed 4-5 days after fertilisation by the fusion of the chorion and the 

allantoic vesicle [166]. Its main role is as a respiratory organ for the embryo, storing waste 

products and absorbing calcium from the shell [166] (Figure 1-5). The use of the CAM to 

investigate tumour growth started back in the early 1900’s, where Murphy (1913) grew rat 

sarcoma tumours in CAM models and transplanted them into adult chickens. Here he noted the 

tumour did not adapt to include avian cells, causing the tumour to be rejected from the adult 
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chickens [167]. This natural immunodeficiency of the embryo is a unique property of the CAM 

assay, which allows for in depth phenotypic analysis on the implanted tissue of interest, without 

the host avian cells rejecting or majorly altering the tissue [168]. 

 

Figure 1-5 Structural composition of a chicken egg. The CAM is a membrane that covers the 

inside of the eggshell, where it acts as a respiratory organ for the chick embryo. A window can be 

made in the shell and a scaffold or sample of interest placed on the CAM. Adapted from: Smith, 

H.L., et al., The Role of Pre-Clinical 3-Dimensional Models of Osteosarcoma. Int J Mol Sci, 2020. 

21(15). 

One of the most important benefits of the CAM model over 2D methods is the ability to study 

angiogenesis. Angiogenesis promotes the generation of blood vessels, which is important in 

tumour development [169], thus precise monitoring with and without anti-angiogenic agents 

could lead to new targets for treating osteosarcoma [166]. Angiogenesis is also important in trying 

to accurately and robustly replicate the osteosarcoma microenvironment to characterise 

complete cellular interactions and signalling methods. Although osteosarcoma has not been 

widely studied in this model, there are many other cancer cell lines that have been studied in the 

CAM, with and without a support system for implantation, which can include collagen [170] and 

Matrigel [171] grafts, plastic rings [172] and sponges [173]. These implantation techniques have 

been used to look at invasion, metastasis, and drug development [170-173].  

One of the few osteosarcoma experiments involving the CAM model was by Balke et al (2010) 

where they implanted eight different osteosarcoma cell lines into the CAM model to compare 

how the cell line affects tumour development and formation. Of the 8 cell lines only three 
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(MNNG-HOS, U2OS and Saos-2) formed solid, vascular tumours which were more than 2mm in 

size [166]. Unfortunately, none of the developed tumours showed osteoid formation that is 

normally found in the human disease, which could have resulted from a lack of mature bone cells 

or growth factors in the model. The low cost and ease of purchase allows for a high yield and 

quick turnover of CAM data, but there is only a short viable timespan of a CAM assay (up to 18 

days, 2/3rd gestation). This timespan does not allow for long term studies, which could be key for 

osteosarcoma establishment.  

Using the CAM model could be an effective method to study osteosarcoma. This model uses the 

blood vasculature of the chicken embryo for tumour growth and development [174], known to 

develop at a faster rate than other models. The lymphatic and vascular system is also present in 

mouse models, but compared with mouse models the CAM models are much more cost effective 

and easier to use [174-176]. As well as an inexpensive, easy to use tumour model, the CAM also 

allows researchers to look at cell-to-cell interactions and metastasis. Current studies of 

osteosarcoma are limited to cells in sponges or being implanted directly onto the CAM. Combining 

osteosarcoma cell lines with other cells in the microenvironment, most notably structural bone, 

could give a better insight into these processes and interactions. There are recent studies that 

have shown that bone regeneration is possible in the CAM model, Moreno-Jiménez et al (2018) 

successfully implanted bone cylinders onto the CAM resulting in bone growth, osteoid deposition, 

angiogenesis and the generation of mineralised tissue [177]. Further research that introduces 

osteosarcoma and pro-tumour immune cells into this bone regeneration model could gain a novel 

insight into effectively replicating the tumour microenvironment.  

1.4 Summary 

The main treatment methods for osteosarcoma patients remain a combination of surgery and 

chemotherapy, which has not changed since the late 1970s. The exception to this is the 

incorporation of the drug Mifamurtide, which has been shown to activate monocytes and 

macrophages to establish an inflammatory immune reaction, enabling phagocytosis of the 

remaining tumour cells. Unfortunately, systemic reviews are still comparing the effectiveness of 

this treatment, indicating an urgent need for more therapeutic targets and therapies to treat 

osteosarcoma patients. Further understanding of the complex tumour microenvironment is 

needed to develop new drugs and therapies. To achieve this goal research strategies have sought 

to develop both 2D and 3D models to mimic these cellular interactions. While there is currently 

limited research developing in vitro 3D models, including the use of scaffolds in osteosarcoma 

research, more work has been published regarding in vivo mouse models. 
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While osteosarcoma mouse models mimic the human tumour microenvironment in terms of 

vascularisation and immune response, the successful incorporation of osteosarcoma cells into 

bone remains a difficult method to establish and repeat. With subcutaneous osteosarcoma 

formation lacking the ability to form bone ectopically. The CAM model can also mimic 

vascularisation while being cheaper, less time consuming and less technically demanding. The 

CAM model has been used to study both cancer and bone regeneration using various 

biomaterials. This potentially makes it a better method for developing a 3D model to replicate 

cellular interactions of the human osteosarcoma microenvironment, as well as clinical response to 

drugs and therapies.  

To date no study has yet described the use of human bone to develop a 3D multicellular model of 

osteosarcoma, with few researchers comparing the interactions of structural, stromal and 

immune cells. Thus, a human bone derived model would offer a more clinically relevant 

osteosarcoma microenvironment to examine cellular interactions. In addition, the use of the CAM 

assay as a surrogate blood supply would permit the study of osteosarcoma interactions in the 

context of angiogenesis, not found on other in vitro 3D models. This could have critical impact as 

it would provide a vascular 3D model, negating the use of mouse models, an ethical obligation in 

animal research (applying the 3Rs: replacement, reduction and refinement), while ultimately 

being used to test new drugs and therapies.  

The ultimate aim of the project was to develop a 3D multicellular model of osteosarcoma, for 

preclinical research in cellular interactions of the tumour microenvironment. To achieve this, the 

study aimed to assess the interaction of three cell types; HBMSCs, macrophages and 

osteosarcoma cells, in a 3D model made from human living bone, collected from waste surgical 

material after total hip replacements. This was carried out using both long term culture methods 

with supplemented media, alongside the incubation on the CAM to establish vascularisation. To 

validate this model in its ability to replicate the human osteosarcoma microenvironment, both 

µCT analysis and histological analysis were carried out, assessing the level of bone formation and 

resorption as well as biological interactions. 
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1.5 Hypothesis 

It is possible to engineer a functional human 3D model that mimics aspects of the osteosarcoma 

tumour microenvironment, including HBMSC and macrophage interactions that can be used to 

test new therapeutic approaches. 

Research Objectives: 

1. To characterise the functional interaction of human bone stromal cells and osteosarcoma 

cells in 2D culture models. 

 Compare the tri-lineage ability of HBMSCs from different skeletal locations of the 

human femur, including osteogenic, adipogenic and chondrogenic differentiation. 

 Compare the tri-lineage ability of different osteosarcoma cell lines. 

 Characterise the interaction of HBMSCs with an osteosarcoma cell line in a 

transwell assay. 

 

2. To optimise the differentiation of monocyte-derived macrophages for incorporation in the 

3D bone model. 

 Characterise macrophages differentiated from human bone marrow and PBMCs. 

 Characterise polarized macrophages differentiated from human bone marrow and 

PBMCs. 

 Compare differentiation and activation of osteoclasts derived from human bone 

marrow and PBMCs. 

 

3. To develop the CAM assay as an in ovo 3D human bone model to investigate the role of 

cellular and extracellular matrix interaction in the development of osteosarcoma. 

 Optimise the production of 3D multicellular bone models for the CAM assay 

 Quantify structural changes, both bone formation and resorption, occurring in the 

bone model using µCT. 

 Quantify biological changes occurring in the bone model using histological 

methods. 

 Examine the potential of these models to test new drugs and therapies for the 

treatment of osteosarcoma. 

 Compare the resulting biological interactions in the 3D bone models against human 

osteosarcoma samples. 
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Chapter 2 Methodology 

 Ethical Approval 

Ethical approval for using human leukocyte cones was obtained by the University Southampton 

Hospital NHS Foundation Trust from the East of Scotland Research Ethics Committee (REC 

reference 16/ES/0048). Informed patient consent was obtained in alignment with the Declaration 

of Helsinki. 

Ethical approval for the use of bone marrow and femoral head samples were approved by an NHS 

Research ethics committee (NRES number: 18/NM/0231). 

Human fetal tissue sent from the research bank of the Human Developmental Biology Resource 

(HDBR) at the University of Newcastle: age range from 9 to 18 post conception weeks (PCW). This 

is an ethically approved tissue bank. (REC reference: 18/NE/0290, IRAS project ID: 250012). 

Ten osteosarcoma patient samples were taken at diagnosis after obtaining informed consent, and 

were processed by NHS Trust accredited pathology laboratories according to a standard protocol, 

before being deposited to the Human Tissue Act (HTA) licensed CCLG UK Tissue Bank for research 

use.  

All egg CAM procedures were carried out in accordance with the guidelines and regulations 

stipulated in the Animals (Scientific Procedures) Act, UK 1986. The chick embryo CAM model was 

under Home Office Project license (P3E01C456). 

 Cell Culture 

2.2.1 Cell Lines 

Cancer cell lines Saos-2, MG63 (osteosarcoma) and SKBR3 (breast cancer), all obtained from the 

American Type Culture Collection (ATCC, US), were grown in basal media, see . Frozen cryo-vials, 

stored in liquid Nitrogen, were thawed in a 37⁰C water bath and re-suspended in 10 ml of warm 

basal media. The cells were centrifuged at 161 g for 5 minutes, and the cell pellet was re-

suspended in basal media. The cells were then seeded into a T25 or T75 flask (Corning, UK) and 

cultured in a humidified incubator at 37⁰C with 5% CO2. Cells were re-suspended in fresh media 

twice a week and seeded into flasks between 1x105 to 6x105 cells per ml. 
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Table 2-1. Media and Supplements 

Name Media Supplements 

Basal αMEM 10% (v/v) fetal calf serum (FCS), 1% (v/v) P/S (100 U/ml 
Penicillin +100 µg/ml Streptomycin) 

Osteogenic I αMEM 10% (v/v) FCS+1% (v/v) P/S +100 µM ascorbate acid 2-
phosphate (Sigma, UK) + 10 nM dexamethasone (Sigma, UK) 

Osteogenic II αMEM 10% (v/v) FCS +1% (v/v) P/S + 50 µM Ascorbic acid 2-phosphate 
+ 10 nM Vitamin D3 (Sigma, UK) 

Mineralisation αMEM 10% (v/v) FCS +1% (v/v) P/S + 50 µM Ascorbic acid 2-phosphate 
+ 10 nM Dexamethasone + 2 mM Beta-Glycerol phosphate 
(Sigma, UK) 

Adipogenic αMEM 10% (v/v) FCS +1% (v/v) P/S +100 mM Dexamethasone +0.5 mM 
IBMX (Sigma, UK) +3 µg/ml ITS solution (Sigma, UK) + 1 µM 
Rosiglitazone (Sigma, UK) 

Chondrogenic αMEM 1% (v/v) P/S +100 µl ascorbic acid 2-phosphate +10 ng/ml TGF-
β3 (Peprotech, UK) +10 µg/ml ITS solution +10 nM 
Dexamethasone 

 

2.2.2 Femoral Diaphysis and Epiphysis Isolation 

Bone marrow from human femoral epiphysis (FE), and the femoral diaphysis (FD), were obtained 

from the University Southampton Hospital and Spire Southampton Hospital, from patients 

undergoing elective hip replacement surgery following informed consent (Figure 2-1).  The tissue 

was stored for up to 5 days, at 4°C, before cell isolation. An 8 mm gouge and a pair of bone 

nibbler forceps were used to remove bone marrow fragments from the FE. For both the FE and FD 

the cells were removed from the bone using vigorous shaking. The cells were washed and filtered 

(70 µm filter, Fisher Scientific UK) in non-supplemented αMEM. The cell pellets were then re-

suspended in 50 ml of in-house red cell lysis buffer (1 L of deionised water (dH2O) plus 9.2 g NH4CL 

and 1 g KHCO3) and incubated for 5 minutes at room temperature. The cells were centrifuged at 

161 g for 5 minutes then re-suspended in basal media (), and plated at a seeding density of 

between 2x105 to 8x105 cells per flask. The cells were cultured, in a humidified incubator at 37⁰C 

with 5% CO2, balanced air, in T75 or T125 cell culture flasks for up to a week before the first media 

change. The cells were maintained in fresh media, replaced twice weekly, and passaged when 

they reached 80% confluency. 
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Figure 2-1. Bone marrow stromal cell isolation from the femoral epiphysis and the femoral 

diaphysis/metaphysis. Bone marrow from the femoral metaphysis/ diaphysis was removed during 

surgery, and received alongside the femoral head. Bone marrow was removed from the femoral 

head using a gouge. 

2.2.3 Monolayer Cell Culture and Passaging 

When cultured HBMSC cells reached 80% confluency, the media was removed and the flask 

washed with 1x PBS. Then 0.2 mg/ml of collagenase IV (Sigma, UK) was added to 1x PBS and the 

flask was incubated for 15 minutes, followed by a 5-8 minute incubation of 1x Trypsin/ 

Ethylenediaminetetraacetic acid (EDTA, 1700000 U/L trypsin 1:250 + 2g/L Versene, Lonza, 

Switzerland). The cells were seeded at a concentration of 3x105 cells per ml. Cells were used up to 

passage 2. 

2.2.4 Osteoblast Culture 

Small bone explants from femoral diaphysis and epiphysis isolation were washed thoroughly with 

1x PBS, then placed in a 6 well plate with 1-2 ml of basal media. After 7 to 14 days the bone 

explants were removed. When the remaining cells reached 50% confluency, they were passaged 

using 1x trypsin/EDTA to dissociate adherent cells. Media was changed every 2 to 3 days and 

following passages were carried out when the cells had reached 80% confluency. 
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2.2.5 Cell Spheroid Formation and Culture 

Cells were seeded into inertGrade 96 well BRANDplates (Sigma, UK) between 5x104 and 2x105 

cells per well. Cells were incubated for up to 4 days. Media was changed 2-3 days. To create a 

single cell suspension the pellets were incubated for up to 40 minutes in a thermal shaker, in a 

combination of collagenase, Liberase TL (Sigma, UK) or accutase (Sigma, UK). 

2.2.6 Fetal Bone Marrow Isolation 

The femur was isolated from the surrounding tissue, and the bone marrow was removed using 

repeated flushing and vigorous shaking in basal media. The cells were centrifuged at 161 g for 5 

minutes, then re-suspended in 5 ml of basal media and seeded in a T25 flask. The cells were 

maintained in fresh media, replaced twice weekly, and passaged when they reached 80% 

confluency. 

2.2.7 Alamar Blue Analysis 

The proliferation of the osteosarcoma cell lines and potential primary cells of interest, including 

HBMSCs with and without Saos-2 co-culture, were analysed to optimise cell number for future 

assays. Alamar blue (ThermoFisher, US) is a reagent, which measures cell viability and 

proliferation via the reduction of the ingredient resazurin to resorufin, a fluorescent compound, 

after uptake from living cells. Alamar blue was diluted 10x in basal media and 100 µl was added to 

each well of a 96 well plate, 300 µl for a 24 well plate. The plates were incubated for an additional 

1-3 hours before the fluorescence was measured at 560nm on a microplate reader (Promega 

Glomax). 

2.2.8 Alkaline Phosphatase Assay 

The level of alkaline phosphatase was analysed to look for early signs of osteogenic differentiation 

in the cells of interest. Cells were seeded in a 12 well plate between 1x104 and 3x104 cells per ml 

of basal media. When cells reached 70% confluency the basal media was removed and osteogenic 

I media was added (see ). After seven days the cells were fixed in 95% (v/v) Ethanol, washed with 

1x PBS and left to air dry. 300 µl of Alkaline Phosphatase Stain, a solution of 40 µl/ml Naphthol AS-

MX phosphate (Sigma, UK) plus 0.24 mg/ml Fast Violet B Salts in 10 ml dH2O, was added to each 

well and incubated between 10 (Saos-2) to 40 minutes (HBMSCs and MG63) at 37°C. The solution 

was removed after alkaline phosphatase staining appeared, wells were washed in dH2O and the 

cells imaged on an inverted microscope (Zeiss Germany, Axiovert 200).  

Unstained wells were lysed in CelLytic M (Sigma, UK) and stored at -20°C for further analysis. 5-10 

µl of lysate was combined with 90-95 µl of substrate (40 mg phosphate substrate with 10 ml of 
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1.5 M Alkaline Buffer, Sigma UK, in 20 ml dH2O), and incubated at 37°C for 5-60 minutes. The 

reaction was terminated with 1M NaOH, and the absorbance at 410 nm was read on a microplate 

reader (Promega, US, GloMax). The quantity of dsDNA was also determined for these samples; 5-

10 µl of sample was combined with 90-95 µl of 1x Tris/EDTA buffer then stained with Pico Green 

(1:200, Thermofisher, US). The fluorescence was analysed (ex 480nm, em 520nm, sensitivity 90) 

on a microplate reader (Promega, US, Glomax). 

2.2.9 Tri-lineage Osteogenic Differentiation 

Later stage osteogenic differentiation, and early mineralisation of the HBMSCs and osteosarcoma 

cell lines were assessed by alizarin red (ARS) quantification and qPCR analysis (2.5.1) of ALPL and 

COL1A1 genes. Alizarin red stains calcium deposited by the cells, and was imaged for localisation 

then quantified for absorbance. Cells were seeded in a 12 or 24 well plate between 1x104 and 

3x104 cells per ml in 0.5-1 ml of basal media. When cells reached 70% confluency the basal media 

was removed and osteogenic II media was added (see ). Media was changed every 2 to 3 days. On 

day 14 osteogenic II media was changed to mineralisation media (). To confirm differentiation on 

day 28 the cells were either lysed for qPCR analysis or stained for ARS. For ARS staining the cells 

were washed in 1x PBS and fixed in 4% PFA (40µg/ml, w/v) for 15 minutes. After washing three 

times in dH2O, the cells were incubated at room temperature for 1 hour with 40 mM of ARS. Cells 

were washed five times in dH2O and imaged on an inverted microscope (Zeiss, Germany, Axiovert 

200). The level of ARS was quantified by analysing the absorbance at 405 nm, the stained cells 

were incubated in 10% (v/v) acetic acid for 30 minutes at room temperature, the cells were 

vortexed, heated to 85°C for 10 minutes and placed on ice for 5 minutes. Cells were centrifuged at 

161g for 15 minutes and the supernatant was neutralized with 100 µl of 10% (v/v) ammonium 

hydroxide. Standards were created and the absorbance at 405 nm was measured on a microplate 

reader (Promega, US, Glomax). 

2.2.10 Tri-Lineage Adipogenic Differentiation 

The adipogenic differentiation of HBMSCs and osteosarcoma cell lines, was assessed by Oil Red O 

staining and qPCR analysis (2.5.1) of FABP4 and PPARγ genes. Oil Red O stains lipid residues 

deposited by differentiated adipogenic cells. Cells were seeded in a 12 or 24 well plate between 

1x104 and 3x104 cells per ml in 0.5-1 ml of basal media. When cells reached confluency, the basal 

media was removed and adipogenic media was added (). Media was changed every two to three 

days. To confirm differentiation, on day 14 the cells were either lysed for qPCR analysis or stained 

for Oil Red O; 1% w/v Oil Red O/isopropanol was diluted 3:2 in dH2O. The resulting working 

solution was aliquoted onto the cells, which had been fixed in 4% (w/v) PFA for 15 minutes at 

room temperature and rinsed in 60% (v/v) isopropanol. After 15 minutes the working solution 
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was removed and the cells were rinsed three times in dH2O before being imaged on an inverted 

microscope (Zeiss, Germany, Axiovert 200). 

2.2.11 Tri-Lineage Chondrogenic Differentiation 

Chondrogenic differentiation of HBMSCs and osteosarcoma cell lines were assessed by SRY-Box 

transcription factor 9 (SOX9) immunohistochemistry analysis (2.6.5), and by qPCR analysis (2.5.1) 

of SOX9, COL2A1 and ACAN genes. Culturing cells detached and placed in 1.5ml Eppendorf tubes 

at a concentration of 5x105 cells in 1ml of basal or chondrogenic medium (), and centrifuged at 

400 g for 10 minutes. After centrifugation the tubes were placed into 50ml falcon tubes with filter 

lids taken from T175 flasks. The cell pellet was not re-suspended. The pellets were cultured for 28 

days in a hypoxic environment at 37⁰C with 5% CO2 and 5% O2, with balanced air. Media was 

changed every two to three days. To confirm differentiation, on day 28 the cell pellets were either 

lysed for qPCR analysis or fixed in 4% (w/v) PFA for SOX9 histological analysis.  

2.2.12 Transwell Assay 

To assess whether the osteogenic differentiation ability and proliferation of primary cells were 

affected by Saos-2 osteosarcoma cells: HBMSCs, osteoblasts and fetal bone marrow were co-

cultured with Saos-2 in a transwell assay. Culturing cells were seeded on to a 6 or 12 well plate at 

3x104 and 1.5x104 cells respectively and incubated for 3-4 days in basal media. On day 3-4 the 

basal media was replaced, and a transwell was positioned into the well (Corning, US, 0.4 µm pore, 

polycarbonate). Saos-2 cells were seeded in the transwell at a density of 1x104 or 2x104 cells per 

well (12 and 6 well respectively) in basal media. The following day the media was changed in both 

compartments of the well into basal or osteogenic I media and incubated for up to 14 days, with 

media changes every 2-3 days. On the final day of culture, supernatant was removed and 

analysed for IL-6 (0), the cells were then analysed by alamar blue (2.2.7), and lysed for either qPCR 

analysis (2.5.1) or ALP biochemistry analysis (2.2.8), and stored at -80°/-20°C until needed. 

2.2.13 PBMC Isolation 

To isolate PBMCs, a blood leukocyte cone was diluted to 50 ml in PBS+ 2mM EDTA. 25 ml of 

diluted blood was layered onto 12.5 ml density gradient media (lymphoprep, Alere Ltd, UK) and 

centrifuged at 800 g for 20 minutes with the brake off. The cells layered at the interface were 

removed and washed in PBS+EDTA at 400 g for 10 minutes, then re-suspended and washed again 

at 300 g for 10 minutes. The cells were then washed again in αMEM+ 1% (v/v) P/S at 252 g for 5 

minutes before being counted. 
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2.2.14 Macrophage Differentiation 

PBMCs were isolated (2.2.13) and plated at a concentration of 1x107 cells/ml, FD and FE cells were 

isolated (2.2.2) and plated at 2x107 cells/ml in αMEM+1% (v/v) P/S + 1% (v/v) human AB serum 

(Sigma, UK). Cells were incubated for 2 hours at 37°C, before being washed twice in 1x PBS then 

incubated in basal media overnight. The following day 100 ng/ml of M-CSF (in-house) was added 

to the culturing cells and incubated for 7 days. The cells were fed every 2-3 days in basal media + 

100 ng/ml M-CSF. On day 7 cells were either detached by incubation in 1x PBS on ice for 15 

minutes, for flow cytometry analysis, or incubated for 48 hours in skewing media (Table 2-2) 

before flow cytometry analysis (Becton Dickinson, US, FACS Canto II). 

Table 2-2. Polarising agents for macrophage skewing 

Condition Polarisation agents 

M0 100 ng/mL M-CSF 

M1 100 ng/mL M-CSF + 50 ng/mL LPS (Peprotech) + 2 ng/mL recombinant human (rh) 
interferon gamma (IFNγ, Peprotech) 

M2 100 ng/mL M-CSF + 10 ng/mL rh IL-4 (Peprotech) + 10 ng/mL rh IL-13 (Peprotech)  

 

2.2.15 CD14+ Magnetic Isolation 

To separate monocytes from other cells in the PBMC and human bone marrow populations 

magnetic cell sorting was used to isolate the CD14+ cells. This was carried out using either the 

Miltenyi (Germany) CD14 MicroBeads Isolation kit, or StemCell (Canada) EasySep CD14+ selection 

kit, both processes were performed using the manufacturer’s protocol. Briefly, for the Miltenyi 

kit, cells were re-suspended in 80 µl isolation buffer per 1x107 cells. 20 µl of CD14 MicroBeads per 

1x107 cells were added to the solution, incubated on ice for 15 minutes, washed and then isolated 

using a LS Column (Miltenyi, Germany). Buffer = 1x PBS + 5 µg/ml (w/v) bovine serum albumin 

(BSA) + 2mM EDTA. For the StemCell kit, 1x108 cells were re-suspended in 1 ml basal media and 

100 µl/ml of selection cocktail was added to the cells and incubated for 10 minutes at room 

temperature. 100 µl/ml of RapidSpheres were then added to the cells and incubated for a further 

3 minutes. 1.5 ml of basal media was added to the cell solution and the tube was placed into the 

magnet and incubated for 3 minutes before the supernatant was removed. The remaining cells 

were washed and incubated in the magnet twice before cells were removed and counted. The 

resulting CD14+ cells were plated at a concentration of 1x106 cells per ml in αMEM+1% (v/v) P/S + 

1% (v/v) human ab serum and incubated at 37°C for 2 hours. After 2 hours the wells were washed 

twice in 1x PBS, and incubated in basal media overnight. The following day 100 ng/ml M-CSF were 
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added to the cells, which were incubated for 7 days. Basal media + M-CSF was replaced every two 

to three days. On day 7, the cells were detached by incubation in PBS on ice for 15 minutes and 

stained for flow cytometry (Becton Dickinson, US, FACS Canto II). 

2.2.16 Phagocytosis Assay 

CD14+ cells isolated from PBMCs and human bone marrow were cultured with 100 ng/ml M-CSF 

for 7 days. On day 7 the cells were detached by incubation on ice for 15 minutes, and re-plated on 

a 96 well plate at 2x105 cells/well. The cells were incubated for a further 48 hours with 100 ng/ml 

M-CSF, washed with PBS then incubated with or without 1.2x106 3 µM BSA Beads for 1 hour. The 

cells were washed again with PBS, then placed on ice for 15 minutes to detach the cells, and 

analysed by flow cytometry (Becton Dickinson, US, FACS Canto II). The 3µM beads were labelled 

with AF488 BSA prior to use by incubating at 4°C for 1 hour, then washed with PBS. The final stock 

concentration was 1.65 x1010 beads per ml, the beads were diluted to a ratio of 25 beads per 

macrophage as a working concentration, and this was previously established as the lowest 

saturation value.  

2.2.17 Osteoclast Differentiation 

PBMCs and human bone marrow cells were isolated (2.2.13 and 2.2.2), then either processed 

through magnetic cell sorting for CD14+ cells (2.2.15), or directly seeded in a 24 well plate at a 

range of dilutions. The cells were incubated for 2 hours at 37°C, before being washed twice in PBS 

then incubated in basal media overnight. The following day the media was changed into 

osteoclast differentiation media: basal media+ 50 ng/ml RANKL (R&D Systems, US) + 30 ng/ml M-

CSF. The cells were incubated for a further 14 days, with media changes every 2 to three days. On 

day 14 the cells were fixed in 4% (w/v) PFA for 15 minutes, and stored in 1x PBS for Tartrate-

resistant acid phosphatase (TRAP) staining (2.6.6). 

To quantify the activation of osteoclasts; slices of cortical bone were cut from the femoral neck of 

patient samples using an isomet saw (Buehler, US) at a thickness of between 1-2 mm. The cortical 

slices were placed into a 96 well plate and non-sorted HBMSCs and PBMCs were seeded onto 

them at a concentration of 1x105 cells per well and incubated as above. After 14 days incubation 

the cortical slices were fixed in 4% (w/v) PFA and a TRAP stain (2.6.6) was performed to visualise 

the osteoclasts. Following this staining the cortical slices were placed in a sonicating water bath 

(Ultrawave, UK, 220 V, 50 Hz) for 10 minutes to remove the cells and then stained for toluidine 

blue (2.6.7) to measure pit formation. 
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2.2.18 Effect of Mifamurtide on HBMSC and Osteosarcoma Cell Lines 

Reconstituted Mifamurtide that was surplus to clinical use, was acquired from the Southampton 

General Hospital and stored at 4°C for up to 72 hours. Cells were seeded between 3x104 and 

4x104 cells per well in a 48 well plate and cultured overnight. The following day Mifamurtide was 

added to the wells in a 2-fold dilution starting at 32 µM (0.8 µg/ml), and cultured for a further 7 

days, with media/ Mifamurtide changes every 2-3 days. At day 7 the media was removed, and the 

wells were washed 3x in 1x PBS before being lysed in 100 µl CellLytic M for ALP biochemical 

analysis (2.2.8). 

 Flow Cytometry 

Adherent MDMs and hBMDMs were detached by incubating with ice-cold 1x PBS for 15 minutes, 

centrifuged at 252 g for 5 minutes and then re-suspended in 1x PBS. The cells were stained for 15 

minutes at room temperature in the dark, with a panel of antibodies to cell surface markers 

(Table 2-3). After incubation the cells were either centrifuged and re-suspended in FACS buffer (1x 

PBS+ 5 µg/ml (w/v) BSA+ 0.1% (v/v) Azide) before being analysed by flow cytometry (Becton 

Dickinson, US, FACS CantoII), or fixed in 500 µl fixation medium (00-5523, ThermoFisher, US) for 

30 minutes. The cells were then washed in 10x permeabilisation medium (00-5523, ThermoFisher, 

US) and stained with a CD68 intracellular antibody for 30 minutes at room temperature in the 

dark. After incubation the cells were centrifuged and re-suspended in FACS buffer before being 

analysed on a BD Canto. UltraComp eBeads (ThermoFisher, US) were stained using the membrane 

antibody protocol for compensation controls. Flow cytometry data was analysed using FlowJo 

software (Becton Dickinson, US). 

Table 2-3. Flow Cytometry Antibodies 

Antibody Fluorochrome  Isotype  Company 

HLA-DR PerCpCy5.5 Monoclonal Mouse IgG2a Membrane Biolegend, 307629 

CD271 PE Monoclonal Mouse IgG1 Membrane Biolegend, 345105 

CD34 APC Cy7 Monoclonal Mouse IgG2a Membrane Biolegend, 343613 

CD14 APC Monoclonal Mouse IgG1 Membrane Biolegend, 367117 

 PE Monoclonal Mouse IgG1 Membrane Biolegend, 367103 

CD11b Pacific Blue Monoclonal Rat IgG2b Membrane Biolegend, 101224 
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CD38 APC Cy7 Monoclonal Mouse IgG1 Membrane Biolegend, 356615 

 PE Monoclonal Mouse IgG1 Membrane Biolegend, 356604 

CD40 APC Monoclonal Mouse IgG1 Membrane Biolegend, 334309 

 APC Cy7 Monoclonal Mouse IgG1 Membrane Biolegend, 334324 

Rat 1gG2b Pacific Blue Monoclonal  Isotype control Biolegend, 400627 

Mouse IgG2a PerCPCy5.5 Monoclonal  Isotype control Biolegend, 400257 

 APC Cy7 Monoclonal  Isotype control Biolegend, 400229 

Mouse IgG1 PE Monoclonal  Isotype control Biolegend, 400112 

 APC Monoclonal  Isotype control Biolegend, 400122 

 APC Cy7 Monoclonal  Isotype control Biolegend, 400127 

CD68 FITC Monoclonal Mouse IgG2a Intracellular ThermoFisher,  

11-0689-42 

 

2.3.1 Propidium Iodide Staining 

To assess the viability of cells after spheroid culture, the resulting single cell suspensions were 

analysed by Propidium Iodide (PI). Cells were processed into a single cell suspension via the 

incubation of collagenase or Liberase TL, and re-suspended in media. Then 10 µl of PI solution per 

100 µl of media was added to the cell suspension, and incubated at room temperature in the dark 

for 15 minutes. After 15 minutes the cells were analysed immediately, without washing, on a 

Becton Dickinson (US), FACS Canto II.  

 Bone Core Model 

2.4.1 Femoral Epiphysis Bone Cores 

An OsteoPower2 drill (Osteomed, UK) with a hole saw drill bit was used to create 8 mm sized 

cores in FE samples; a partial defect was then drilled, using twist drill bit, through the centre of 

the cartilage layer (Figure 2-2A). All bone cores were produced under sterile conditions. The cores 

were either rinsed in αMEM media, or made acellular by incubation in hydrogen peroxide (30% 
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w/w, Sigma, UK) for 48 hours before being washed three changes of 1x PBS (minimum 6 hour 

incubations). The bone cores were then cultured in 3 ml of basal media for up to 30 days, or 

inserted onto the CAM (Figure 2-2B). The cores were cultured with a combination of cells seeded 

between 1x105 - 5x105 cells, which were re-suspended in a 11 µg/ml (w/v) Alginate (Sigma, UK) + 

20 µg/ml (w/v) Gelatine (Sigma, UK) solution at 20 µl per core, which was inserted into the defect 

area. After incubation the cores were fixed with 4% (w/v) paraformaldehyde (PFA) for 24-72 

hours, then decalcified. Micro computed tomography (µCT) images were taken of all cores before 

and after incubation. 

 

Figure 2-2. A schematic representation of the bone core isolation and implantation on the CAM. 

(A) A hole saw (i) and twist (ii) drill bit were used to drill 8 mm bone cores from the femoral 

epiphysis. (B) Cell pellets were transferred into the centre defect of the bone core, before being 

implanted onto the CAM surface; the eggs were then incubated for 10 days. Red arrows denote 

areas of vascularisation in the bone cores. 

2.4.2 Femoral Epiphysis Bone Slices 

To generate bone slices, femoral heads were placed in hydrogen peroxide (30% w/w, Sigma, UK) 

for a minimum of 48 hours before being cut into ~5mm slices using an isomet saw with a diamond 

wafering blade (Buehler, US). The sections were placed into 30% hydrogen peroxide until 72 hours 

before use. The bone slices were then washed in 1x PBS for 24 hours, then incubated in 10% (v/v) 
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antibiotic antimycotic solution (stock= 1,000 units penicillin +1 mg streptomycin + 2.5 µg 

amphotericin B per ml) for 1 hour followed by 1% (v/v) antibiotic antimycotic solution overnight. 

The following day the bone slices were washed in 1xPBS before being used in culture. The bone 

slices were seeded with a combination of cells between 1x105 - 5x105 cells, which were re-

suspended in a 11 µg/ml (w/v) Alginate + 20 µg/ml (w/v) Gelatine solution, at 20 µl per slice 

(Figure 2-3). After incubation the bone slices were fixed with 4% (w/v) PFA for 24-72 hours, then 

decalcified. Micro-CT images were taken of all cores before and after incubation, using a Skyscan 

1176 µCT machine (Bruker, Belgium) 

 

Figure 2-3 A schematic representation of bone slice isolation and implantation into the CAM 

assay. Slices of trabecular bone were sectioned from the femoral head using an isomet saw, and 

made acellular with 30% hydrogen peroxide. Cells were seeded directly onto the bone slice before 

being implanted on the CAM surface; the eggs were then incubated for 10 days. 
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2.4.3 Chorioallantoic membrane 

Fertilised wild type chicken eggs were obtained from Henry Stewart & Co, Norfolk, England. The 

eggs were placed in an incubator (Hatchmaster, Brinsea, UK), and incubated for 7-8 days at 37°C 

in a 60% humidified atmosphere, with rotation every hour. At day 7-8 a 1 cm2 window was cut in 

the eggshell using a scalpel, and the implant was placed on the membrane. Parafilm had been 

previously sterilised in 70% (v/v) Ethanol for more than 10 minutes, then washed in 1x PBS for 15 

minutes before being used to seal the window. The parafilm was fixed in place using autoclave 

tape. The eggs were returned to the incubator and incubated for a further 10-11 days without 

rotation. After 10-11 days the chicks were killed humanely using a schedule 1 method according 

to Home Office regulations, and the bone core removed.  

 Molecular Biology 

2.5.1 qPCR 

RNA extraction was performed on pre-lysed samples stored at -80°C, using the ReliaPrep RNA Cell 

Miniprep System (Promega, US). This was carried out according to manufacturer’s protocol. The 

resulting RNA was measured using a spectrophotometer (Nanodrop 100 V3.8.1, ThermoFisher 

Scientific, US), and stored at -80°C.  

The RNA was then reverse transcribed using a TaqMan Kit (Applied Biosystems, US) with either a 

20 µl or 40 µl total reaction volume. The RNA was processed using a Verriti 96-well Thermal Cycler 

(ThermoFisher Scientific, US) using the following protocol: 10 minutes at 25°C, 30 minutes at 48°C 

then 5 minutes at 95°C. The resulting cDNA samples were stored at -20°C.  

Gene expression was then analysed by qPCR (Table 2-4), with a GoTaq qPCR Master Mix 

(Promega, US). This master mix consisted of 10 µl Power Sybr Green MM, 0.75 µl of 5 µM forward 

primer, 0.75 µl of 5 µM reverse Primer (Sigma UK, 100 µM stock), and 7.5 µl nuclease free water 

per well. 18 µl of the master mix was combined with 2 µl of cDNA, and qPCR was performed in a 

7500 Real-Time PCR system (Applied Biosystems, US), then analysed using Applied Biosystems 

7500 System SDS Software v2.0.5. 

All primers were designed and characterised by previous postdoctoral researchers and PhD 

students in the Bone and Joint Laboratory group, supported by published literature. Before use all 

the primers were tested for their efficiency; cDNA concentration was plated in a serial dilution 

then mixed with the GoTaq qPCR master mix, before being analysed. The resulting CT values were 

plotted and a standard curve fitted, which was then used to calculate the resulting efficiency. The 
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efficiency for each primer was used in the analysis of the raw CT values for each qPCR experiment.  

A list of the primer efficiencies can be found in (Appendix 1). 

Table 2-4. Primer Sequences for qPCR Analysis 

 Gene 
Name 

Protein Ref Forward 5’-3’ Reverse 5’3’ 

Housekeeping 
Genes 

ACTB βActin [178] 
GGCATCCTCACCCTGAAGTA  

AGGTGTGGTGCCAGATTTTC 

Adipogenic 
Genes 

PPARγ  [179] 
GGGCGATCTTGACAGGAAAG  GGGGGGTGATGTGTTTGAA

CTTG  

 FABP4  [179] 
TAGATGGGGGTGTCCTGGTA  CGCATTCCACCACCAGTT  

Osteogenic 
Genes 

ALPL ALP [178] 
GGAACTCCTGACCCTTGACC  TCCTGTTCAGCTCGTACTGC  

 COL1A1 Collagen 
type I α1 

[178] GAGTGCTGTCCCGTCTGC TTTCTTGGTCGGTGGGTG 

Chondrogenic 
Genes 

SOX9  [180] 
CCCTTCAACCTCCCACACTA  TGGTGGTCGGTGTAGTCGTA  

 COL2A1 Collagen, 
type II α1 

[180] 
CCTGGTCCCCCTGGTCTTGG  CATCAAATCCTCCAGCCATC  

 ACAN Aggrecan [179] GACGGCTTCCACCAGTGT  GTCTCCATAGCAGCCTTCC  

Other Genes HIF1A HIF 1α [181] 
GTTTACTAAAGGACAAGTCACC TTCTGTTTGTTGAAGGGAG 

 MKI67 Ki67 [182] 
GGTCTGTTATTGATGAGCCTGTA CAGTTGACTTCCTTCCATTCT

G 

 SP7 Osterix [180] 
ATGGGCTCCTTTCACCTG GGGAAAAGGGAGGGTAATC 

 

2.5.2 ELISA 

An IL-6 ELISA assay was carried out on supernatant samples stored at -80°C. The assay was carried 

out following manufacturers protocol (ThermoFisher US, 88-7066-86); briefly, 96 well flat bottom 

plates were incubated overnight at 4°C with the capture antibody (diluted 250x in 1x PBS). All 

following steps were carried out at room temperature. The following day the plates were washed 

and incubated for 1 hour in the blocking reagent (ELISA Diluent, ThermoFisher US). 100 µl of 
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samples were added to the appropriate wells in a serial dilution (up to 1:50) and incubated for a 

further 2 hours followed by a 1 hour incubation in the detection antibody (diluted 250x in ELISA 

Diluent), a 30 minute incubation in Streptavidin HRP and a final 5 minute incubation in 

tetramethylbenzidine (TMB) substrate solution. The reaction was stopped by adding 2N H2SO4 

directly to the TMB solution. The plate was then analysed immediately on a microplate reader 

(Promega US, Glomax), absorbance 450 nm. Washing occurred between all steps using an ELISA 

Washer. 

 Histology 

2.6.1 Decalcification 

Four different decalcification methods were compared for preservation of structural integrity of 

bone cores and slices (Table 2-5). All solutions were replaced every 5 days if needed, with a 

minimum of 5 ml per bone core/slice. After decalcification all cores/slices were rinsed in 1x PBS 

before embedding. Prior to the EDTA-glycerol solution was added to the cores they were 

incubated for 24 hours in 5% (v/v) glycerol, 10% (v/v) glycerol then 15% (v/v) glycerol, all in 1x 

PBS. After decalcification, the EDTA-glycerol cores were then incubated for 24 hours in the 

following solutions, all in 1x PBS: 150 µg/ml (w/v) sucrose+ 15% (v/v) glycerol, 200 µg/ml (w/v) 

sucrose +10% (v/v) glycerol, 200 µg/ml (w/v) sucrose + 5% (v/v) glycerol, 200 µg/ml (w/v) sucrose, 

100 µg/ml (w/v) sucrose, 50 µg/ml (w/v) sucrose then 1x (v/v) PBS alone. 

Table 2-5. Decalcification Solutions 

Name Solution Decalcification 
Time 

Formic Acid 10% (v/v) formic acid (Sigma) in deionised H2O ~72 to 168 hours 

Krajian 100 g/L sodium citrate dehydrate (Sigma) + 250 ml/L 
formic acid in deionised H2O 

~72 to 168 hours 

TCA 6% (v/v) trichloroacetic acid (Sigma) in deionised 
H2O 

~72 to 168 hours 

EDTA-glycerol 145 g/L EDTA + 12.5 g/L sodium hydroxide 
(ThermoFisher) +15% (v/v) Glycerol (Sigma) in 
deionised H2O, pH 7.3 

~14 days 
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2.6.2 Paraffin Embedding 

Cell pellets and bone core samples were embedded in paraffin following one-hour incubations in 

increasing percentages of ethanol, starting at 50% (v/v), 90% (v/v) then 2x 100% (v/v) followed by 

2x histoclear (SLS, UK). The samples were then placed in molten paraffin in a vacuum oven 

(Heraeus, Germany, Vacutherm) for 2x 1-hour incubations, before being embedded in paraffin. 5-

10 µm sections were cut using a microtome and transferred onto Super-Frost Plus microscope 

slides (MENZEL-GLÄSER, Germany). 

2.6.3 OCT Embedding 

After decalcification bone cores were covered in optimal cutting temperature (OCT) embedding 

medium (Cellpath, UK) and placed in a vacuum for 15 to 20 minutes. The cores were then 

removed from vacuum, topped up with OCT and placed in isopentane (Sigma, UK) on dry ice. 

Once frozen samples were stored at -20 °C short term and -80 °C long term. 10 µm sections were 

cut using a cryostat (Leica CM1850) and transferred onto TOMO® adhesive microscope slides 

(CellPath, UK). 

2.6.4 Haematoxylin and Eosin (H+E) Staining 

Paraffin slides were warmed to room temperature before being hydrated through a series of 

histoclear (2x 7 minutes) and Ethanol (2 minutes at 100% (v/v) x2, 90% (v/v) and 50% (v/v)) before 

being washed in a running water bath. OCT slides were warmed to room temperature, then 

rehydrated in a running water bath prior to staining. Haematoxylin (Weigert’s, solution A and B in 

equal measures) was added to each slide and incubated in the dark for 10 minutes, before being 

washed in a running water bath for 5 minutes. The slides were dipped in 1% (v/v) HCL in 70% (v/v) 

Ethanol five times, to remove excess haematoxylin from the cytoplasm, and then rinsed in a 

running water bath for a further 5 minutes. 1% (w/v) Eosin Y (Sigma, UK) was added to each 

section and left to stain for 10 minutes. The slides were washed for 2 minutes then dehydrated 

for 30 seconds in 90% (v/v) Ethanol, 100% (v/v) x2 and histoclear x2, before being mounted in DPX 

(Fisher Scientific, US). 

2.6.5 Immunohistochemistry 

Paraffin slides were warmed to room temperature before being hydrated through a series of 

histoclear (2x 7 minutes) and Ethanol (2 minutes at 100% (v/v) x2, 90% (v/v) and 50% (v/v)) before 

being washed in a running water bath. OCT slides incubated in acetone for 10 minutes, at 4°C, 

allowed to air dry and rehydrated in 1x PBS for 10 minutes. The slides were either immersed in 

EDTA or Citrate antigen retrieval buffer pre-warmed to 90°C (Table 2-6), and incubated at 90°C for 

20 minutes, before cold water was run over the slides until cool. EDTA: 0.37 g EDTA in 1 L H2O + 
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0.5 ml Tween-20, pH8. Citrate: 3g Sodium Citrate in 1L H2O, adjust pH6 with acetic acid. 

ImmPRESS Horse anti-Rabbit and ImmPRESS Horse anti-mouse polymer staining kits (Vector 

Laboratories, US) were used for staining following the manufacturers protocol; all wash steps 

used 1x PBS unless otherwise specified. Briefly, after antigen retrieval endogenous peroxidase 

activity was blocked using BLOXALL blocking solution (Vector Laboratories, US) for 10 minutes, 

washed and slides were incubated in 2.5% (v/v) normal horse serum for 20 minutes. Primary 

antibodies were diluted to appropriate concentrations (Table 2-6) and incubated for 2 hours at 

room temperature. After washing the sections were incubated with the appropriate ImmPRESS 

reagent for 30 minutes, and washed again. For anti-rabbit antibodies the slides were then 

incubated in ImmPACT DAB EqV working solution for 2-10 minutes, while anti-mouse antibodies 

were incubated in ImmPACT Vector Red Diluent for 20-30 minutes until desired stain develops. 

The slides were then washed in a running water bath and counterstained with Light Green before 

being dehydrated through increasing concentrations of ethanol (30 seconds at 50% (v/v), 90% 

(v/v) 100% (v/v) x2) and histoclear (30 seconds x2) before being mounted in DPX.  

Table 2-6. Antibodies for immunohistochemistry 

Antibody Species Antigen Retrieval Dilution Company 

CD68 Mouse EDTA 1:200 Agilent, US, M087601-2  

RANK Mouse EDTA 1:500 Novus Biologicals, US, NBP2-
24702 

CD105 Rabbit Citrate 1:100 Abcam, UK, ab231774 

SOX9 Rabbit Citrate 1:200 Merck, Germany, AB5535 

 

2.6.6 Tartrate-Resistant Acid Phosphatase Staining 

To stain osteoclasts, previously fixed wells were rinsed in 1x PBS. 1 ml of pre-warmed TRAP 

staining solution was added to each well and incubated at 37°C for 30 minutes (or until control 

developed). The solution was removed and the wells rinsed in deionised H2O. The wells were 

counterstained in light green (1 minute) then washed in H2O, and imaged immediately on an 

inverted microscope (Zeiss, Germany, Axiovert 200). TRAP staining solution: 200 ml basic 

incubation medium +1 ml napthol AS-MX solution + 120 mg FAST red violet LB salt (Sigma, UK). 

Basic incubation medium: 9.2 g sodium acetate, anhydrous (Sigma, UK) + 11.4g L-(+) Tartaric Acid 

(Sigma, UK) + 2.8 ml Glacial Acetic Acid (Sigma, UK) + 1 L deionised H2O, pH 4.7-5. Napthol AS-MX 
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solution: 20 mg Napthol AS-MX phosphate (Sigma, UK) + 1 ml Ethylene Glycol Monoethyl Ether 

(Sigma, UK). 

2.6.7 Toluidine Blue 

Toluidine blue was used to analyse the cortical bone slices for pit resorption by osteoclasts. A 

droplet (~20 µl) of toluidine was placed onto a petri dish. The bone slice was carefully placed onto 

the droplet, without being submerged, and incubated for 4 minutes before being rinsed in dH2O. 

After air drying the bone slices were imaged on an inverted microscope (Axiovert 200, Zeiss, 

Germany). Toluidine Blue = 1 g sodium borate (Sigma, UK) in 100 ml dH2O + 1 g toluidine blue 

(Sigma, UK). Solution was left to stand overnight before being filtered and stored at room 

temperature. 

2.6.8 Alkaline Phosphatase Staining 

Paraffin slides were warmed to room temperature before being hydrated through a series of 

histoclear (2x 7 minutes) and Ethanol (2 minutes at 100% (v/v) x2, 90% (v/v) and 50% (v/v)) and 

washed in a running water bath. Slides were then submerged in Activating buffer and incubated 

at room temperature overnight. The following day the slides were removed from the activating 

buffer then submerged in AS-B1/fast red solution and incubated at 37°C for 1 hour. The slides 

were then washed in a running water bath before being stained with Light Green (1 minute) and 

Alcian blue (2 minutes). The slides were then mounted in hydromount (National Diagnostics, US). 

Activating buffer: 75 ml of 1.8g Tris + 1.74g maleic acid (Sigma, UK) in H2O combined with 81 ml of 

0.65g Sodium hydroxide in H2O, plus 144 ml H20 and 0.6g Magnesium chloride (Sigma, UK). AS-B1/ 

fast red solution: 25 mg Napthol AS-B1 Phosphate (Sigma, UK) + 10 ml Dimethyl Formide + 10 ml 

H2O (pH 8), was combined with 180 ml of 4.36 g Tris in H2O (pH 8.3) then diluted with 300 ml H2O. 

Immediately prior to staining 1 mg/ml of Fast red TR salt (Sigma) was added to AS-B1 solution and 

filtered. 

2.6.9 Multiplex Immunohistochemistry Staining 

Multiplex analysis is the staining of multiple antibodies on the same tissue section, allowing for 

the ability to analyse overlapping markers of interest. Multiplex staining of 10 osteosarcoma 

patients (Table 2-7) was carried out using a Dako (AS4) staining machine, all optimisation and 

multiplex staining steps were carried out by the Research Histology department, University 

Southampton Hospital.  The antibodies were first optimised for concentration and antigen 

retrieval. An osteosarcoma tissue section was then stained and de-stained with the same primary 

antibody (Table 2-8) up to 8 times to determine the order of antibodies for the final multiplex 

staining. 
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Table 2-7. Gender and Age of Osteosarcoma Samples 

Gender Age 

Male 9 months 

Male 5 years 

Female 6 years 

Male 11 years 

Female 12 years 

Female 13 years 

Female 13 years 

Male  14 years 

Male 16 years 

Female 17 years 

 

In the multiplex staining the osteosarcoma sample were first stained with CD31-DAB, which was 

not de-stained for alignment purposes. Antigen retrieval was performed, then the section was 

stained for a primary antibody of interest with an AEC red aqueous substrate. The section was 

then mounted using Glycergel mounting medium (Dako, UK) before being scanned at high 

resolution using an Axioscan (Zeiss, Germany). The coverslips were removed by soaking in hot 

water before the section was de-stained (50% (v/v) alcohol, 2 min; 100% (v/v) alcohol, 2 min; 

100% (v/v) xylene, 2 min; 100% (v/v) alcohol, 2 min; and 50% (v/v) alcohol, 2 min) and antigen 

retrieval was performed for the next primary antibody. Antigen retrieval was performed with 

either a target retrieval solution at pH 9 or pH 6.2 (Dako, UK), washing steps were performed 

using the Wash Buffer reagent (Dako, UK). 
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Table 2-8. Antibodies for Multiplex Immunohistochemistry Staining 

Antibody Species Company Antigen Retrieval Dilution 

RANK Mouse Novus Biologicals, US, NBP2-
24702 

pH 9 1:200 

CD105 Rabbit Abcam, UK, ab231774 pH 9 1:100 

Osteocalcin/ 
BGLAP 

Rabbit Booster Biological Technology, 
US, PB9088 

pH 6.1 1:500 

HIF1α Rabbit Abcam, UK, ab51608 pH 6.1 1:100 

Phospho-STAT3 Rabbit Cell Signalling Technology, US, 
9145S 

pH 6.1 1:100 

STAT3 Mouse Cell Signalling Technology, US, 
9139S 

pH 9 1:300 

VEGF Mouse Agilent, US, M727329-8 pH 9 1:50 

CD68 Mouse Dako, UK, IR613 pH 9 Ready-To-Use 

CD163 Mouse Leica, Germany, NCL-L-CD163 pH 6.1 1:250 

CD32B Rabbit Abcam, UK, ab45143 pH 9 1:3000 

 

 Imaging 

2.7.1 Microscopy 

Brightfield and fluorescent imaging was obtained using a Zeiss axiovert 200 microscope with 

Axiovision Software (Carl Zeiss Ltd, Germany). Images were taken using either the axioCam MR 

(monochrome) or the AxioCam HR (colour) cameras. Multiplex staining was imaged using a Zeiss 

AxioScan (Carl Zeiss Ltd, Germany). 

2.7.2 Micro-CT Scanning 

Bone core and bone slices were imaged using Bruker micro CT (Skyscan 1176) scanner at day 0, 

before cells were added, and at the end of culture (up to day 30). Cores were scanned in low 

density 1.5 ml Eppendorf tubes using the following settings: average voxel size 18 µm, X-ray 
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source 45 kV, 556 µA, Al 0.2mm filter, rotation step 0.70° and exposure time 496 ms. The results 

were analysed using NRecon, DataViewer and CTAn (all Bruker, Belgium). 

2.7.3 NRecon 

The raw µCT data files were reconstructed using the NRecon software. Settings included: 

misalignment compensation (-2), ring artefact reduction (9) and beam-hardening correction 

(40%). The reconstructed files were then further analysed in DataViewer. 

2.7.4 DataViewer 

Using DataViewer the pre and post scans for each bone core were aligned under 3D registration. 

By overlapping the two images, areas of non-registered bone are shown black if present in the 

pre-image but not the post, and white when present in the post image but not the pre; aligned 

bone is represented in grey. Both the pre and post cores in their aligned forms were saved and 

imported into CTAn for further analysis. 

2.7.5 CTAn 

The pre and post data sets were then loaded individually into CTAn software, where data was 

produced based on the pixel of grayscale value between 70 to 255. A region of interest was 

centred over the defect area with approximately 1 mm of edging into the core and analysed for 

both pre and post images. 

 Statistics 

All experimental data was analysed using GraphPad Prism version 9.2 software. Results were 

expressed as mean +/- SD. Significance was assessed using either the one-way ANOVA (>2 groups) 

with Tukey’s post hoc test, or an unpaired T Test statistical analysis, depending on the number of 

groups. The statistical test used is stated on each figure. Values of p≤0.05 were considered 

significant. Significance presented as *<0.05, ** <0.01, ***<0.001, ****<0.0001. 
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Chapter 3 Functional Characterisation of HBMSCs from 

Differing Locations of the Femur in Comparison to 

Osteosarcoma Cell Lines 

 Introduction 

The tumour microenvironment of most cancers, including osteosarcoma, involves complicated 

interactions and signalling of many different cell types. The limited understanding of these 

interactions presents a challenge for the development of new and effective treatments, with very 

few novel therapies in clinical trials showing efficacy [46, 50]. The overall aim of this thesis was to 

develop a novel 3D multicellular model of osteosarcoma, enabling the study of these interactions 

in a human bone environment. Initially, it was important to assess cellular characterisation and 

interactions in 2D assays. This allowed for the determination of the most appropriate cell types 

that accurately represented the tumour microenvironment. 

The skeletal location of HBMSCs, assessed by various imaging techniques, has shown there are 

variations in cellular phenotype, where different locations indicated differing levels of 

haematopoietic and adipogenic cells [183]. While the role of ‘red’ and ‘yellow’ bone marrow has 

been explored with regards to haematopoiesis, there are limited reports exploring their cellular 

characteristics, particularly in the ability to differentiate down the tri-lineage pathway, into 

osteoblasts, adipocytes and chondrocytes. The osteosarcoma tumour is known to produce 

osteoid in the microenvironment, and this production can be used to differentiate osteosarcoma 

from other bone tumours [184]. This suggests that the HBMSCs in the tumour microenvironment 

have a high osteogenic differentiation ability, resulting in an increased number of osteoblasts. 

Variations found in the differentiation ability of HBMSCs from differing skeletal locations could 

have an impact on the development of a 3D bone model. To quantify these differences in vitro, 

HBMSCs isolated from the FE and FD of donors who underwent elective hip replacement surgery, 

were assessed for osteogenic, adipogenic and chondrogenic potential, and compared with two 

osteosarcoma cell lines Saos-2 and MG63. Saos-2 and MG63 are both immortalised cell lines from 

osteosarcoma patients, but studies have shown they have different characteristics [185]. 

The microenvironment has been shown in many cancers to be manipulated by the tumour, which 

may release various signals to inhibit a productive immune response, as well as to manipulate the 

stromal architecture for its continued growth and development [106, 109]. To test this theory the 

level of osteogenic potential was analysed from HBMSCs and osteoblasts co-cultured with the 
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Saos-2 osteosarcoma cell line. Following this, human fetal bone marrow assays were also 

assessed, as these cells have been shown to have a high proportion of progenitor cells [186] akin 

to adolescent bone marrow. This potentially made this source more relevant than HBMSCs 

obtained from older patients undergoing hip replacement surgery. By co-culturing human fetal 

bone marrow with Saos-2 osteosarcoma cells, their response in releasing signals for bone 

formation or resorption was investigated. 

Although cellular composition is an important factor when developing a 3D model, the structure 

and architecture of the tumour microenvironment also plays a large role. Many studies have 

shown differences between cells grown in a 2D and 3D environment [152]. One method of 

comparing 2D and 3D assays is through the generation of spheroids, which are 3D cell pellets. By 

inserting multi-cellular spheroids into the 3D bone model cellular interactions could be primed, 

while also limiting cell loss from the porous bone structure during insertion. Cells in the bone core 

model were initially inserted as spheroids to ensure the majority of cells remained within the 

bone during implantation, as such the spheroids were first characterised to optimise the level of 

proliferation and differentiation that occurred within the model. 

 Results 

3.2.1 Examining the Proliferation of HBMSC and Osteosarcoma Cell Lines 

A selection of cells were initially quantified for their potential use in developing the 3D bone 

model of osteosarcoma. These cells included HBMSCs from both the FD and FE regions; one of the 

main components of the bone microenvironment, two osteosarcoma cell lines Saos-2 and MG63; 

which were initially immortalised from osteosarcoma patients but have unique characteristics 

from each other, osteoblasts; the main cells involved in bone development, and fetal bone 

marrow; which have been previously classified as having high levels of progenitor cells. All these 

cell types have varying functionality and growth rates, so for direct comparison in 2D 

experiments, differences in cell proliferation were determined. The cells were cultured at various 

concentrations in basal media for 24 hours before being assessed using alamar blue (2.2.7). The 

alamar blue reagent is reduced to resorufin upon being taken up by living cells, a red compound 

fluorescent at 560nm, thus the number of viable cells was quantified by the level of fluorescence 

emitted. Figure 3-1 shows the proliferation of (A) FD and FE HBMSCs from donors F66 and F13, (B) 

two osteosarcoma cell lines Saos-2 and MG63, (C) fetal bone marrow from a 12PCW sample, and 

(D) osteoblasts from donor F66 (2.2.4) alongside fetal osteoblasts from a 9PCW sample. Figure 

3-1A demonstrates the variability of donor samples, where both FD and FE cells from donor F13 

showed a higher level of cell viability after 24 hours compared with donor F66. Figure 3-1B shows 
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MG63 cells had a higher number of viable cells than Saos-2 cells, and consequently increased level 

of proliferation. In contrast to cells in A and B, the alamar blue of fetal bone marrow cells in Figure 

3-1C were still increasing exponentially until the highest cell concentration, without reaching a 

plateau. This was also seen in the fetal osteoblast cells in Figure 3-1D, which also did not reach 

plateau by the top cell concentration. In contrast osteoblasts from donor F66 had a similar curve 

to the HBMSCs, starting to plateau by 2.5x105 cells. Using this data, in later assays the different 

cell types were seeded at varying concentrations in order for them to reach confluency at similar 

time points. 

 

Figure 3-1. Proliferation of cells after a 24 hour incubation in basal media. HBMSCs from two 

donors F66 and F13, (B) Osteosarcoma cell lines Saos-2 and MG63, (C) fetal bone marrow from a 

12PCW sample, and (D) osteoblasts from donor F66 alongside fetal osteoblasts from a 9PCW 

sample, were seeded in decreasing concentrations and cultured for 24 hours before a 2 hour 

incubation with alamar blue. Fluorescence was read at 560 nm. Results presented as mean +/- SD. 

3.2.2 Early Osteogenic Potential of HBMSCs and Osteosarcoma Cell Lines 

To assess the ability of osteosarcoma cell lines and HBMSCs to differentiate down the osteogenic 

pathway, they were cultured in Osteogenic I media (Table 2-1) for 7 days before the level of ALP, 

an early marker for osteogenic differentiation, was analysed (2.2.8). Figure 3-2A are 

representative images depicting ALP staining of the osteosarcoma cell lines Saos-2 and MG63. The 

Saos-2 cell line showed high levels of ALP staining in both basal and osteogenic I media, indicating 



Chapter 3 

46 

early osteogenic differentiation, while in contrast the MG63 cells had no ALP staining in either 

condition. ALP specific activity was calculated by dividing the level of ALP by the DNA 

concentration, to determine whether an increase of ALP was due to an increased cell number or 

to an increased level of differentiation (Figure 3-2B). There was a high level of ALP and specific 

activity in both types of media for the Saos-2 cells, although it tended to be higher in the 

osteogenic I media. This could be a result of the increased DNA concentration, which was 

statistically significant between the basal and osteogenic I cultured Saos-2 cells, suggesting the 

rise in ALP was due to an increase in cell number. As was observed with the imaging, the MG63 

cells showed very low levels of ALP and specific activity, and consequently no osteogenic 

differentiation. 

 

Figure 3-2. Early osteogenic differentiation of osteosarcoma cell lines. (A) ALP staining (pink/red) 

of two osteosarcoma cell lines, Saos-2 and MG63, after culture in basal or osteogenic media for 7 

days, demonstrating osteogenic differentiation. Scale Bar= 100 µm. (B) ALP analysis, DNA 

concentration and ALP specific activity of Saos-2 and MG63 cells. N=3 each with three technical 

replicates. Results presented as mean +/- SD, statistics analysed using a one-way ANOVA, 

significance presented as ** <0.01, ****<0.0001. 
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HBMSCs were also analysed for ALP expression (2.2.8). Figure 3-3A showed representative images 

of ALP staining of FD and FE cells from donor F90. The images demonstrated an increased amount 

of ALP staining in the FD cells compared with FE, with comparable results across multiple donor 

samples (n=5, age range 13-90). Subsequently, HBMSCs were also analysed for ALP signalling, 

DNA concentration and specific activity (Figure 3-3B to D). The data showed 3 out of 5 donors 

have a significant increase in the level of ALP, for both FE and FD cells, when cultured in 

osteogenic I media compared with basal media. This increase was also seen in the DNA 

concentration between basal and osteogenic cultured HBMSCs. The basal vs osteogenic specific 

activity of the FD and FE cells (Figure 3-3D) demonstrated that the majority of samples have a 

lower or similar signal when cultured in osteogenic media than basal, with one donor showing a 

significant decrease in ALP specific activity for both FD and FE. When comparing FD and FE 

expression in osteogenic I media, both ALP and specific activity showed a decreasing trend in the 

FE cells compared with FD, which was statistically significant in two of the donor samples. Overall, 

these results show that osteogenic differentiation could be induced in three of the cell cultures, 

Saos-2, FD and FE, but the level of ALP was variable. 
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Figure 3-3. Early osteogenic differentiation of HBMSCs. (A) ALP staining (pink/red) of FD and FE 

HBMSC, cultured for 7 days in basal or osteogenic media, demonstrating early osteogenic 

differentiation. Scale Bar= 100 µm. (B) ALP analysis, (C) DNA concentration and (D) ALP specific 

activity of FD and FE HBMSCs. N=5 each with three technical replicates. Results presented as mean 
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+/- SD, statistics analysed using a one-way ANOVA, significance presented as *<0.05, ** <0.01, 

***<0.001, ****<0.0001. 

 

3.2.3 Osteogenic Differentiation and Mineralisation 

The ability of HBMSCs and osteosarcoma cell lines to undergo mature osteogenic differentiation 

and mineralisation were investigated. Cells were cultured in osteogenic II media (Table 2-1) for 14 

days, and then for a further 14 days in mineralisation media. At day 28, the cells were stained 

with ARS, which stains areas of calcium deposits red (2.2.9). Figure 3-4A illustrated differences in 

the level of osteogenic differentiation of the FD and FE cells, where the FD cells had a higher 

concentration of ARS stain, suggesting more mature osteogenic differentiation compared with the 

FE cells. The ARS staining of the osteosarcoma cell lines also presented distinct differences, where 

the MG63 cells were negative for ARS, while the Saos-2 cells showed a high level of staining. The 

level of ARS was then quantified (2.2.9), demonstrating a higher concentration in Saos-2 cells than 

MG63 over three independent experiments (Figure 3-4B). While the basal HBMSCs both 

demonstrated no ARS staining, the osteogenic FD cells showed a significantly higher 

concentration of ARS than the corresponding osteogenic FE cells in three donor samples (Figure 

3-4D), indicating an increase in osteogenic differentiation.  

To further confirm osteogenic differentiation, gene expression for two osteogenic markers, ALPL 

and COL1A1, were determined by qPCR (2.5.1). ALPL is the gene for ALP, an early marker of 

osteogenic differentiation, while Collagen I (COL1A1) is an extracellular protein expressed during 

all stages of osteoblast differentiation [187]. In Figure 3-4C, the Saos-2 samples expressed 

significantly higher levels of ALPL in osteogenic media compared with basal, where MG63 cells 

showed little to no ALPL expression. Saos-2 cells also showed a significant increase in the 

expression of COL1A1 in osteogenic media compared with basal, while MG63 cells demonstrated 

a higher level of COL1A1 when cultured in basal media compared with osteogenic. Figure 3-4E 

shows the level of ALPL and COL1A1 expression from five different HBMSC donors. While there 

was a high level of variability between the different donor samples, there was a significant 

increase in the level of ALPL in the FE cells cultured in osteogenic media compared with basal. This 

trend was also seen in the FD cells, although it was not significant. The expression of COL1A1 in 

the HBMSCs were similar between basal and osteogenic conditions, although there was a slight 

increase in the osteogenic conditions for both FD and FE cells compared with the basal. When 

comparing the osteogenic cultured FD and FE cells, there was an increased trend of ALPL 

expression in the FE compared with the FD, this was reversed in the COL1A1 data, suggesting the 

FD cells reached a more mature osteogenic differentiation than the FE cells. 
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Figure 3-4. Osteogenic differentiation and mineralisation of HBMSCs and osteosarcoma cell 

lines. FD and FE HBMSCs as well as Saos-2 and MG63 osteosarcoma cell lines, were cultured in 

basal or Osteogenic II and Mineralisation media for 28 days. (A) Alizarin red stains areas of 

mineralisation red, demonstrating osteogenic differentiation. Scale bar= 100 µm. Alizarin Red 

quantification was performed of (B) osteosarcoma cell lines and (D) HBMSCs, absorbance analysed 

at 405nm. Gene expression analysis of ALPL and COL1A1 as a relative expression to β-Actin for (C) 

osteosarcoma cell lines and (E) HBMSCs was performed by qPCR. N=3-5 each with three technical 

replicates. Results presented as mean +/- SD. Significance determined using a one-way ANOVA, 

significance presented as *<0.05, ** <0.01, ***<0.001, ****<0.0001. 
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3.2.4 Adipogenic Differentiation 

Alongside osteogenic differentiation, the production of adipocytes is another tri-lineage 

differentiation pathway. To analyse the HBMSC and osteosarcoma cell lines for adipogenic 

potential the cells were cultured in adipogenic media (Table 2-1) for 14 days. The cells were then 

subsequently stained with Oil Red O, which stains lipid droplets red, demonstrating adipogenic 

differentiation (2.2.10). The resulting Oil Red O lipid stain and qPCR data showed distinctive 

differences between both the cell lines and the HMBSCs. As shown in Figure 3-5A, both FD and FE 

cells differentiated into adipogenic cells with comparable morphology and similar levels of 

staining. In contrast, the majority of Saos-2 cells had low Oil Red O staining, while the MG63 cells 

had a strong Oil Red O staining, which was equally distributed across the well.  

Further experiments using q-PCR (2.5.1) to analyse the HBMSCs and osteosarcoma cell lines for 

two markers of adipocyte differentiation, peroxisome proliferator-activated receptor γ (PPARγ) 

and fatty acid binding protein 4 (FABP4), supported the Oil Red O staining. The gene PPARγ is the 

main regulator of adipogenic differentiation, while FABP4 is expressed in mature adipocytes 

[188]. The PPARγ and FABP4 gene expression of the basal cultured cells were too low to be 

analysed, for both osteosarcoma cell lines and HBMSCs, but the expression of the adipogenic 

cultured cells was compared. Figure 3-5B demonstrated higher expression of both FABP4 and 

PPARγ in the MG63 cells compared with the Saos-2, although the expression for both genes was 

lower than for the HBMSCs. Five HBMSC donors were analysed for the gene expression of FABP4 

and PPARγ. For three out of five donors there was a higher level of PPARγ expression in the FE 

cells compared with the FD, where two of these donors showed a significantly higher expression. 

The remaining two donors demonstrated very similar low levels of PPARγ in both FD and FE cells. 

In contrast the FE cells showed a lower level of FABP4 expression compared with FD, although this 

was only significant in one of the donor samples (F52). In all cell types qPCR expression does not 

necessarily correlate directly to the levels of Oil Red O staining. 
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Figure 3-5. Adipogenic differentiation of HBMSCs and osteosarcoma cell lines. FD and FE 

HBMSCs as well as Saos-2 and MG63 osteosarcoma cell lines, were cultured in basal or Adipogenic 

media for 14 days. (A) Adipogenic cells release lipid droplets which are stained by the Oil Red O 

(red). Scale bar = 100 µm. (B) Gene expression analysis of FABP4 and PPARγ as a relative 

expression to β-Actin for osteosarcoma cell lines was performed by qPCR, N=3 each with three 

technical replicates. Results presented as mean +/- SD, significance determined using a student’s T 

test. (C) Gene expression analysis of FABP4 and PPARγ in HBMSCs was performed by qPCR, N=5 

each with three technical replicates. Results presented as mean +/- SD, significance determined 

using a one-way ANOVA. For both statistical analysis significance presented as ** <0.01, 

****<0.0001. 

 

3.2.5 Chondrogenic Differentiation 

The final tri-lineage differentiation pathway is the ability to produce chondrocytes. To determine 

this, HBMSCs and osteosarcoma cell lines were formed into pellets and cultured in chondrogenic 

media (Table 2-1) for 28 days. Chondrocytes are routinely generated in spheroid culture as 

monolayer culture has been shown to decrease chondrogenic potential [189]. The pellets were 

then either fixed, embedded in paraffin, sectioned and stained for SOX9 (2.2.11), or lysed for 
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qPCR analysis (2.5.1). SOX9 is a transcription factor that is expressed in chondrocytes and is 

involved in early cartilage development [190]. Figure 3-6A are representative images of SOX9 

staining, the Saos-2 osteosarcoma cell line showed no SOX9 staining, while the MG63 cells and 

the HBMSCs showed an increased level of SOX9 staining in the chondrogenic cultured pellets 

compared with the basal. Gene expression of three markers of chondrogenic differentiation, 

COL2A1, SOX9, and ACAN was determined by qPCR. Collagen II (COL2A1) is one of the major 

components of the cartilage matrix and has been found to regulate chondrocyte metabolism, 

differentiation and proliferation [191]. Aggrecan (ACAN) is present in articular cartilage, and is 

import in the structure and function of the cartilage [192]. Figure 3-6B showed the MG63 

chondrogenic pellets had a significant increase in SOX9 expression compared with the MG63 basal 

control and also to the Saos-2 chondrogenic pellets. Similar to the images in Figure 3-6A the level 

of SOX9 in the Saos-2 cells was very low. In contrast to the SOX9 expression, COL2A1 was 

significantly increased in the Saos-2 chondrogenic pellets compared with both the Saos-2 basal 

control and the MG63 chondrogenic pellets. ACAN expression was similar in both Saos-2 and 

MG63 chondrogenic pellets, and for both cell lines there was an increase in the chondrogenic 

pellet compared with the basal control. Figure 3-6C showed the gene expression in the HBMSCs, 

where there was an increase in all three genes in the FD chondrogenic pellets compared with the 

FE chondrogenic pellets, although this was only significant for ACAN. While a clear increase could 

be seen in all genes for FD chondrogenic pellets compared with the FD basal control, there was no 

difference in the FE chondrogenic pellets compared to the FE basal control. This suggested that 

the FD chondrogenic pellet culture had resulted in a more mature chondrogenic phenotype than 

the FE chondrogenic pellet cultures. 
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Figure 3-6. Chondrogenic differentiation of HBMSCs and osteosarcoma cell lines. A pellet culture 

of FD and FE HBMSCs as well as Saos-2 and MG63 osteosarcoma cell lines, were cultured in basal 

or chondrogenic media for 28 days. (A) SOX9 staining of basal and chondrogenic cultured cell 

pellets. SOX9 stained brown, proteoglycans stained blue with alcian blue, Scale bar = 100 µm. 

Gene expression analysis of SOX9, Aggrecan (ACAN) and Collagen II (COL2A1) as a relative 

expression to β-Actin were performed by qPCR for (B) osteosarcoma cell lines Saos-2 and MG63 

(N=3), and (C) FD and FE HBMSCs (N=4). Results presented as relative expression to β-actin +/- SD, 

significance determined using a one-way ANOVA, significance presented as *<0.05 and ** <0.01. 
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3.2.6 Examining HBMSC differentiation when co-cultured with Saos-2 Osteosarcoma cells 

Ectopic bone formation is common in osteosarcoma patients, which could be a result of an 

increase in osteoblasts present in the tumour microenvironment regulated by the cancer cells. To 

quantify whether osteosarcoma cells have an effect on the osteogenic potential of stromal cells, 

HBMSCs and the Saos-2 osteosarcoma cell line were co-cultured using transwells in basal and 

osteogenic I media for 7 and 14 days (2.2.12). The supernatant was analysed for IL-6 expression 

(2.5.2), as it is a regulator of the osteoblast/ osteoclast activation pathway, as well as being 

secreted by stromal cells to enhance migration and metastasis of tumours [79]. The cells were 

then lysed for either ALP analysis (2.2.8) or qPCR analysis (2.5.1). Figure 3-7 shows the level of 

ALP, DNA concentration and specific activity of the FD and FE cells cultured in basal media after 7 

(B) and 14 (C) days. Transwells with the same HBMSC on both the bottom and in the insert were 

used as a control to determine whether any differences seen were a result of the Saos-2 cells, or 

an increase in cell number. Although there was a high level of donor variability, with donor F79 

having a high level of DNA concentration at both 7 and 14 days suggesting an increased cell 

number, there was no difference in either ALP expression or specific activity between both FD and 

FE cells cultured with and without Saos-2 cells. There was also no difference in ALP expression and 

specific activity when HBMSCs were cultured in osteogenic media with and without Saos-2 cells in 

Figure 3-8, after 7 (B) and 14 (C) days.  
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Figure 3-7. Early osteogenic differentiation of HBMSCs co-cultured with Saos-2 cells in basal 

media. (A) A schematic of the transwell assay.  ALP analysis, DNA concentration and ALP specific 

activity after (B) 7 days or (C) 14 days in basal media. N=4 each with three technical replicates. 

Results presented as mean +/- SD, statistics analysed using a one-way ANOVA, no significance 

found. 
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Figure 3-8. Early osteogenic differentiation of HBMSCs co-cultured with Saos-2 cells in 

osteogenic media. (A) A schematic of the transwell assay. ALP analysis, DNA concentration and 

ALP specific activity after (B) 7 days or (C) 14 days in osteogenic media. N=4 each with three 

technical replicates. Results presented as mean +/- SD, statistics analysed using a one-way 

ANOVA, no significance found. 

 

The cells were further analysed by qPCR analysis at day 7 (Figure 3-9), after culture in both basal 

(A) and osteogenic (B) media. There was no difference in expression of ALPL, HIF1α (HIF1A); a 

marker of hypoxia, Ki67 (MKI67); a proliferation marker, or Osterix (SP7); a mature osteogenic 

marker, when FD and FE HBMSCs were cultured with and without Saos-2 cells. This was true for 

both basal and osteogenic media. One of the three donor samples, F13, showed a markedly 

higher expression of all four genes tested compared with the other two donor samples, 
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suggesting there was large donor variability when culturing cells in these 2D assays. Figure 3-10 

illustrated the gene expression for HBMSCs cultured with and without Saos-2 cells in (A) basal or 

(B) osteogenic media for 14 days. Similar to Figure 3-9, there was no difference in gene expression 

for the cells cultured in basal media. This was also the case for the majority of data generated 

from the osteogenic cultured cells, with exceptions for ALPL and HIF1A. Although not significant 

HIF1A expression showed a higher trend when FD cells were co-cultured with Saos-2, and ALPL 

expression was lower in both FD and FE cells cultured with Saos-2 cells compared with FD and FE 

cells cultured alone. 

 

Figure 3-9. Gene expression analysis of HBMSCs co-cultured with Saos-2 cells for 7 days. Gene 

expression analysis of HIF1A, ALPL, MKI67 and SP7  as a relative expression to β-Actin, after a 7 

day incubation in (A) Basal or (B) osteogenic media, performed by qPCR. N=3 each with three 

technical replicates. Results presented as mean +/- SD. Statistics analysed using a one-way 

ANOVA, no significance found. 
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Figure 3-10. Gene expression analysis of HBMSCs co-cultured with Saos-2 cells for 14 days. Gene 

expression analysis of HIF1A, ALPL, MKI67 and SP7 as a relative expression to β-Actin, after 14 

days incubation in (A) Basal or (B) osteogenic media, performed by qPCR. N=3 each with three 

technical replicates. Results presented as relative expression to β-Actin +/- SD. Statistics analysed 

using a one-way ANOVA, no significance found. 

 

IL-6 has been shown to be involved in the osteosarcoma microenvironment, where it has been 

found to be upregulated in the presence of cancer. IL-6 expression was analysed from the 

supernatant of the transwells. Figure 3-11 showed the secretion of IL-6 after 7 and 14 days of 

culture in basal and osteogenic media, normalised to media only controls. As expected, based on 

the ALP and gene expression data, there was a large donor variability in the secretion of IL-6, 

particularly in the osteogenic media cultured cells. Although a small increase of IL-6 secretion can 

be seen at day 14, for both FD and FE cells cultured with Saos-2 cells in basal media compared to 

their respective controls, this was not significant, furthermore there was no difference in IL-6 

secretion for all other cell conditions. Finally, the level of proliferation of the FD and FE cells 

cultured in the transwell assay was tested at day 7 and 14, for both basal and osteogenic 

conditions (Figure 3-12). Similarly, to previous transwell data, there was no difference in the 
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proliferation of the HBMSCs when cultured with and without Saos-2 cells in all four conditions, 

with a high level of donor variability.  

 

Figure 3-11. IL-6 activity of HBMSCs co-cultured with Saos-2 cells. The concentration of IL-6 was 

determined via an ELISA assay at day 7 and 14, after incubation in basal and osteogenic media. 

Media only controls were used as a control to normalise data. N=3 each with three technical 

replicates. Results presented as mean +/- SD, statistics analysed using a one-way ANOVA, no 

significance found. 
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Figure 3-12. Proliferation of HBMSCs co-cultured with Saos-2 cells. The proliferation of the 

HBMSCs was determined by a 2 hour incubation with alamar blue at day 7 and 14, after 

incubation in basal and osteogenic media. Fluorescence was read at 560 nm. N=2 each with three 

technical replicates. Results presented as mean +/- SD, statistics analysed using a one-way 

ANOVA, no significance found. 

 

3.2.7 The Effect of Mifamurtide on HBMSCs and Osteosarcoma Cell lines Saos-2 and MG63 

The drug Mifamurtide is used to treat patients with osteosarcoma, and is the main treatment 

given with post-operative chemotherapy. There have been several studies looking at the effect 

Mifamurtide has on macrophages in patients with osteosarcoma [193, 194], but very few have 

focussed on other cell types found in the tumour microenvironment. To assess whether 

Mifamurtide has any effect on the cell proliferation of HBMSCs; FD and FE cells were cultured 

with increasing concentrations of Mifamurtide for 24 hours, before the level of proliferation was 

assessed by alamar blue (2.2.7). Literature indicated Mifamurtide (not in the liposomal 

formulation) have been used at high concentrations of 100 µM [195] on macrophages and MG63 
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cells. This was not possible with the Mifamurtide used in these experiments (in liposomal 

formulation). The drug was reconstituted at 1.6 µg/ml, which equated to 64.6 µM. The top 

concentration used in these experiments was 32.3 µM (0.8 µg/ml), which allowed for a 1:1 

Mifamurtide to basal media ratio. Figure 3-13 showed Mifamurtide had no effect on the 

proliferation of both FD and FE cells at four different cell concentrations. The cell concentrations 

were chosen as they represented the initial exponential growth phase as found in Figure 3-1. 

 

Figure 3-13. Proliferation of HBMSCs after 24 hour incubation with Mifamurtide. (A) FD and (B) 

FE HBMSCs were seeded at four cell densities and cultured with increasing concentrations of 

Mifamurtide for 24 hours, before a 2 hour incubation in alamar blue. Fluorescence was read at 

560 nm. N=1, with three technical replicates. Results presented as mean +/- SD. 

 

FD and FE cells were then cultured with a range of Mifamurtide concentrations for 7 days before 

being lysed for ALP analysis (2.2.8). Figure 3-14 showed the level of ALP expression was first 
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enhanced then inhibited by increasing concentrations of Mifamurtide. The peak of the curve 

differed between FD and FE cells, where FD reached its peak at around 4 µM, while FE started 

decreasing after 2 µM of Mifamurtide. In contrast, there was a similar level of DNA concentration 

for both FD and FE at all concentrations except for the highest concentration, which showed a 

decrease in DNA concentration. This suggested Mifamurtide had no effect on cell proliferation 

until 32.3 µM. The FE cells had only a small increase in specific activity as the level of Mifamurtide 

increased, although a small peak can be seen at 2 µM. In comparison the FD cells showed an 

increase up to 4 µM, before the specific activity started to decrease, following a similar pattern to 

the ALP data, suggesting low levels of Mifamurtide can increase the osteogenic potential of FD 

cells. 

 

 

Figure 3-14. Early osteogenic differentiation of HBMSCs after incubation with Mifamurtide. (A) 

ALP analysis, (B) DNA concentration and (C) ALP specific activity after 7 days in basal media 

supplemented with increasing concentrations of Mifamurtide. N=1 with three technical replicates. 

Results presented as mean. 
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After HBMSCs demonstrated an increase in ALP at lower concentrations of Mifamurtide, the 

osteosarcoma cell lines Saos-2 and MG63 were also cultured with Mifamurtide for 7 days before 

they were analysed for ALP expression (Figure 3-15). Increasing concentrations of Mifamurtide on 

Saos-2 cells showed very little effect on the expression of ALP specific activity until the highest 

concentration of 32.3 µM (0.8 µg/ml), which was lower than the basal control. In contrast, the 

increased concentration of Mifamurtide correlated with a small increase in ALP expression and 

specific activity for the MG63 cells, although overall it was still very low, suggesting no osteogenic 

differentiation occurred. 
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Figure 3-15. Early osteogenic differentiation of osteosarcoma cell lines after incubation with 

Mifamurtide. (A) ALP analysis, (B) DNA concentration and (C) ALP specific activity of Saos-2 cells, 

alongside the (D) ALP analysis, (E) DNA concentration and (F) ALP specific activity of MG63 cells. 

Cells were cultured for 7 days in basal media supplemented with increasing concentrations of 

Mifamurtide. N=1 with three technical replicates. Results presented as mean +/- SD. 
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3.2.8 Osteoblast Phenotype after Co-Culture with Saos-2 Cells 

Evidence has suggested osteoblasts are important in the osteosarcoma tumour 

microenvironment, which often involves unexplained bone remodelling as a result of cytokine 

expression by tumour cells [62]. To investigate the effects of Saos-2 cells on the characterisation 

of osteoblasts, a transwell system was used to culture human osteoblasts in the presence (OB+) 

or absence (OB-) of Saos-2 cells. The cells were cultured in basal media for 7 and 14 days (2.2.12). 

The resulting supernatant from the co-cultured cells was analysed for IL-6 expression (2.5.2), 

while the cells were either lysed for ALP (2.2.8) or qPCR analysis (2.5.1). Figure 3-16A showed 

similar ALP and specific activity at day 7 regardless of the presence of Saos-2 cells. However, at 

day 14 (Figure 3-16B) there was a decreased trend in ALP, DNA concentration and specific activity 

when co-cultured with Saos-2 cells.  

 

Figure 3-16. Early osteogenic activity of osteoblasts co-cultured with Saos-2 cells. ALP analysis, 

DNA concentration and ALP specific activity after (A) 7 days or (B) 14 days in basal media. N=1 

with three technical replicates. Results presented as mean +/- SD, statistics analysed using student 

T test, no significance found. 
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The IL-6 expression for both day 7 and day 14 also showed a downward trend when co-cultured 

with Saos-2 cells (Figure 3-17A), which was significant at day 14. Similarly, the qPCR analysis of 

these cells at day 7 (Figure 3-17B) demonstrated decreased expression of ALPL, HIF1A and SP7, 

when osteoblasts were co-cultured with Saos-2 cells. This decrease in expression was significant 

in HIF1A. There was also an increase in MKI67 expression when the osteoblasts were cultured 

with Saos-2 cells, suggesting an increase in proliferation. 

 

Figure 3-17. IL-6 and gene expression analysis of osteoblasts co-cultured with Saos-2 cells. (A) 

The concentration of IL-6 determined via an ELISA assay at day 7 and 14 of incubation in basal 

media. (B) Gene expression analysis of HIF1A, ALPL, MKI67 and as a relative expression to β-Actin, 

was performed by qPCR. N=1 with three technical replicates. Results presented as mean +/- SD. 

Statistics analysed using student T test, significance presented as *<0.05, ** <0.01. 

 

3.2.9 Fetal Bone Marrow Differentiation when Co-cultured with Saos-2 Cells 

The first peak of incidence in osteosarcoma patients is around adolescence, while the human 

bone marrow samples received were from donors above the age of 50. The difference in age and 

disease, most donors had osteoarthritis or osteoporosis, could have impacted the similarity of the 

bone marrow environment during development of the 3D bone model. Fetal bone marrow 
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contains a high level of progenitor cells [186], which could be more relevant to adolescent bone 

marrow than the older donors. To test this proposition, fetal bone marrow and the Saos-2 

osteosarcoma cell line were co-cultured using transwells in basal media for 10 days (2.2.12). The 

supernatant was analysed for IL-6 expression (2.5.2), while the cells were either lysed for ALP 

analysis (2.2.8) or qPCR analysis (2.5.1). Figure 3-18A showed there was no difference in ALP 

expression, DNA concentration or specific activity when co-cultured with and without Saos-2 cells. 

In contrast, Figure 3-18B illustrated there was a significant decrease in IL-6 expression when fetal 

bone marrow was co-cultured with Saos-2 cells. This pattern was replicated in ALPL gene 

expression although the relative expression was very low, and also in HIF1A (Figure 3-18C), where 

there was a significant decrease in the HIF1A expression. In contrast, there was an increase in 

MKI67 expression when fetal bone marrow cells were co-cultured with Saos-2 cells. Suggesting 

that while the level of proliferation increased when fetal bone marrow cells were co-cultured with 

Saos-2 cells, the levels of osteogenic differentiation and hypoxia decreased. 
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Figure 3-18. Analysis of fetal bone marrow cells co-cultured with Saos-2 cells. (A) ALP analysis, 

DNA concentration and ALP specific activity of fetal bone marrow cells co-cultured with Saos-2 

after 10 days in basal media. (B) The concentration of IL-6 determined via and ELISA assay. (C) 

Gene expression analysis of HIF1A, ALPL and MKI67 as a relative expression to β-Actin, was 

performed by qPCR. N=1 with three technical replicates, Results presented as mean +/- SD. 

Statistics analysed using a T test, significance presented as ***<0.001. 
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3.2.10 Osteogenic Differentiation of Cell Spheroids 

Previous research has shown phenotypic differences between cells in a 3D and 2D culture, 

including through the generation of cell spheroids [152]. The generation of cell spheroids could 

give better indication of the cell integration and communication found in cancer patients, and as 

such initial 3D bone model experiments used Saos-2 spheroids to imitate the osteosarcoma 

tumour. To determine phenotypic differences of HBMSCs and osteosarcoma cell lines in a 3D cell 

spheroid, the spheroids were cultured for 4, 7 and 14 days in basal media (2.2.5) before being 

fixed, embedded in paraffin and stained for ALP (2.6.8). Figure 3-19 and Figure 3-21 demonstrated 

representative images of these cells; ALP is stained pink/brown, cytoplasm is stained with fast 

green and proteoglycans/cartilage is stained blue with Alcian blue. In Figure 3-19 both FD and FE 

cell pellets showed no ALP expression at all three time points, in contrast to 2D cell culture (see 

3.2.2). The MG63 spheroids also showed no ALP staining at all three time points, but this was 

similar to the 2D data in 3.2.2. Saos-2 cells did not express ALP in spheroid formation until day 7, 

but by day 14 the ALP expression covered the entirety of the spheroid. Interestingly, a 4-day 2D 

culture of Saos-2 cells showed a high level of ALP expression and specific activity (Figure 3-20) 

when cultured in basal and osteogenic I media, suggesting the formation of spheroids initially 

inhibited the expression of ALP. Osteoblast and fetal bone marrow cell spheroids were also 

histologically analysed for the presence of ALP after culture for 4, 7 and 14 days (Figure 3-21). 

Osteoblasts had a strong ALP staining at day four, which was lost by day 7 but started returning by 

day 14. In contrast, fetal bone marrow spheroids showed no ALP staining at any time point, 

similar to data shown in 3.2.9.  
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Figure 3-19. Early osteogenic differentiation of HBMSC and osteosarcoma cell line spheroids. 

HBMSCs, FD and FE, and osteosarcoma cell lines, Saos-2 and MG63, were cultured as spheroids in 

basal media for up to 14 days before being embedded in paraffin. The sections were stained for 

ALP (red/brown), cytoplasm stained by light green, and proteoglycans/cartilage stained with 

Alcian blue. Images are representative of N=2 with four technical replicates, scale bar= 100 µm. 
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Figure 3-20. Early osteogenic differentiation of Saos-2 cells. The ALP analysis, (B) DNA 

concentration, and (C) ALP specific activity of Saos-2 cells after a 3 day culture in basal and 

osteogenic I media. N=1 with three technical replicates. Results presented as mean +/- SD, 

statistics analysed using a T test, no significance found. 

 

Figure 3-21. Early osteogenic differentiation in spheroid culture. Osteoblasts and fetal bone 

marrow spheroids were cultured in basal media for up to 14 days before being embedded in 

paraffin. The sections were stained for ALP (red/brown), cytoplasm stained with light green, and 

proteoglycans/cartilage stained with Alcian blue. Images are representative of N=2 with four 

technical replicates, scale bar= 100µm. 



Chapter 3 

73 

 

3.2.11 Characterising HBMSC and Saos-2 Cell Spheroids 

The phenotype of cell spheroids were further analysed by flow cytometry in comparison to 2D 

cultured cells, initially for stromal cell markers. Saos-2 cells and HBMSCs were cultured in low 

adherent 96 well plates to form spheroids. After four days they were dissociated into single cell 

suspension by enzymatic digest using a combination of accutase and collagenase. Figure 3-22 are 

representative flow cytometry plots comparing Saos-2 cells that had been dissociated with 

accutase (A) or accutase plus collagenase (B). There was a high level of cell death after 

dissociation by both accutase and accutase plus collagenase, with the ‘live’ population not 

exceeding 25% (gated on the FSC vs SSC plot), lower than the average of 80-90% viability expected 

of 2D harvested cells. PI staining (2.3.1) was then used to more accurately determine the 

percentage of live cells, PI binds to DNA but is impermeable through the cell membrane, thus only 

dead cells are stained positive by PI. Subsequent PI staining of these ‘live’ gated populations 

showed less cell death in the accutase only treated spheroids, with 72% of the population PI 

negative, compared with only 59% of the accutase plus collagenase treated cell spheroids. 

 



Chapter 3 

74 

 

Figure 3-22. Representative flow cytometry data of Saos-2 spheroid cell isolation. A single cell 

suspension was isolated from spheroids cultured for 4 days in basal media, using (A) accutase and 

(B) accutase and collagenase. Pellets were incubated for up to 40 minutes in a thermal shaker. Live 

cells from the FSC vs SSC plots were gated for PI staining, PI stains dead cells. 

To understand whether an increased cell density resulted in rising levels of cellular necrosis, and 

consequently more cell death, HBMSCs were plated at varying densities and cultured for four days 

(2.2.5) before being dissociated in a combination of accutase and liberase TL (Figure 3-23). 

Liberase TL was used as it contained a mixture of collagenases and protease aimed to enhance cell 

dissociation. In the FE samples (Figure 3-23B), the lower the initial cell number the clearer the live 

population was. This pattern was also seen in the FD spheroids, although to a lesser extent. For 

both cell cultures, dissociation occurred quicker in the two lowest cell densities, only 20 minutes 

in a thermal shaker, compared with the three higher cell densities, which were stopped after 40 

minutes in a thermal shaker. Therefore, to increase cell yield after dissociation, smaller spheroids 

of below 1.25x104 should be used. As cell viability was a problem when trying to create a single 

cell suspension, we attempted to dissociate the cells by incubating them on standard 48-well cell 

culture plates, to allow the cells to migrate from the spheroid and adhere to the bottom of the 

well. Figure 3-24 showed representative images of Saos-2 cells migrating from the cell spheroid 
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after 7 days culture in a 48 well plate, but a large number of cells still remain in spheroid form, 

which also resulted in a large number of dead cells when forming a single cell suspension.  

 

Figure 3-23. Representative flow cytometry data of HBMSC spheroid isolation after 4 days. (A) 

FD and (B) FE cells were seeded into cells spheroids at different densities and cultured for 4 days in 

basal media. The spheroids were then isolated using a combination of Accutase and Liberase TL for 

up to 40 minutes in a thermal shaker. The number of live cells was determined using the FSC vs SCS 

flow cytometry gate. 
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Figure 3-24. Images of cell migration from a Saos-2 cell spheroid. A Saos-2 cell spheroid was 

cultured for 4 days before being transferred to a standard 48 well plate. Images taken at 7 days 

after transfer. Images are representative of N=1 with five technical replicates. Scale bar= 100 µm. 

 Discussion 

The osteosarcoma microenvironment encompasses many different cellular interactions. A range 

of cell types including; HBMSCs, osteosarcoma cell lines, osteoblasts and fetal bone marrow cells, 

were analysed and quantified, to determine the final selection of cells used to establish a 3D 

multicellular bone model of osteosarcoma. Key findings: 

 Osteosarcoma cell lines had differing tri-lineage differentiation potential. 

 HBMSCs taken from different locations in the femur showed distinct characteristics. 

 Co-culturing various bone and stromal cells with Saos-2 cells did not affect their 

osteogenic differentiation. 

Two osteosarcoma cell lines, Saos-2 and MG63, were characterised alongside HBMSCs from 

different skeletal locations, to establish if there were phenotypic differences between stromal 

cells obtained from different anatomical areas within the femur. Differences in proliferation of 

various cell types (Figure 3-1) were important in optimising the setup of 2D in vitro assays. This 

meant different cell seeding densities were used so confluency of each cell type was reached at 

the same time point for comparability. While there was little difference found between FD and FE 

HBMSCs from the same donor, the level of proliferation of the MG63 osteosarcoma cell line was 

higher compared with the Saos-2. This suggested that for 2D assays, MG63 cells needed to be 

seeded at a lower density than Saos-2 to be comparable. An optimal seeding density for all the 

cells analysed in Figure 3-1 was sought, in order to limit the cells from reaching confluency too 

quickly and consequently starting to detach from the plate before reaching the end time point.  
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Osteosarcoma cell lines and HBMSCs were cultured in media supplemented with osteogenic, 

adipogenic and chondrogenic differentiation components, before being analysed with histological 

staining and qPCR gene expression profiling. ALP is an early marker of osteogenic differentiation 

[196] that is downregulated during bone mineralisation. ALP analysis and staining revealed 

osteogenic differentiation of Saos-2 cells cultured in both the basal and osteogenic media (Figure 

3-2). In contrast, MG63 cells demonstrated very low levels of osteogenic differentiation.  These 

results reflected data found in the literature [197, 198], which suggested that the high levels of 

ALP in Saos-2 cells correlates with osteosarcoma metastatic potential and active bone 

metabolism. The presence of a high level of ALP in Saos-2 cells reflects the expression in 

osteosarcoma patients, where high levels of serum ALP have been linked to a poorer prognosis 

[199, 200]. Hence it is important to understand the level of ALP already present in the HBMSCs. 

There are distinguishable cellular characteristics between the bone marrow compositions in 

different areas of the femur: for example, the FD region has more active haematopoietic tissue, 

while the FE region has a higher percentage of adipocytes [201]. ALP analysis of these cells 

performed here revealed osteogenic differentiation occurred in both cell types, with a trend 

towards increased differentiation in FD cells, although donor variability in differentiation potential 

was clear (Figure 3-3). The increased cell number in the osteogenic I cultured HBMSCs, denoted 

by the increase in DNA concentration, may be skewed by the heterogenous cell population or 

indicate a loss of ALP activity as the cells mineralise. To investigate this, ARS staining and qPCR 

analysis was assessed looking at mineralisation potential. ARS staining revealed a later stage 

osteogenic phenotype in three of the cell cultures, FD, FE and Saos-2 (Figure 3-4). Concentration 

analysis of this stain was higher in FD cells than FE (three out of five donors), while Saos-2 cells 

demonstrated a significant increase in ARS over the Saos-2 basal control and also MG63 

osteogenic cultured cells. Expression profiles of ALP genes revealed low levels of ALPL for all cell 

types, with the exception of Saos-2 cells. As ALP is an early marker of osteogenic differentiation it 

starts to decline as more mature osteoblasts start forming [202], which could explain the 

decrease of ALPL in the HBMSC samples. Collagen I is an extracellular protein expressed during all 

stages of osteoblast differentiation [187], thus the gene expression of COL1A1 positively 

correlates with osteogenic differentiation, found in the Saos-2 and HBMSCs. Interestingly the level 

of COL1A1 is higher in FD cells than FE, in contrast to the ALPL data, suggesting that the FD cells 

have reached a more mature osteogenic differentiation.  

Osteosarcoma cell lines and HBMSCs were also compared for their ability to differentiate into 

adipogenic and chondrogenic cells. Oil Red O staining revealed an adipogenic phenotype in all cell 

cultures after 14 days, although Saos-2 cells showed a decreased level of differentiation 

compared with the other three cell cultures (Figure 3-5). Gene expression analysis were 
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determined for two adipogenic genes, FABP4 and PPARγ. PPARγ is the main regulator of 

adipogenic differentiation, transcribing genes expressed in mature adipocytes including FABP4 

[188]. It has also been suggested than PPARγ can act as a tumour suppressor gene [188], while in 

contrast FABP4 may have a role in tumorigenesis [203]. Expression profiles of these genes also 

suggest variable adipogenic differentiation occurred between the cell types. The high level of Oil 

Red O staining for the MG63 cells, does correlate with an increase in FABP4 and PPARγ, but the 

level of expression for both of these genes are lower than for the HBMSCs. The data generated 

cannot confirm the potential roles of FABP4 and PPARγ in tumorigenesis or as a tumour 

suppressor gene, and it also suggests that the high level of lipid deposited by the MG63 cells may 

be due to another biological process rather than adipogenic differentiation. Literature has shown 

MG63 cells deposit high levels of collagen III [204], which has been linked with adipogenesis [205]. 

For three out of five donors, FE cells had an increased level of PPARγ compared with FD cells, with 

a corresponding decreased level of FABP4, suggesting the FD cells are further down the adipocyte 

differentiation pathway with more mature adipocytes, while FE cells are still in the earlier stages 

of adipogenic differentiation. This further supports the hypothesis that HBMSCs have different 

characteristics depending on skeletal location. 

Chondrogenic differentiation was determined by SOX9 staining alongside qPCR analysis of three 

genes COL2A1, ACAN and SOX9 (Figure 3-6). While SOX9 staining and gene expression, an early 

marker of chondrogenic differentiation, was very low in Saos-2 chondrogenic pellets, the level of 

COL2A1 and ACAN was increased, suggesting that the Saos-2 pellets were in the later stages of 

chondrogenic differentiation. In contrast MG63 cells showed increased levels of SOX9 and ACAN, 

but a very low expression of COL2A1, which is a mature chondrogenic marker, suggesting MG63 

chondrogenic pellets were in the earlier stages of chondrogenic differentiation. Three out of four 

donor samples tested showed an increase in SOX9, COL2A1 and ACAN gene expression in the FD 

compared with the FE chondrogenic pellets, further corroborated by an increased SOX9 staining. 

This data also supports the hypothesis that HBMSCs have different characteristics depending on 

skeletal location. 

To assess cellular changes in HBMSCs in the presence of osteosarcoma, HBMSCs were then co-

cultured with Saos-2 cells in transwell experiments, before being analysed for protein expression 

and qPCR gene profiling (3.2.6). ALP expression at both day 7 and 14 when cultured in either basal 

or osteogenic media, showed no change when HBMSCs were co-cultured with Saos-2. As 

mentioned previously, high levels of serum ALP have been linked to a poorer prognosis in 

osteosarcoma patients [199, 200]. This alongside the spontaneous bone formation, which is a 

hallmark of osteosarcoma, would suggest that the co-culture of HBMSCs with Saos-2 would result 

in an increase of osteogenic differentiation. As this was not found, it could suggest that the 
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exchange of cytokines and signals between the cells in these type of transwell assays were not 

enough for a shift in HBMSC function, and that either direct contact is needed between the cells, 

or a third cell type is needed for the osteosarcoma cell line to indirectly affect the differentiation 

ability of HBMSCs.  Alternatively, immortalised cell lines do show differences in phenotype and 

native functions compared with primary cells [206], and so primary tumour cells could be needed 

to engage the osteogenic function in HBMSCs. 

A panel of gene expression markers were chosen for qPCR analysis of these transwell assays to 

test the hypothesis that the signalling from Saos-2 cells resulted in increased osteogenic 

differentiation of HBMSCs. These genes included two osteogenic markers ALPL and SP7 (osterix), 

which is an osteoblast transcription factor, important in skeletal formation [207]. It also included 

MKI67, a marker of proliferation that when expressed on solid tumour cells is correlated with 

poor prognosis [208]. As well as HIF1A, a nuclear transcription factor that is upregulated in 

hypoxic conditions, which has been linked to both tumour and HBMSCs microenvironments [209, 

210]. This theory that the HBMSCs need either direct contact with Saos-2 cells or another cell type 

for indirect targeting, was supported by the qPCR data generated from these transwell assays, 

which similarly to the ALP analysis do not show differences in HBMSCs cultured with and without 

Saos-2 cells. Any small differences found were negated by the HBMSC transwell control, 

suggesting it was the increase in cell number which affected the gene expression of HBMSCs not 

the presence of Saos-2 cells. The supernatant from the transwell culture experiments were also 

analysed for secretion of IL-6. IL-6 is a pro-inflammatory cytokine, which has been shown to affect 

both bone formation and osteoclast bone resorption pathways [55], and although the role of IL-6 

is unclear, it has been positively correlated with osteogenic differentiation [211]. There are small 

increases in IL-6 expression in the day 14 basal cultured cells, and the day 7 osteogenic cultured 

FE cells, when HBMSCs are cultured with Saos-2 compared with the HBMSC controls. 

Unfortunately, due to the large donor variation between samples this data could not determine 

that the Saos-2 cells are having any effect on the HBMSCs. 

Mifamurtide is the most common treatment of osteosarcoma following surgery and 

chemotherapy, but there are few studies looking at the effect of this drug on cell types other than 

macrophages. By culturing HBMSCs and osteosarcoma cell lines with different concentrations of 

Mifamurtide we have found that there was a small dose dependant effect on the HBMSCs, 

although this has a negative impact with the highest concentration of Mifamurtide (Figure 3-14 

and Figure 3-15). Compared with other studies, the top concentration of Mifamurtide used in 

these experiments was lower than the standard concentration used in literature [195]. As excess 

Mifamurtide from osteosarcoma patients was being used, the formulation isn’t optimised for cell 

culture as it was reconstituted in sodium chloride. This could suggest that the decrease in ALP and 
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DNA concentration seen at the top concentration could be due to the limited amount of nutrients 

in the well instead of the effect of the drug. To test this a higher concentration of stock 

Mifamurtide would have to be acquired. 

Osteoblast function has been shown to be affected in the osteosarcoma tumour 

microenvironment, inhibition of osteoblasts leads to expression of osteoclast signalling cytokines, 

and consequently bone resorption [54]. To characterise the effect osteosarcoma cells have on 

osteoblasts, they were co-cultured with Saos-2 cells in a transwell assay for 7 and 14 days, and the 

expression of ALP, IL-6 and qPCR analysis was acquired (Figure 3-16 and Figure 3-17). Although 

there was no difference at day 7, at day 14 there was a downward trend in both ALP and specific 

activity when the cells were in co-culture. This data could suggest that either osteogenic 

differentiation was being slowed or suppressed by the presence of Saos-2 cells, or that the cells 

were further along the differentiation pathway and had stopped producing ALP. This was initially 

supported by the decrease in ALPL gene expression in the co-culture, but SP7, another osteogenic 

marker produced later in the pathway, also decreased, indicating that it was more likely a 

suppression/ or slowing of osteogenic differentiation. Two other genes, MKI67 and HIF1A also 

showed a downward trend in expression when co-cultured with Saos-2 cells, resulting in a 

decrease in proliferation and hypoxic factors, although this was only significant in HIF1A. At both 

day 7 and 14 the level of IL-6 decreased in the transwell culture, meaning there was less 

activation of osteoblasts in the co-culture wells. Unfortunately, a transwell control using 

osteoblasts on both the bottom of the plate and in the transwell was not included, which would 

tell us whether any changes seen were because of the increase in cell number or because of the 

presence of Saos-2 cells. Only one transwell experiment combining osteoblasts with Saos-2 cells 

was performed, this was due to the difficulties in expanding osteoblasts from bone fragments to a 

sufficient number without having contaminating stromal cells in the culture. Due to this it was 

decided not to include additional osteoblasts in the 3D model. 

Transwell co-culture experiments were also conducted with fetal bone marrow and Saos-2 cells, 

in basal media, to assess whether a high level of progenitor cells can affect tumour bone marrow 

interaction (Figure 3-18). There was no effect on the expression of ALP and specific activity on 

fetal bone marrow cells when they were co-cultured with Saos-2, but a decrease was found in IL-6 

secretion, ALPL and HIF1α gene expression. Combined with the increase in MKI67 expression 

when cultured with Saos-2 cells, which determined that level of cell proliferation increased, the 

data suggested that there was an inhibition of osteogenic differentiation. The fetal bone marrow 

cultures were also analysed for SP7 gene expression but had extremely low levels in all conditions 

and could consequently not be quantified. The lack of SP7 expression and the low level of ALPL 

gene expression means that even without the co-culture of Saos-2 cells, the fetal bone marrow 
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has low levels of osteogenic differentiation. Although the data was only from one experiment,  

osteogenic potential is important in replicating the osteosarcoma tumour microenvironment, as 

such it was determined that HBMSCs from older donor samples were more appropriate than fetal 

bone marrow cells for culture in the 3D bone model. 

Alongside the proliferation assays, the different cell types were cultured as spheroids before 

being histologically analysed for ALP expression (Figure 3-19 and Figure 3-21). This allowed for the 

distribution of ALP to be analysed alongside the structural organisation of the spheroid. MG63 

cells didn’t express ALP at any time point, supporting the 2D data. Interestingly, although as a 2D 

culture Saos-2 cells showed a high level of ALP expression at early time points, by culturing these 

cells in a spheroid format the level of ALP expression was initially lost, most likely while the cells 

are proliferating, and was then regained over 14 days. Low levels of ALP expression can be seen 

on the FD and FE HBMSCs, which doesn’t change over the three time points, similar to the low 

level of ALP expression in the 2D assay when the cells were cultured in basal media. Osteoblasts in 

spheroid culture initially expressed a large amount of ALP, which was lost by day 7 most likely 

where the spheroid concentrates on cell growth, but ALP expression started to return at day 14. 

In contrast fetal bone marrow showed no ALP expression in spheroid culture up to 14 days, which 

correlates with the transwell data, suggesting fetal bone marrow cells are not initially focussed 

down the differentiation pathway. The spheroid ALP analysis does show evidence that cells in a 

3D spheroid have different characteristics to 2D cell cultures, particularly the Saos-2 pellets which 

showed a steady increase of ALP expression up to 14 days in culture, whereas in Figure 3-2 and 

Figure 3-20 Saos-2 cells showed a steady level of ALP expression at day 3, 7 and 14, when cultured 

in basal media.  

To further assess potential changes in phenotype of the cell spheroids, both Saos-2 and HBMSCs 

spheroids were isolated into a single cell suspension for flow cytometry analysis. While the data 

was not shown, the use of Trypsin/EDTA and PBS/EDTA were initially used prior to combinations 

of accutase, liberase and collagenase, where they all resulted in high levels of cell death. Even 

using very small cell numbers that give distinct live cell populations in flow cytometry analysis 

(Figure 3-23), only resulted in a live cell population of around 35% in FE cells. Consequently, 

unspecific staining was likely to affect the phenotyping of key markers of interest, reducing the 

validity of using this method to analyse spheroids. Finally, the ability of the Saos-2 cells to migrate 

from the cell spheroid was tested, as a potential new method to create a single cell suspension. 

After 7 days from being transferred into a standard 48 well plate there was evidence that cells 

had begun migrating from the spheroid, but the size of the cell spheroid was still large. This 

information combined with the different characteristics from the ALP staining, and the lack of 

viable cells when dissociated into a single cell suspension, resulted in cell spheroids no longer 
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being used for the 3D bone model. Although this method allowed all cells inserted to remain 

within the model initially, it wasn’t optimal for cell migration and interaction with the bone 

structure. 

The final selection of cells introduced into the 3D bone model were established by the 2D 

characterisation assays. Osteoblasts and fetal bone marrow cells were not carried forward after 

initial experiments due to the lack of cell number for the osteoblasts and low levels of ALP 

expression by the fetal bone marrow cells. HBMSCs from two different locations in the femur 

showed distinct characteristics; with FD cells having higher levels of osteogenic differentiation at 

both early and late time points, an increased ability to differentiate into chondrocytes, and a 

more mature adipocyte differentiation compared with FE cells. They also had a higher level of ALP 

expression when treated with Mifamurtide. As osteogenic ability is important in the 

osteosarcoma environment, FD cells were used as the source of HBMSCs in the development of 

the 3D bone model, additionally to the HBMSCs already present in the bone core. The two 

osteosarcoma cell lines also showed distinctly different characteristics, with Saos-2 cells 

expressing high levels of osteogenic differentiation and later stage chondrogenic differentiation, 

but low levels of adipogenic differentiation. In contrast, the MG63 cells had high levels of lipid 

secretion, although not necessarily adipogenic differentiation due to the low expression of 

adipogenic genes, high levels of early stage chondrogenic differentiation, but no osteogenic 

differentiation. As with the HBMSCs osteogenic ability is important for the development of the 3D 

bone model, as such Saos-2 cells were chosen as the osteosarcoma cell line to be integrated.  
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Chapter 4 Differentiation of Monocyte-Derived 

Macrophages and Osteoclasts from bone marrow and 

PBMCs 

 Introduction 

Macrophages are functionally diverse cells, which are important for both an effective immune 

response as well as tissue maintenance and homeostasis. They have also been shown to play key 

roles in the development of a range of cancers including osteosarcoma, and can be actively 

recruited into the tumour microenvironment [92, 93]. Macrophages can be characterised under a 

spectrum of polarisation, with the extremes labelled as having an M1-like and M2-like phenotype. 

Interestingly there have been links found between increases in overall macrophage infiltration in 

patients with metastatic osteosarcoma compared with non-metastatic [95], although there were 

conflicting data on how this was linked to polarisation. Some research suggested these 

macrophages were polarised towards an M2-like phenotype [101], and other data showed no 

difference in polarisation [95]. Further research has also shown a higher level of M1-like 

macrophages in non-metastatic patients [212]. The importance of macrophages in the 

osteosarcoma microenvironment is also supported by the apparent therapeutic benefits of 

Mifamurtide, an osteosarcoma drug, which is reported to target and activate monocytes and 

macrophages in the tumour microenvironment [25]. While a combination of neoadjuvant 

chemotherapy and surgical resection of the tumour is still the main treatment protocol for 

osteosarcoma patients, comparative analysis have shown that the three year event free survival 

increased to between 65-92% when patients were also treated with Mifamurtide [22, 33, 35]. 

Mifamurtide is now a standard of care in many countries in addition to chemotherapy and 

surgery. The 3D bone model developed here will be used to test osteosarcoma drugs and 

therapies, as such macrophages are one of the key cell types to be included in this model. 

Primary human macrophages in vitro are generally isolated and differentiated from PBMCs [213, 

214], while in mouse studies, macrophages are routinely generated from bone marrow instead of 

blood [215, 216]. In both of these cases, this was mainly due to availability and volume of tissue, 

but there is little data characterising differences between macrophages derived from human 

PBMCs and human bone marrow. What data is published focuses on specific diseases, for 

example how the replication of the Hepatitis E Virus compared in human monocyte-derived 

macrophages (MDMs) and human bone marrow-derived macrophages (hBMDMs) [217]. With 

access to both PBMC from leukocyte cones and bone marrow from patients undergoing hip 
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replacement surgery, comparative experiments were performed looking at the differentiation of 

macrophages from these sources. Data in Chapter 3 showed that the skeletal location of bone 

marrow affected the corresponding HBMSC characterisation. To test whether skeletal location 

affects the phenotype of macrophages, multiple studies were carried which compared hBMDMs 

derived from FD and FE bone marrow alongside MDMs derived from PBMCs. 

Osteoclasts are important bone resorption cells that differentiate from a monocyte/macrophage 

haematopoietic lineage, and are critically involved in bone remodelling [54]. As uncoordinated 

bone growth and resorption is prevalent in osteosarcoma patients, the generation of osteoclasts 

may be directly affected by the tumour, and have an important role in the tumour 

microenvironment [61]. Reports have rarely directly compared the differentiation of osteoclasts 

from PBMCs [218] and from bone marrow [219]. One of the few studies that did compare 

osteoclast differentiation from peripheral blood and bone marrow was published in 1989 [220], 

and found that bone marrow derived osteoclasts were functionally active, while peripheral blood 

osteoclasts were not. Osteoclast differentiation protocols have adapted since then and it has also 

been found that there were no differences in bone resorption activity after differentiation from 

bone marrow and PBMCs [221].  To compare these findings, the functional differences in 

osteoclasts derived from human PBMCs and human bone marrow were assessed. These cells 

were isolated and the level of differentiation and activation was compared. This chapter assessed 

the function of macrophages and osteoclasts derived from PBMCs and human bone marrow cells, 

to determine the appropriate method and cell source for inclusion in the 3D bone core model. 

 Results 

4.2.1 Phenotyping MDMs Derived from a Heterogeneous PBMC or Bone Marrow Population 

Macrophages have different characteristics based on both their location and role in either an 

immune response or in tissue maintenance [88]. As macrophages were one of the main cell types 

to be introduced into the 3D bone model, it was important to determine whether there were 

phenotypic differences found between macrophages derived from bone marrow (hBMDMs) and 

those derived from PBMCs (MDMs). As previous assays have shown bone marrow have different 

characteristics based on skeletal location, this was also assessed for the differentiation of 

hBMDMs, which could have affected future experiments. To determine the phenotype of MDMs 

and hBMDMs, cell suspensions were isolated from PBMC leukocyte cones (2.2.13) and bone 

marrow samples (2.2.2), the heterogenous populations were plated, incubated for 2 hours and 

then washed to allow the monocytes to adhere to the plastic. The cells were then cultured with 

M-CSF for 7 days to compare macrophage differentiation. Figure 4-1 are representative images of 

MDMs derived from PBMCs and hBMDMs derived from FD and FE cells after being cultured for 7 
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days. There was similar cellular morphology between the three cell sources, although the MDMs 

showed a higher level of confluence than the hBMDMs. This was true for the majority of assays 

performed, even though the hBMDMs were plated at double the MDM cell concentration. The 

lower confluency of the hBMDMs could have been due to the higher level of adherent stromal 

cells, including fibroblasts, found in the bone marrow population, which have been shown to 

contaminate the hBMDM differentiation process [222]. These cells were seen growing in small 

colonies highlighted by white arrows in Figure 4-1B.  

 

Figure 4-1. Representative images of MDMs from a heterogenous population. (A) Images of 

MDMs generated from PBMCs, and hBMDMs generated from FD and FE bone marrow cells. Cells 

were cultured for 7 days with M-CSF. (B) An image of FD derived hBMDMs indicating areas of 

stromal cell proliferation, highlighted by the white arrows. Scale bar= 100 µm. 

After 7 days the cells were dissociated into a single cell suspension and analysed for a panel of 

macrophage markers by flow cytometry (2.3). Figure 4-2 shows a representative gating strategy 

for characterising MDMs. Dead cells (FSC vs SSC) and doublets (FSC-H vs FSC-A) were excluded 

from analysis (Figure 4-2A). Non-specific binding was eliminated from the analysis by using 

isotype controls, which allowed the percentage positive stain to be determined (Figure 4-2B and 
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C). The intensity of the antibody fluorescence was also compared by analysing the geometric 

mean. 

 

Figure 4-2. A representative flow cytometry gating strategy for characterising MDMs. PBMCs 

were cultured for 7 days in basal media + M-CSF, and analysed by flow cytometry for CD14, CD68, 

HLA-DR, CD11b, CD34 and CD271 expression. (A) Illustrates the gating strategy for the live and 

single cells, (B) isotype controls were then used to set the gates for the (C) samples analysed. 

Figure 4-3 showed the percentage positive cells and geometric mean of CD14, CD11b, and HLA-

DR, as well as a hematopoietic stem cell marker CD34 and a stromal marker CD271. Geometric 

mean calculates fluorescence intensity for each marker of interest. Due to the low yield of cells 

from the FE cell suspensions, only one sample had enough cells for flow cytometry analysis, as 

such statistical significance was not assessed. There was a higher percentage of CD14 % positive 

MDMs (A) compared with both the FD and FE hBMDMs, this pattern was also seen in the CD14 
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geometric mean. There was a reduction in both the percentage of CD11b (B) and HLA-DR (C) 

expression in the hBMDMs compared with the MDMs, which was also seen for the CD11b 

geometric mean of PBMC MDMs vs FD hBMDMs. Large patient variations were found in both the 

MDM and hBMDMs samples. All samples were negative for CD34 (D) and CD271 (E). 

 

Figure 4-3. Phenotyping of MDMs differentiated from a heterogenous population. Bone marrow 

cells and PBMCs were isolated and cultured for 7 days in basal media + M-CSF. The cells were then 

analysed by flow cytometry for the percentage and geometric mean of (A) CD14, (B) CD11b, (C) 

HLA-DR, (D) CD34, and (E) CD127. N=1-3 each with three technical replicates. Results presented as 

mean +/- SD, Statistical significance was not determined due to low biological replicate numbers. 
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4.2.2 Polarisation of MDMS Derived from Heterogenous PBMC and Bone Marrow Populations 

Macrophages can be characterised based on their function, which is linked to polarisation. To 

determine whether MDMs and hBMDMs could be polarised into a M1-like and M2-like 

phenotypes, heterogenous cell populations were isolated following standard protocols (2.2.2 and 

2.2.13), and the cells cultured with M-CSF for 7 days. The MDMs and hBMDMs were then 

polarised into a M1-like phenotype, by culturing with lipopolysaccharide (LPS) and interferon γ 

(IFNγ), or M2-like phenotype, by culturing with IL-4 and IL-13, for a further 48 hours. M-CSF alone 

was used as a M0-like control. Figure 4-4 are representative images of MDMs and hBMDMs 

cultured in the different polarisation conditions. The M1-like differentiation process resulted in a 

lower confluency of cells compared with the M0 and M2-like macrophages. Unfortunately, a high 

number of dead cells affected the images taken, this was likely due to high seeding densities or 

non-adherent cells that were not removed during the wash steps. The FD and FE hBMDMs also 

showed low levels of stromal cell contamination. 
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Figure 4-4. Representative images of polarised macrophages differentiated from a 

heterogenous cell population. MDMs generated from PBMCs, and hBMDMs generated from FD 

and FE bone marrow cells after culture with M-CSF for seven days, followed by 48 hour incubation 

in polarisation media for an M0-like, M1-like and M2-like phenotype. Scale bar= 100 µm. 

After 9 days the MDMs and hBMDMs were dissociated into single cell suspensions and analysed 

by flow cytometry for a panel of macrophage markers (2.3). Figure 4-5 shows the percentage of 

positive MDMs or hBMDMs expressing CD14, CD68, CD40, CD38 and CD11b. The expression of 

CD14 (A) was lower in the majority of hBMDM FD and FE samples compared with the 

corresponding PBMC MDMs, which was significant between the M1-like polarised cells. The 

expression of CD14 (A) was very similar between the M0, M1 and M2-like cells from each source, 

where both FD and FE hBMDMs showed a higher expression in the M0-like hBMDMs compared 

with the M1-like and M2-like hBMDMs. The CD68 (B) expression showed a similar trend, with a 

significant difference between the PBMC M1 and M2-like MDMs compared with the FD M1 and 

M2-like hBMDMs. The FD hBMDMs also showed a trend towards a lower level of expression 

compared with the FE hBMDMs across all three polarisation conditions, which was significant 

between the M1-like hBMDMs.  
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There was a reduced expression of CD40 (C) and CD38 (D) in the FD and FE M1-like hBMDMs 

compared to the PBMC M1-like MDMs. The M1-like polarised cells also had a higher expression of 

CD40 and CD38 compared with M0 and M2-like MDMs and hBMDMs from the same source, 

which was significant in PBMC and FE samples. This suggested that the M1-like MDMs and 

hBMDMs showed higher expression of M1-like macrophage markers compared with the M0 and 

M2-like cells, although stromal cell contamination could have limited the overall expression of 

these macrophage markers in the hBMDM assays, particularly in the FD hBMDMs. The expression 

of CD11b (E), a M2-like marker, was reduced in the hBMDM FD and FE samples compared with 

the PBMC MDMs, although there was large variation between the donors. There was also a lower 

CD11b expression in M1-like MDMs/hBMDMs compared with M0 and M2-like MDMs/hBMDMs 

from the same source, but none of these trends were significant. This could suggest that the M0-

like MDMs and hBMDMs were already primed towards an M2-like phenotype. 



Chapter 4 

91 

 

Figure 4-5. Phenotyping of polarised macrophages differentiated from a heterogenous 

population. PBMCs and bone marrow cells were isolated and cultured for 7 days in basal media + 

M-CSF, then for a further 48 hours in polarisation media. They were then analysed by flow 

cytometry for the percentage of (A) CD14, (B) CD68, (C) CD40, (D) CD38, and (E) CD11b expression. 
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N=2-4 each with three technical replicates. Results presented as mean +/- SD, statistics 

determined using a one-way ANOVA, significance represented as *<0.05, ** <0.01, ***<0.001. 

Figure 4-6 shows the CD14, CD68, CD40, CD38 and CD11b geometric mean of the polarised 

MDMs/ hBMDMs. Significant differences in CD14 geometric mean were found between the three 

cell sources, but they changed depending on the polarisation condition. While PBMC derived 

MDMs always showed an increased level of CD14 (A) geometric mean compared with FD 

hBMDMs in all three polarisation conditions, the geometric mean of the FE hBMDMs varied. M0-

like hBMDMs showed a significantly higher CD14 geometric mean in the FE hBMDMs compared 

with the FD hBMDMs, this trend was also seen compared with the PBMC MDMs. PBMC MDMs 

and FD hBMDMs also showed very similar levels of CD14 across the three polarisation conditions, 

whereas the FE cells illustrated a significantly higher geometric mean in the M0-like hBMDMs 

compared with the M1 and M2-like hBMDMs. This data suggested that the FD hBMDMs possibly 

had a higher contamination of stromal cells, limiting the expression of CD14 in the total 

population, this could also be true of the M1 and M2-like FE hBMDMs, which showed a lower 

expression than the MDMs. In contrast the CD68 (B) geometric mean showed a similar pattern 

between all three polarisation conditions from each cell source, with similar levels in PBMC MDMs 

and FD hBMDMs, with a slight rise in the FE hBMDMs.  

CD40 (C) geometric mean was significantly increased in M1-like PBMC derived MDMs compared 

to both the FD and FE M1-like hBMDMs. The CD40 geometric mean of the FE M1-like hBMDMs 

were also significantly higher than the FD M1-like hBMDMs. The M1-like polarised cells also 

indicated a higher CD40 geometric mean compared to the M0 and M2-like polarised cells of the 

same source, this was significant in the PBMC MDMs and FE hBMDMs. The CD38 (D) geometric 

mean was lower in the FD hBMDMs compared to the corresponding PBMC MDMs and FE 

hBMDMs, which also suggested there was a potential contamination of stromal cells. When 

analysed between the three polarisation conditions of each cell source the CD38 (D) geometric 

mean was higher in M1-like polarised cells compared with M0 and M2-like polarised cells from 

the same source, which was significant for the FE hBMDMs. A reduced trend of the CD11b (E) 

geometric mean was shown in the FD hBMDMs compared to the corresponding PBMC MDMs and 

FE hBMDMs. The expression of CD11b was also lower in M1-like MDMs/hBMDMs compared with 

M0 and M2-like MDMs/hBMDMs from the same cell source. Similarly to the percentage of CD11b 

positive cells, there is also a large variation of CD11b geometric mean between the different 

donors, which could potentially suggest some cells were already polarised towards an M2-like 

phenotype prior to the addition of polarising cytokines. 
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As expected, the phenotype data generated showed the M1-like MDMs and hBMDMs from all 

three cell sources had higher levels of CD38 and CD40, M1-like macrophage markers, than M0 and 

M2-like MDMs and hBMDMs. The M2-like MDMs and hBMDMs also showed higher levels of 

CD11b expression, a M2-like macrophage marker, than the M1-like cells but showed similar levels 

to the M0-like cells, supporting the contention that the M0-like MDMs and hBMDMs were already 

polarised towards an M2-like phenotype. 
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Figure 4-6. Geometric means of polarised macrophages differentiated from a heterogenous 

population. Isolated PBMCs and bone marrow cells were cultured for 7 days in basal media + M-

CSF, followed by 48 hours in polarisation media. They were then analysed for the geometric mean 

of (A) CD14, (B) CD68, (C) CD40, (D) CD38, and (E) CD11b, by flow cytometry. N=2-4 each with 
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three technical replicates. Results presented as mean +/- SD, statistics determined using a one-way 

ANOVA, significance represented as *<0.05, ** <0.01, ***<0.001, ****<0.0001. 

4.2.3 Characterising MDMs Derived from CD14+ Isolated PBMCs and Bone Marrow 

The phenotypic expression of MDMs generated from a heterogenous population of cells showed 

distinct differences when originating from PBMCs or bone marrow cells. It was then assessed 

whether this was a result of the differentiation of macrophages from these cell sources, or 

whether it was a result of stromal cell contamination and low monocyte population in the bone 

marrow samples. To analyse this CD14+ cells were isolated from PBMCs and bone marrow cells 

using a magnetic isolation kit (2.2.15) before being cultured with M-CSF for 7 days. Figure 4-7 are 

representative images of MDMs differentiated for 7 days, which showed similar morphology and 

confluency between PBMSCs derived MDMs, FD hBMDMs and FE hBMDMs, with no evidence of 

stromal cell contamination. 

 

Figure 4-7. Representative images of MDMs and hBMDMs differentiated from CD14+ isolated 

cells. CD14+ PBMCs and bone marrow cells were isolated and cultured with M-CSF for 7 days. 

Scale bar= 100 µm. 

After a 7-day incubation the cells were analysed for a panel of macrophage markers by flow 

cytometry (2.3). Figure 4-8 are representative images of the gating strategy used for 

characterising MDMs. Live cells were gated on the FSC vs SSC, with doublets being excluded in the 

FSC-H vs FSC-A plot (Figure 4-8A). The gates for the markers of interest were placed using isotype 

controls to eliminate non-specific binding before being used to determine the percentage and 

geometric means of the markers of interest (Figure 4-8B and C). 
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Figure 4-8. A representative flow cytometry gating strategy for characterising macrophages. 

CD14+ bone marrow cells and PBMCs were isolated and cultured for 7 days in basal media + M-

CSF, before being analysed for CD14, CD68, HLA-DR, CD11b, and CD68 expression by flow 

cytometry. (A) Illustrates the gating strategy to isolate the live and single cells, (B) isotype controls 

were then used to set the gates for the (C) samples analysed.  

Figure 4-9 shows the percentage positive cells and geometric mean for four macrophage markers, 

CD14 (A), CD11b (B), HLA-DR (C), and CD68 (D) as well as a stem cell marker CD34 (E) and a 

stromal marker CD271 (F). The PBMC derived MDMs and FD and FE derived hBMDMs showed 

similar levels of all macrophage marker expressions as well as geometric means. For the majority 

of markers analysed the different patient samples showed similar levels of expression, with the 

exception of CD11b. For PBMC MDMs, FD hBMDMs and FE hBMDMs the percentage CD11b 
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expression could be split into two groups, donors with a high (>60%) or low (<60%) CD11b 

expression, this suggested there may be some level of macrophage activation that occurred in the 

‘high’ donor samples. This distinction wasn’t as clear in the CD11b geometric mean, but the 

samples did show a large range compared with the other markers analysed. All three cell sources 

were also negative for CD34 and CD271 expression, suggesting there was no stem cell or stromal 

cell contamination.  

 

Figure 4-9. Phenotyping of macrophages differentiated after CD14+ isolation. CD14+ bone 

marrow and PBMCs were isolated and cultured for 7 days in basal media + M-CSF, and analysed 

for the percentage and geometric mean of (A) CD14, (B) CD11b, (C) HLA-DR, (D) CD68, (E) CD34 

and (F) CD127 by flow cytometry. N=3-4, each with three technical replicates. Results presented as 

mean +/- SD, statistics determined using a one-way ANOVA, no significance determined. 
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4.2.4 Isolating CD14+ cells for MDM Polarisation into M1-like and M2-like phenotypes 

Polarisation of the heterogenous MDMs and hBMDMs showed distinct differences in the 

expression of CD38, CD40 and CD11b markers when isolated from PBMCs, FD or FE bone marrow 

cells. It was assessed whether this was a direct result of the differentiation of MDMs/hBMDMs 

from these cell sources, or whether it was a result of stromal cell contamination and low 

monocyte population in the bone marrow samples. To do this CD14+ FD, FE and PBMC cells were 

isolated, using either the Miltenyi or StemCell kits (2.2.15), and cultured with M-CSF for 7 days; 

they were then polarised into a M1-like phenotype, by culturing with LPS and IFNγ, or M2-like 

phenotype, by culturing with IL-4 and IL-13, for a further 48 hours (2.2.14). M-CSF alone was used 

as M0-like control. Figure 4-10 are representative images of M0, M1 and M2 like 

MDMs/hBMDMs. The M1-like differentiation process resulted in a lower confluency of cells than 

the M0 and M2-like macrophages. 
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Figure 4-10. Representative images of polarised MDMs and hBMDMs differentiated from CD14+ 

isolated cells. CD14+ PBMCs, FD and FE bone marrow cells were isolated and cultured in M-CSF for 

7 days. The cells were then cultured in polarisation media for a further 48 hours to differentiate 

into M0-like, M1-like and M2-like MDMs and hBMDMs. Scale bar= 100 µm. 

After a 9-day culture the cells were dissociated into single cell suspensions and analysed by flow 

cytometry for a panel of macrophage markers as before (2.3). Figure 4-11 shows the percentage 

of positive cells for CD14, CD68, CD40, CD38 and CD11b expression. The expression of CD14 (A) 

and CD68 (B) were very similar between the PBMC derived MDMs, FD hBMDMs and FE hBMDMs, 

in all three polarisation conditions. The CD40 (C) percentage expression showed a higher trend in 

PBMC MDMs compared with the FD and FE hBMDMs for all three corresponding polarised 

conditions. CD40 expression was also higher in the M1-like polarised cells compared to the M0 

and M2-like polarised cells from the same source. CD38 (D) expression was similar between the 

corresponding polarised cells between each source, but showed an increased level of expression 

in the M1-like polarised cells compared to the M0 and M2-like polarised cells of the same source. 
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CD11b (E) positive cells also showed a higher level of expression in the PBMC MDMs compared 

with the FD and FE hBMDMs for all corresponding polarised conditions. The CD11b expression 

was also lower in the M1-like polarised cells for each cell source, while there was only a slight 

increase in the M2-like MDMs compared with the M0-like MDMs. This suggested that the 

combination of LPS and IFNγ cytokines resulted in expression of an M1-like phenotype including 

an increase the percentage of CD38 and CD40 positive cells, while lowering the percentage of 

CD11b, an M2-like phenotypic marker. Similarly to previous data, the percentage of CD11b was 

high in the M0-like MDMs and hBMDMs, suggesting these cells may have been already polarised 

towards an M2-like phenotype possibly due to an already activated immune system prior to 

donating blood or bone marrow, which may affect these assays. 



Chapter 4 

101 

 

Figure 4-11. Phenotype of polarised MDMs and hBMDMs differentiated from CD14+ isolated 

cells. CD14+ bone marrow and PBMCs were isolated and cultured for 7 days in basal media + M-

CSF, then cultured for 48 hours in polarisation media. The cells were analysed for the percentage 

(A) CD14, (B) CD68, (C) CD40, (D) CD38, and (E) CD11b, by flow cytometry. N=2-3, each with three 
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technical replicates. Results presented as mean +/- SD, statistics determined using a one-way 

ANOVA, significance represented as *<0.05, ** <0.01. 

Figure 4-12 shows the geometric mean for CD14, CD68, CD40, CD38 and CD11b expression of the 

PBMC derived MDMs, FD hBMDMs and the FE hBMDMs. There were no differences in the 

geometric mean of CD14 (A) between the corresponding polarised PBMC MDMs, FD hBMDMs and 

FE hBMDMs from the different cell sources. The expression of CD14 also showed a higher trend in 

the M1-like polarised cells compared to the M0 and M2-like polarised cells of the same source. 

Similarly, there were few differences between the geometric mean of CD68 (B) from both the 

different cells sources and polarisation conditions. CD40 (C) geometric mean also showed similar 

expression between the corresponding polarisation conditions of the different cell sources, but 

the M1-like polarised cells had a higher level of expression compared to the M0 and M2-like 

polarised cells from the same source. The M0 and M2-like CD38 (D) expression was very low for 

all cell sources, which also indicated similar CD38 geometric mean between the M1-like polarised 

cells between each cell source. 

In contrast the PBMC MDMs showed a higher CD11b (E) geometric mean for all three polarised 

conditions compared with the corresponding FD hBMDMs and FE hBMDMs, although this was 

only significant in the M2-like PBMC MDMs and FD hBMDMs. There was also significantly higher 

geometric mean for the CD11b+ M2-like MDMs compared with the M1-like MDMs, and this trend 

was also seen in the FD and FE hBMDMs. The data from Figure 4-11 and Figure 4-12 shows as 

expected, M1-like polarised cells had an increase in CD38 and CD40 expression, while M2-like 

polarised cells showed an increase in CD11b. There was also similar expression of all markers 

between the corresponding polarised conditions from the three cells sources, suggesting isolating 

the cells for CD14 prior to differentiation negates the differences found in the heterogenous 

populations. 
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Figure 4-12. Phenotype of polarised MDMs and hBMDMs differentiated from CD14+ isolated 

cells. CD14+ PBMC and bone marrow cells were isolated and cultured for 7 days in basal media + 

M-CSF, followed by 48 hours in polarisation media. The geometric mean of (A) CD14, (B) CD68, (C) 

CD40, (D) CD38, and (E) CD11b, was analysed by flow cytometry. N=2-3, each with three technical 
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replicates. Results presented as mean +/- SD, statistics determined using a one-way ANOVA, 

significance represented as *<0.05. 

4.2.5 Phagocytosis of PBMC derived MDMs and Bone Marrow derived hBMDMs 

The MDMs and hBMDMs generated from a heterogenous population of cells and from isolated 

CD14+ cells showed a very similar phenotype, but there were differences in CD11b expression 

between different donors. To determine whether skeletal location or original source of the MDMs 

and hBMDMs affected the activation of these cells, the level of Fc independent phagocytosis was 

assessed. PBMC derived MDMs and bone marrow derived hBMDMs were isolated and cultured 

with M-CSF for 7 days before being re-plated and cultured for a further 48 hours in M-CSF. Then 

3µM BSA-FITC coated beads were introduced into the MDMs and hBMDMs cultures, and 

incubated for a further 1 hour (2.2.16). Figure 4-13 demonstrates the flow cytometry gating 

strategy for PBMCs (A) and bone marrow (B). Live cells were gated on the FSC vs SSC, with 

doublets being excluded in the FSC-H vs FSC-A plot.  
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Figure 4-13. Flow cytometry gating strategy for a MDM and hBMDM phagocytosis assay. 

Heterogenous human bone marrow cells and PBMCs were isolated and cultured for 7 days in basal 

media + M-CSF, then re-plated and cultured for a further 48 hours. BSA-FITC beads were co-

cultured with the MDMs for one hour before being analysed by flow cytometry. (A) Shows 

representative images of the live and single cell gating strategy for PBMC MDMs and (B) shows 

representative images of the live and single cell gating strategy for bone marrow hBMDMs. 

The percentage of FITC positive cells were determined by analysing MDMs and hBMDMs cultured 

without the beads as a negative control. When FITC labelled beads had been phagocytosed by the 

macrophages the level of FITC should have increased, which was clearly seen in Figure 4-14A for 

both MDMs and hBMDMs. These cells were differentiated from a heterogenous population. 

Figure 4-14B also showed the percentage and geometric mean of FITC, where there were clear 

increases for both PBMC MDMs and FE hBMDMs. Unfortunately, in this assay there was a large 

number of dead cells in the FD hBMDM condition, likely due to problems detaching the cells 

during re-plating, which meant the FD hBMDMs were not analysed. As a large number of cells 

were needed for a phagocytosis assay, the conditions were only analysed in duplicate when 

cultured with the beads and as a single well without, as such statistical analysis could not be 

performed, but the data suggested there was a similar level of phagocytosis occurring between 
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the MDMs and FE hBMDMs. This assay was set up and analysed by Emma Teal, Cancer Sciences, 

University of Southampton. 

 

Figure 4-14. Phagocytosis of macrophages generated from heterogenous PBMCs and FE bone 

marrow. Phagocytosis of the macrophages was measured by the increase in BSA-FITC beads taken 

up by the MDMs and hBMDMs. (A) Representative images showing the gating strategy for the 

FITC+ MDMs and hBMDMs. Macrophages cultured without BSA-FITC beads were used as a 

negative control. (B) The percentage and geometric mean of FITC+ MDMs and hBMDMs. N=1, 

with one or two technical replicates. Results presented as mean +/- SD, Results not analysed for 

significance due to low sample number. 

To reduce contamination of stromal cells in the hBMDM cultures, CD14+ cells were isolated from 

PBMC and bone marrow samples, differentiated using M-CSF before being re-plated and 

incubated with 3µM BSA labelled beads. Figure 4-15 are representative images of MDMs from 

two PBMC samples (A) and hBMDMs from two bone marrow samples (B). Both of the hBMDMs 

were less confluent than the PBMC2 differentiated MDMs, and the M49 hBMDMs were less 

confluent than the PBMC1 MDMs. Although lower in cell number there were clearly still live cells 

in the bone marrow samples, which indicated phagocytosis could occur.  
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Figure 4-15. Representative images of macrophages differentiated from CD14+ isolated cells. 

Images of CD14+ (A) MDMs and (B) hBMDMs were taken after the cells were cultured for seven 

days with M-CSF, then re-plated and cultured for a further 48 hours in M-CSF. Scale bar= 100 µm. 

CD14+ isolated PBMCs and bone marrow cells were isolated and cultured as above with 3µM BSA-

FITC coated beads (2.2.16). The percentage of FITC positive cells were determined by analysing 

MDMs and hBMDMs cultured without the beads as a negative control (Figure 4-16A). Figure 

4-16B shows the percentage and geometric mean for the PBMC derived MDMs and FD derived 

hBMDMs, cultured with and without the beads. The BSA-FITC beads alone were also analysed as a 

positive control. The PBMC samples showed a clear increase in both the percentage and 

geometric mean of FITC when cultured with the beads, indicating a high level of phagocytosis. In 

contrast there was no increase in FITC signal when the FD hBMDMs were cultured with the BSA-

FITC beads, suggesting phagocytosis had not occurred. As only one independent experiment was 

analysed for this assay the lack of phagocytosis in the FD hBMDMs was likely due to human error, 

and would need to be repeated to determine if CD14+ hBMDMs could actively phagocytose the 

BSA-FITC beads. 
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Figure 4-16. Phagocytosis of macrophages generated from a CD14 isolated PBMC and FD cell 

populations. Phagocytosis of the macrophages was measured by the increase in BSA-FITC beads 

taken up by the cells. (A) are representative images showing the gating strategy for the 

MDMs/hBMDMs cultured with the beads (PBMC+/FD+). Cells cultured without BSA-FITC beads 

(PBMC-/ FD-) were used as a negative control. (B) The percentage and geometric mean of FITC+ 

MDMs/ hBMDMs. N=2, with two technical replicates. Results presented as mean +/- SD, Results 

not analysed for significance due to low sample number. 

4.2.6 Differentiating Osteoclasts from PBMCs and Bone Marrow Cells 

Osteoclasts differentiate from the same lineage as macrophages, and are the main regulator of 

bone resorption [54]. These cells are also likely to be already present in the human bone samples 

used for the 3D bone model. Due to similarities in phenotypic and functional characteristics found 

in MDMs differentiated from PBMC and hBMDMs differentiated from bone marrow, phenotypic 

differences in the differentiation of osteoclasts was also assessed. To compare the generation of 

osteoclasts, PBMCs and bone marrow cells were isolated and plated at varying concentrations in a 

48 well plate. The cells were incubated for 14 days in M-CSF + RANKL (2.2.17), then fixed and 

analysed by staining for TRAP (Figure 4-17), osteoclasts are stained pink/purple. Figure 4-17A 

showed more osteoclasts were present in the high cell number plated at 4x106 cells per ml in both 
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FD and FE cells, but there was no osteoclast differentiation from PBMCs plated at the same 

density. Osteoclast differentiation from PBMCs occurred at higher cell density than bone marrow, 

at around 1x107 cells per ml. TRAP staining of the PBMC derived osteoclasts plated at a density of 

1x107 cells per ml illustrated a higher number of osteoclasts compared with those plated at 2x107 

cells per ml. This suggested a cell density above 1x107 cells per ml could limit osteoclast 

differentiation, possibly due to a higher number of dead cells.  

 

Figure 4-17. Differentiation of osteoclasts from PBMCs and bone marrow cells. (A) PBMC, FD and 

FE cells were isolated and plated at 4x106 and 2x106 cells per well, with (B) PBMCs also plated at 

1x107 and 2x107 cells per well. The cells were then incubated for 14 days in basal media + M-CSF + 

RANKL. After 14 days the cells were fixed then stained using the TRAP protocol. Osteoclasts 

stained red/ purple. Images are representative of N=1 with three technical repeats. Scale bar= 

100µm. 
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Due to the high discrepancy in cell number needed to differentiate osteoclasts from a 

heterogenous population, CD14+ PBMCs and bone marrow cells were isolated and cultured in 

osteoclast differentiation media (2.2.17). To do this, CD14+ isolated PBMC and FD cells were 

plated at varying concentrations and incubated for 14 days in M-CSF + RANKL, before being fixed 

and analysed by TRAP staining (Figure 4-18). While osteoclast differentiation occurred at all cell 

concentrations, a clear increase in osteoclast differentiation could be seen in the two higher 

concentrations of CD14+ PBMCs compared with the CD14+ FD cells, where they created very large 

multinucleated osteoclasts.  

 

Figure 4-18. Differentiation of osteoclasts from CD14+ isolated PBMCs and bone marrow cells. 

(A) CD14+ PBMC and FD cells were isolated and plated at 1x106, 2x106, and 4x106 cells per well, 

before being incubated for 14 days in basal media + M-CSF + RANKL. After 14 days the cells were 

fixed then stained using the TRAP protocol. Osteoclasts stained red/ purple. Images are 

representative of N=1 with three technical repeats. Scale bar= 100µm. 
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4.2.7 Activation of Osteoclasts 

Previous data showed that osteoclasts could be derived from both PBMCs and bone marrow cells. 

There was a particularly high level of differentiation from CD14 isolated PBMCs, but the TRAP 

staining could not assess whether these osteoclasts were activated and could resorb bone. To 

assess this a pilot study was set up to determine whether cortical bone slices could be used to 

look at bone resorption using a pit assay (2.2.17, 2.6.7). Isolated PBMCs were cultured for 14 days 

in M-CSF + RANKL, on cortical bone slices that were drilled from the femoral neck of a patient who 

had undergone hip replacement surgery, before being fixed and stained for TRAP. Cortical slices 

were incubated without cells as a control, osteoclasts were stained pink/purple and nuclei were 

stained black. Figure 4-19A are representative images of TRAP staining from PBMC derived 

osteoclasts. There was a clear coverage of PBMC derived osteoclasts over the cortical bone, but 

the bone itself was not as flat as initially determined without the use of a microscope, which 

resulted in some slices being unusable for this assay. Following TRAP staining the bone slices were 

sonicated to remove the cells, before being stained with toluidine blue (Figure 4-19B). Darker 

areas of stain indicated pits where the bone had been resorbed by the osteoclasts. Areas of bone 

resorption indicated that the osteoclasts were active and could be used to compare the activation 

between PBMC and bone marrow derived osteoclasts. Further assays would need to be 

completed to determine whether cortical slices would be a robust method to analyse osteoclast 

activation. 
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Figure 4-19. Activation of osteoclasts from CD14+ isolated PBMCs. CD14+ PBMCs were isolated 

and incubated on cortical bone slices for 14 days in basal media + M-CSF + RANKL. After 14 days 

the cells were fixed then stained using the TRAP protocol (A), images were taken at various 

objectives. Osteoclasts stained red/ purple. (B) Toluidine Blue staining of cortical bone slice after 

osteoclasts were removed by sonication, areas of resorption are stained darker blue, represented 

by white arrows. Images are representative of N=1 with three technical replicates. Scale bar= 

100µm. 
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 Discussion 

These studies were designed to compare macrophage and osteoclast differentiation ability from 

PBMCs and bone marrow isolated cells. The 3D multicellular model consisted of human bone 

cores drilled from the femoral epiphysis; as such macrophages derived from the bone marrow 

(hBMDMs) could be more appropriate in this model than PBMCs (MDMs). Key findings: 

 After CD14 isolation macrophages derived from PBMCs and bone marrow showed similar 

phenotypes. 

 The derived macrophages from PBMCs and bone marrow also showed similar 

characteristics after polarisation towards an m1-like and M2-like phenotype. 

 Osteoclasts can be differentiated from both PBMCs and human bone marrow cells. 

Analysis of the PBMC and bone marrow derived cells showed the percentage of CD14 positive 

MDMs was significantly higher compared with the FD hBMDMs and FE hBMDMs when plating 

from a heterogenous population, with differences also found in CD11b and HLA-DR expression. 

These differences were negated after isolating CD14+ cells before macrophage differentiation. 

The similarity in macrophage marker expression from the three cell sources after CD14 isolation, 

demonstrated that the presence of stromal cells were contaminating the flow cytometry analysis 

of the heterogenous cell populations, and was most likely causing the differences between the 

MDMs and hBMDMs. Interestingly these stromal cells did not show an increase in CD271, a 

stromal/ mesenchymal stem cell marker [223], which questions the validity of using this antibody 

to check for the presence of contaminating cells. MDM assays which showed a large population of 

stromal cells (roughly more than 40%) were discarded before analysis, this reduced the overall 

number of assay repeats for the hBMDMs. 

In the CD14+ isolated MDMs and hBMDMs there were large donor variations in the expression of 

CD11b from all three cell sources. CD11b is an M2-like macrophage marker, these cells are known 

to secrete anti-inflammatory cytokines, and are involved in wound healing and tissue repair [224]. 

This could suggest that some patient samples were already primed towards this M2-like 

phenotype. Previous studies have suggested a strong link between the M1-like pro-inflammatory 

macrophages in osteoarthritis and osteoporosis patients. These are the two most common 

diseases of patients undergoing hip replacement surgery, with chronic inflammation a direct 

contributor to the aetiology of osteoporosis and osteoarthritis [225]. More recent studies have 

also linked M2-like macrophage polarisation with osteogenic differentiation and mineralisation 

[226, 227]. It has been hypothesised that modulation to favour M2-like macrophages could be an 

effective treatment strategy for these diseases [228]. This suggests that macrophages from 

osteoporosis and osteoarthritis samples are more likely to be polarised towards an M1-like 
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phenotype, and thus have a lower expression of CD11b. While this could be the reason of the 

‘low’ level of CD11b in some patient samples, this was not the case for the PBMCs. More recently 

a study has hypothesised that there could be a correlation between an increased M2-like 

phenotype with extended cell culture, particularly in the presence of biomaterials, suggesting that 

in vitro culture may polarise macrophages towards an M2-like phenotype [229]. While the 

macrophage assays in this thesis were all standardised to a 7/9 day culture, other factors like 

confluence of the cultures may play a role in activating these cells towards a M2-like phenotype. 

The MDMs generated were also polarised with LPS and IFNγ to generate a M1-like phenotype 

[230], and IL-4 and IL-13 for a M2-like phenotype [230]. Using these cytokines, previous studies 

have shown M1-like MDMs upregulate CD38 [231] and CD40 [232], while M2-like macrophages 

upregulate CD11b expression [233]. Polarised macrophages from heterogenous populations 

showed that FD hBMDMs had the lowest expression for all standard and polarised macrophage 

markers, while PBMCs generally had the highest expression of all macrophage markers. This did 

not affect their ability to differentiate down the M1 and M2-like phenotypes, suggesting 

contaminations of stromal cells in the culture was lowering the overall macrophage marker 

expression. This contention was supported by the similarity of macrophage markers in the CD14 

isolated cell cultures, although higher expression could be seen in CD40 and CD11b PBMC MDMs 

verses the FD and FE hBMDMs. Previously it was shown that PBMC MDMs were more confluent 

than bone marrow hBMDM populations, and the increase in CD11b expression could support the 

contention that confluency could be linked to a default M2-like phenotype, although more 

experiments would be needed to test this hypothesis clearly. 

Phagocytic ability of macrophages is important as it is the main role of all macrophages of various 

phenotypes. Thus, the phagocytic ability of PBMC derived MDMs and bone marrow derived 

hBMDMs was compared. An initial experiment was performed using MDMs differentiated from 

an heterogenous population, but due to the high number of cells needed there were not enough 

FD MDMs to analyse, as such only PBMCs and FE MDMs were compared. The MDMs showed very 

similar phagocytic ability from both the PBMCs and the FE cells, but this was a very hard assay to 

replicate as contaminating stromal cells in further assays meant phagocytosis could not be 

analysed. To overcome this, the phagocytic ability of CD14 isolated PBMC MDMs and FD hBMDMs 

was also analysed. FE hBMDMs were not analysed due to a limiting number of samples. 

Interestingly and unexpectedly the FD hBMDMs showed no phagocytic capacity. While images 

taken before flow cytometry analysis suggested that there were living macrophages in the FD 

cultures, which was confirmed by a clear FSC vs SSC population albeit a lower density than the 

PBMCs, there was no uptake of the BSA-FITC labelled beads. As this was only from one 

experiment it was possible that an error during the setup of the assay meant no phagocytosis 
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occurred. Further experiments will need to be performed to confirm the phagocytic ability of the 

bone marrow compared with the PBMC generated MDMs. 

Osteosarcoma patients have uncontrolled bone regulation leading to not just abnormal bone 

formation but also areas of bone resorption. Bone resorption is regulated by osteoclasts, these 

cells share a progenitor cell ancestor with macrophages [234], and in a healthy body work 

alongside osteoblasts for bone growth and maintenance. In a later results chapter (Chapter 5) µCT 

analysis was used to determine whether bone growth or resorption occurred in the 3D bone 

models. Bone cores with activated osteoclasts were used as a positive control for bone 

resorption, as such culture conditions were optimised for osteoclast differentiation, including 

whether PBMCs or bone marrow cells resulted in a higher number of activated osteoclasts. It has 

been shown that osteoclasts can be generated from both bone marrow and PBMCs heterogenous 

populations (Figure 4-17), although different cell concentrations were needed. While CD14+ 

PBMCs showed the highest level of osteoclast differentiation (Figure 4-18), bone marrow 

suspensions had a clear increase in osteoclast differentiation compared with PBMCs when plated 

from a heterogenous population. These cells were taken from patient’s most likely suffering from 

osteoarthritis or osteoporosis, which have both been shown to upregulate osteoclasts [235]. A 

pilot study was also performed to test whether these osteoclasts were actively resorbing bone, 

which showed it was possible to perform pit experiments on cortical bone slices, but further 

optimisation needs to be undertaken to make this assay more robust. Due to the limiting data on 

osteoclast activation, these cells were not added to the final 3D bone model, but due to the 

nature of the bone cores used, activity of osteoclasts already present in the models will be 

assessed in Chapter 6. 

Overall, any differences in MDM phenotype, between PBMC derived MDMs and hBMDMs from 

both FD and FE, were mostly negated when CD14+ cells were isolated before differentiation. This 

suggested that either MDMs or hBMDMs could be used as a suitable cell source to introduce 

macrophages into the 3D bone model. Further preliminary studies showed mixed results for the 

phagocytic ability of hBMDM, which suggested further analysis would be needed to confirm 

whether the hBMDMs would be appropriate for this model. PBMCs also generated a much larger 

number of macrophages from one leukocyte cone compared to one bone marrow sample. 

Combining this data together PBMC derived MDMs were chosen to be used as the source of 

macrophages in the 3D bone model. 
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Chapter 5 Micro Computed Tomography Analysis of a 3D 

Multi-Cellular Model of Osteosarcoma 

 Introduction 

A greater understanding of cellular interactions in the osteosarcoma tumour microenvironment 

will allow for the development of more effective drugs and therapies. Consequently, although the 

generation of a 3D multicellular model was complex, it could lead to unique insights into 

osteosarcoma. Previous research has produced many different 3D models for cancer, including 

the integration of cancer cells into scaffolds. These have been made with various biological and 

synthetic components [156, 165], but human bone has yet to be used as the structural 

component for a 3D model of osteosarcoma. 

The CAM is a dense vascular network present in a fertilised chicken egg, and functions by 

transporting nutrients and waste as the chick develops [166]. Many studies have used this 

membrane to implant a substance of interest, including scaffolds or cells, to visualise and study 

vascularisation. The CAM model was also used to allow blood vessels to integrate into bone, with 

literature showing successful bone growth and remodelling can occur in human bone cylinders 

[177]. The CAM model has been used in cancer research for many years, as vascularisation is an 

important factor in researching tumour growth and initiation, while the immunosuppressive 

nature of the fertilised chicken egg limits the effect of tissue rejection which may be found in 

other models. 

To develop a 3D multi-cellular model, human bone, taken from the femoral head of patients who 

have undergone hip replacement surgery, was combined with the three cell types of interest 

determined in Chapter 3 Chapter 4 namely HBMSCs, Saos-2 osteosarcoma cells and MDMs. The 

3D bone model was then implanted on the CAM, to allow for growth and vascularisation. One of 

the methods of diagnosing osteosarcoma over other bone cancers is the presence of spontaneous 

and disorganised bone growth [236], as such it was important to determine whether there were 

early signs of bone formation occurring in the 3D bone model through the use of µCT. This 

imaging technique has been invaluable in researching bone microarchitecture as well as scaffold- 

bone interactions in vivo, as it is both non-destructive and non-invasive [237-239]. This allowed 

for the opportunity to combine multiple analysis from one bone core and to perform serial 

assessments, to gain a better understanding of the 3D bone model. 
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Overall, there were a number of culture conditions as well as the size and shape of the bone 

fragments that needed to be compared to develop the 3D multicellular bone core model, these 

included:  

1. Whether the ability of bone growth or resorption was affected by the culture method, 

either in a long-term culture or incubation on the CAM.  

2. Whether acellular bone cores, which could be stored for longer, showed similar affects to 

standard bone cores.  

3. Whether the use of bone slices, which had a lower initial bone volume, could improve the 

ability for the cells to produce osteoid.  

4. Finally, whether the 3D bone model could be used to assess drug and therapies. 

 

 Results 

5.2.1 Development of the CAM Model 

The CAM model was first optimised to determine whether vascularisation could integrate into the 

3D bone model. Thus, 7 days after fertilisation windows were made on the chicken eggs, as 

described in (2.4.3), and either an 8 mm bone core (2.4.1) or approximately 5 mm bone slice 

(2.4.2) was placed onto the CAM membrane (2.4.3). The windows were sealed and the eggs 

incubated for a further 10 days. On day 17 after fertilisation the bone cores were removed from 

the eggs and the chicks humanely killed. At the end of the incubation period blood vessels were 

shown to be integrating into a representative bone core (Figure 5-1A). The presence of blood 

vessels was also seen in histological staining of the bone core; Figure 5-1B shows a representative 

H+E image indicating the presence of a blood vessel in the bone marrow of the core. 
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Figure 5-1. Vascularisation of bone cores incubated on the CAM. (A) An image of a bone core and 

bone slice after incubation on the CAM, red arrows show areas of angiogenesis. Scale bar = 1 mm. 

(B) H+E staining of a bone core section, showing vascularisation through the internalisation of 

blood vessels. Scale bar = 100µm. 

5.2.2 Optimising the Quantification of Bone Cores using Micro-CT Analysis 

To assess whether bone formation or resorption had occurred within the bone cores and slices, 

µCT images (2.7.2) were taken of the bone cores before and after incubation in either long term 

culture (37oC 5% CO2 for up to 30 days) or incubated for 10 days on the CAM. These images were 

reconstructed, overlaid, and quantitatively analysed to compare bone formation and resorption 

(2.7.2 to 2.7.5). Figure 5-2 illustrates the process used to align the µCT images, where Figure 5-2A 

and D showed a 2D section of the bone core taken before incubation (pre) and Figure 5-2B and E 

taken after incubation (post). When these images were overlaid (Figure 5-2C and F) they showed 

areas of bone misalignment (indicated by yellow circle), areas of bone loss (red); where bone was 

present in the pre image but not in the post, and areas of bone formation (blue); where bone was 

present in the post image but not the pre.  
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Figure 5-2. Reconstructed µCT images of a bone core at two different planes. (A) and (D) are 

representative images taken before CAM incubation, (B) and (E) are images of the same core 

taken after a 10 day CAM incubation. (C) and (F) are the pre and post images overlaid showing 

areas of bone misalignment (yellow), bone loss (red) and bone gain (blue). All following µCT 

analysis was produced using this reconstruction method. Scale bar= 1 mm. 

Once correctly aligned these tiff images could be reconstructed into a 3D image. Figure 5-3 are 

representative images of a bone core pre (A) and post (B) incubation. Figure 5-3C also shows the 

bone fragments present in the pre images but not in the post (bone loss or resorption) suggesting 

there was bone loss around the outside of the bone core, likely due to damage during handling of 

the bone cores. Figure 5-3D indicates the bone fragments present in the post bone core that were 

not in the pre (i.e. new bone formation), indicating areas of bone growth around the centre of the 

bone core. In all experiments, both the whole bone core and a region of interest (ROI), taken 

approximately 1 mm around the bone defect, were analysed for bone and trabecular data. Fold 

change was calculated by dividing the post data by the pre data of each bone core.  In all 

experiments the control was bone cores or slices incubated without additional cells unless stated 

otherwise.  
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Figure 5-3. Reconstructed µCT images of a bone core. Representative µCT images were taken (A) 

before incubation in the CAM assay (pre), and (B) after incubation in the CAM assay (post). The 

post images were overlaid on the pre-images, and the overlapped areas were removed, resulting 

in areas of bone loss (C). Conversely the pre-images were overlaid on the post images and areas of 

overlap were removed, resulting in areas of bone formation (D). Images are representative of N=3 

with three technical replicates. Scale bar = 1 mm. 

To determine if any structural changes were taking place in the bone cores, quantitative analysis 

was carried out based on the minimum set of variables [240] including percentage bone volume, 

trabecular number, trabecular thickness and trabecular separation, as well as bone surface to 
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volume ratio. For these parameters an increase in bone volume, trabecular number and 

trabecular thickness as well as a decrease in trabecular separation and bone surface to volume 

ratio are correlated with an increase in bone volume. TBPf was also important in analysing data as 

it compares the connectivity of trabecular bone by describing the bone as convex or concave, this 

meant more concave surfaces were representative of a connected spongy lattice, while more 

convex surfaces represented a badly connected lattice [241]. Decreases in TBPf indicated the 

presence of bone growth, while increases were linked with bone loss. Connectivity density was 

also assessed; the amount of connected bone divided by the total volume of the sample, 

alongside the Euler number; which computes the number of marrow cavities completely 

surrounded by bone, alongside the number of objects, and calculates the number of connections 

that need to be broken to split the bone structure into two parts [240]. For both connectivity 

density and Euler number, an increase suggested bone growth had occurred, while a decrease 

indicated bone loss.   

Figure 5-4 represents the µCT analysis for bone cores cultured with and without Saos-2 spheroids, 

in basal (A) or osteogenic I (B) media for 30 days, at 37°C 5% CO2. In these experiments there was 

no difference between the bone cores with and without Saos-2 cells, with the exception of the 

trabecular pattern factor (TBPf) and Euler number (Figure 5-4). In Figure 5-4A the TBPf of the 

whole bone core remained similar between the control and Saos-2 cells, but the ROI showed an 

increased trend when cultured with Saos-2 cells, suggesting early signs of bone loss. In contrast, 

Figure 5-4B demonstrated the opposite for the whole bone core analysis, with a significant 

decrease in TBPf when the bone cores were cultured with Saos-2 cells compared with the control 

(Figure 5-4C), suggesting signs of osteoid production, although this difference was not seen in the 

ROI. The Euler number for Figure 5-4A showed a very similar pattern to the TBPf, showing an 

increased trend with Saos-2 cells in the whole core and ROI. In Figure 5-4B the Euler number was 

very similar in the ROI, but was lower in the whole bone analysis with Saos-2 cells compared with 

the control, suggesting that that the level of connectivity increased slightly on the outside edges 

of the control bone core. 
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Figure 5-4. Quantitative µCT analysis of bone cores cultured in basal or osteogenic media . Bone 

cores were cultured with and without Saos-2 cells in (A) Basal or (B) osteogenic media for 30 days, 

with µCT images taken before and after incubation. Analysis was performed on the whole bone 

core and a ROI approximately 1mm around the defect area. Heat maps represent the fold change, 

of percentage bone volume, bone surface to volume ratio, trabecular pattern factor, trabecular 

thickness, trabecular number, trabecular separation, Euler number and connectivity density. Data 

presented as mean. (C) The trabecular pattern factor from while core cultured in osteogenic 

media. N=1 with three technical replicates. Data presented as mean +/- SD, statistics determined 

using a one-way ANOVA, significance represented as *<0.05. 

 

5.2.3 Quantifying the Bone Formation and Resorption of Bone Cores incubated on the CAM 

Further µCT analysis was carried out on bone cores before and after a 10-day incubation on the 

CAM (2.4.1 and 2.4.3). The bone cores were implanted with and without a combination of Saos-2, 

HBMSC and SKBR3 cells. Figure 5-5A combined the µCT analysis of bone cores cultured with or 
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without Saos-2 cells. Analysis of these two experiments showed more differences between the 

Saos-2 and control cores were found in the ROI compared with whole bone analysis. In the ROI, 

there were marked trends in the trabecular separation and Euler number. The decrease in 

trabecular separation and increase in Euler number in the Saos-2 bone cores compared against 

the control, suggested that although bone volume had not changed, osteoid production may have 

occurred in the presence of Saos-2 cells. This could have resulted in a decreased separation 

between trabecular bones, which consequently meant more connections were needed to be 

broken before the core could be split into two, resulting in a higher Euler number. 

 

Figure 5-5. Quantitative µCT analysis of Saos-2 bone cores cultured on the CAM. Bone cores were 

cultured with and without Saos-2 cells for 10 days on the CAM, with µCT images taken before and 

after incubation. Analysis was performed on the whole bone core and a ROI approximately 1mm 

around the defect area. Heat maps represent the fold change, of percentage bone volume, bone 

surface to volume ratio, trabecular pattern factor, trabecular thickness, trabecular number, 

trabecular separation, Euler number and connectivity density. N=2 with 14 technical replicates. 

Data presented as mean, statistics determined using a one-way ANOVA, no significance found. 

As previous experiments showed little bone formation or regression when bone cores were co-

cultured with Saos-2 cells, other cell types were implanted in the bone cores including, FD and FE 

HBMSCs as well as a breast cancer cell line SKBR3 (Figure 5-6). As a breast cancer cell line, SKBR3 

was used as an additional control alongside the empty control. This could determine whether any 

changes found between the HBMSC/ Saos-2 bone cores and the empty control were a result of 

bone growth/ resorption, or due to the presence of metabolically active cells.  To try and stimulate 
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osteogenic differentiation and mineralisation of the bone cores, they were cultured in osteogenic 

I media (Table 2-1) for 5 days before implanting on the CAM. Whole bone core analysis showed all 

cell lines had a marked increase in TBPf compared with the control, particularly the cores cultured 

with FD cells. FD bone cores also showed a small increase in trabecular separation compared with 

the other cell types. Saos-2 and SKBR3 bone cores showed a slightly higher percentage bone 

volume compared with the other cell types, and a significantly higher level of trabecular thickness 

compared with the control, but were very similar in all other analyses. Further trends between 

the cell lines were also seen in the TBPf analysis of the ROI, where control and FE bone cores were 

higher than FD, Saos-2 and SKBR3 cores. The FD bone cores also showed a higher Euler number 

compared with the other cell types, suggesting there could have been production of osteoid but 

the level of mineralisation across the ROI had not been affected.  

 

Figure 5-6. Quantitative µCT analysis of bone cores cultured on the CAM. Bone cores were 

cultured in osteogenic media for 5 days with and without FD, FE, Saos-2 or SKBR3 cells before 

being implanted on the CAM for 10 days, µCT images were taken before and after incubation. 

Analysis was performed on the whole bone core and a ROI approximately 1mm around the defect 

area. (A) Heat maps represent the fold change, of percentage bone volume, bone surface to 

volume ratio, trabecular pattern factor, trabecular thickness, trabecular number, trabecular 

separation, Euler number and connectivity density. Data presented as mean. (B) The trabecular 

thickness of the whole bone core analysis. N=1 with three technical replicates. Data presented as 

mean +/- SD, statistics determined using a one-way ANOVA, significance represented as *<0.05. 
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In previous experiments when bone cores were extracted from the femoral epiphysis, the original 

bone marrow cells were kept within the core, with isolation of the cores taking place up to 5 days 

after removal of the femoral epiphysis from the patient. Due to the necessity for a longer storage 

period of the bone cores before use, acellular bone cores were incubated in the CAM and 

assessed for bone formation or resorption (2.4.1). Using acellular bone cores also negated any 

variations in the cellular composition of the bone cores found from different patients. These cores 

were inserted with a combination of HBMSCs (mix of FD and FE) with or without Saos-2 and 

SKBR3 cells and implanted on the CAM for 10 days. As with previous data both the whole bone 

and a ROI were analysed (Figure 5-7). The HBMSC only group had the lowest TBPf and Euler 

number in the whole bone analysis, whereas the HBMSCs+ SKBR3 had the highest trabecular 

separation. In the ROI the control cores showed the lowest fold-change of TBPf and Euler number, 

while the HBMSC showed a decrease in trabecular number. Overall, there was little change in 

bone formation when bone cores were incubated with HBMSCs, Saos-2 or SKBR3, which was 

similar to data analysed from the cellular bone cores. 

 

Figure 5-7. Quantitative µCT analysis of acellular bone cores cultured on the CAM. Acellular bone 

cores were inserted with and without HBMSC, Saos-2 or SKBR3 cells before being implanted on the 

CAM for 10 days, µCT images were taken before and after incubation. Analysis was performed on 

the whole bone core and a ROI approximately 1mm around the defect area. (A) Heat maps 

represent the fold change, of percentage bone volume, bone surface to volume ratio, trabecular 

pattern factor, trabecular thickness, trabecular number, trabecular separation, Euler number and 

connectivity density. N=1 with four technical replicates. Data presented as mean, statistics 

determined using a one-way ANOVA, no significant differences found. 
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5.2.4 Assessing the Structural Effect of MDMs in Bone Cores Implanted onto the CAM 

In Chapter 4, MDMs were phenotypically assessed for introduction into the 3D bone model. As 

such MDMs were differentiated from PBMCs for 7 days (2.2.14) before being inserted into the 

bone model and implanted on the CAM (2.4.3). This experiment was performed on acellular bone 

cores because of availability (Figure 5-8). In both the whole bone and ROI there was very little 

difference found between the MDM and control bone cores, but in the ROI the combination of 

MDM+Saos-2 showed an increased trend in Euler number compared with the MDM and control. 

The PBMC derived MDMs were then skewed into M1-like or M2-like phenotype before being 

cultured on the CAM. Interestingly in the whole bone core there was a significant decrease in 

bone surface to volume ratio between the control and M1 bone cores (Figure 5-8C), which also 

showed a corresponding decrease in connectivity density (Figure 5-8D), suggesting a thickening or 

increase in existing trabecular bone, although there was only a small increase in trabecular 

thickness. This pattern was also seen in the ROI although to a lesser extent, which was not 

significant. A difference was also seen in the TBPf for the ROI, with a decrease in all MDM samples 

compared with the control, significant in the M0 samples (Figure 5-8E), suggesting an increase in 

the level of connections between trabecular bone. 
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Figure 5-8. Quantitative µCT analysis of MDM bone cores cultured on the CAM. (A) Acellular 

bone cores were inserted with and without MDMs and Saos-2 cells before being implanted on the 

CAM for 10 days. (B) Polarised MDMs were inserted into standard bone cores and implanted on 

the CAM for 10 days. Micro-CT images were taken before and after incubation. Analysis was 

performed on the whole bone core and a ROI approximately 1mm around the defect area. Heat 
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maps represent the fold change, of percentage bone volume, bone surface to volume ratio, 

trabecular pattern factor, trabecular thickness, trabecular number, trabecular separation, Euler 

number and connectivity density. Data presented as mean. (C) The bone surface: volume ration of 

the whole bone core, (D) the connectivity density of the whole bone core and (E) the trabecular 

pattern factor of the ROI. N=1 with 4 to 7 technical replicates. Data presented as mean +/- SD, 

statistics determined using a one-way ANOVA, significance represented as *<0.05. 

 

5.2.5 Quantifying Bone Formation and Resorption of Bone Cores inserted with a 

Combination of Saos-2, HBMSC and MDMs 

Chapter 3 and Chapter 4 determined that the combination of FD HBMSCs, Saos-2 and MDMs were 

to be used as the final composition inserted into the 3D bone model, as these three cell types 

allowed for a potential insight into the osteosarcoma microenvironment. The cells were inserted 

into the bone cores before being incubated at 37oC 5% CO2 for 20 days. The same number of Saos-

2 and MDMs were introduced to each core, with half the number of FD cells due to low 

confluency. There was no difference in µCT analysis for the whole bone core, with the exception 

of Euler number, which showed a significant increase in the triple combination bone cores 

compared with the control (Figure 5-9B). This increase in Euler number was also seen in the ROI 

although it was not significant (Figure 5-9C). There was also little difference in the other µCT 

analysis for the ROI, with the exception of trabecular separation, which showed a decreased trend 

in the triple combination bone cores compared with the control. A higher Euler number combined 

with a lower trabecular separation could suggest early signs of osteoid formation. 
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Figure 5-9. Quantitative µCT analysis of triple combination bone cores cultured in basal media. 

Bone cores were inserted with and without a combination of HBMSC, MDMs and Saos-2 cells 

(Triple) before being incubated in basal media for 20 days, µCT images were taken before and 

after incubation. Analysis was performed on the whole bone core and a ROI approximately 1mm 

around the defect area. (A) Heat maps represent the fold change, of percentage bone volume, 

bone surface to volume ratio, trabecular pattern factor, trabecular thickness, trabecular number, 

trabecular separation, Euler number and connectivity density. Data presented as mean. The Euler 

Number of the (B) whole bone core and (C) ROI. N=1 with five technical replicates. Data presented 

as mean +/- SD, statistics determined using a one-way ANOVA, significance represented as ** 

<0.01. 
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The three cell types of interest were then inserted separately or as a combination into bone cores 

before being incubated on the CAM (Figure 5-10). Interestingly in the whole core analysis, all 

cores cultured with cells showed an increase in percentage bone volume. The bone cores cultured 

with Saos-2 cells also showed the highest level of bone surface volume ratio and TBPf, as well as 

the lowest trabecular thickness. This was a significant increase in TBPf (Figure 5-10B) and a 

significant decrease in trabecular thickness (Figure 5-10C) compared with the triple combinations. 

This suggested that there was an increase in the strength of the trabecular connections when the 

three cell types were combined, compared with each cell type individually and the control cores. 

This pattern was also seen in the ROI, where the triple combination cores showed the lowest level 

of TBPf compared with the other cores, and the Saos-2 cores had the lowest trabecular thickness, 

although it was not significant. Conversely, there was also conflicting data showing the Saos-2 

cores had a significant increase in trabecular number compared with both the control and the 

triple combination cores (Figure 5-10D) in the ROI, with a similar pattern in the whole bone 

analysis, suggesting trabecular formation had increased. While there was conflicting data, any 

differences determined when culturing Saos-2 cells, which showed a decrease in trabecular 

thickness and separation but an increase in trabecular number, was negated by the HBMSCs and 

MDMs when combined in the triple combination cores. 
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Figure 5-10. Quantitative µCT analysis of triple combination bone cores cultured on the CAM. 

Bone cores were inserted with and without a combination of HBMSC, MDMs and Saos-2 cells 

before being implanted on the CAM for 10 days, µCT images were taken before and after 

incubation. Analysis was performed on the whole bone core and a ROI approximately 1mm around 

the defect area. (A) Heat maps represent the fold change, of percentage bone volume, bone 

surface to volume ratio, trabecular pattern factor, trabecular thickness, trabecular number, 

trabecular separation, Euler number and connectivity density. Data presented as mean. (B) The 

Trabecular pattern factor of the whole bone core, (C) the trabecular thickness of the whole bone 

core, and (D) the trabecular number of the ROI. N=1 with five technical replicates. Data presented 

as mean +/- SD, statistics determined using a one-way ANOVA, significance represented as *<0.05. 
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5.2.6 Assessing the effect of Mifamurtide on the 3D Bone Core Model 

Mifamurtide is given concurrently with chemotherapy post-operatively to patients in the UK 

[242]. As the ultimate success of this 3D bone core model will be determined by the testing of 

new therapies, a pilot study was used to demonstrate whether it was feasible to assess the effects 

of Mifamurtide using the model. To do this bone cores which contained a combination of the 

three cell types of interest were either cultured for 5 days in Mifamurtide before implantation in 

the CAM (Mif Pre) or for 5 days after removal from the CAM (Mif Post). Empty bone cores were 

incubated in Mifamurtide before implantation as an additional control. Mifamurtide was diluted 

to a 1:10 with basal media, for a final concentration of 0.16 µg/ml (6.4 µM), based on HBMSC and 

Saos-2 2D analysis (3.2.6 and 3.2.7). Interestingly in the whole bone analysis, the standard control 

cores showed a significant decrease in percentage bone volume compared with all the other 

conditions, with the exception of Triple+ Mif Pre (Figure 5-11B). The control also showed a 

decreased trend in trabecular number and an increase in trabecular separation compared with 

the other conditions. The control-Mif bone cores also showed an increase in TBPf compared with 

the other conditions (Figure 5-11C), although this was only significant in the triple and triple-Mif 

Pre bone cores. Small differences were also seen in the triple bone cores compared with the 

triple+ Mif Pre and triple +Mif Post bone cores although there was little consistency between the 

different µCT analyses.  

The ROI data showed significant differences between the triple Mif Post cores compared with the 

other conditions (Figure 5-11D), with the exception of the Mifamurtide control, which also 

showed an increased trend in trabecular thickness. This suggests there may have been an increase 

in osteoid growth and mineralisation when the triple combination was cultured in Mifamurtide 

after incubation in the CAM, this was supported by small increases in Euler number and 

connectivity density. The TBPf also showed large differences in the five conditions, although large 

standard deviations mean it was not significant, with the triple combination having the lowest 

TBPf, while triple +Mif Pre had the highest, suggesting incubating the triple combination in 

Mifamurtide before incubation on the CAM resulted in poorer and weaker trabecular 

connections.  
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Figure 5-11 Quantitative µCT analysis of bone cores cultured with Mifamurtide. Bone cores were 

inserted with and without a combination of HBMSC, MDMs and Saos-2 cells (triple) before being 

implanted on the CAM for 10 days. Mifamurtide was either added to culture 5 days before 

implantation or for 5 days after implantation, µCT images were taken before and after incubation. 

Analysis was performed on the whole bone core and a ROI approximately 1mm around the defect 

area. (A) Heat maps represent the fold change, of percentage bone volume, bone surface to 

volume ratio, trabecular pattern factor, trabecular thickness, trabecular number, trabecular 

separation, Euler number and connectivity density. Data presented as mean. (B) The percentage 

bone volume of the whole bone core, (C) the trabecular pattern factor of the whole bone core, and 

(D) the percentage bone volume of the ROI. N=1 with five technical replicates. Data presented as 
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mean +/- SD, statistics determined using a one-way ANOVA, significance represented as *<0.05, ** 

<0.01. 

5.2.7 Determining Positive and Negative Controls for µCT Analysis of Bone Cores 

The majority of data produced when bone cores were analysed by µCT involved very small 

changes, as such methods determining whether the bone cores are consistently producing 

osteoid or undergoing bone resorption needed to be optimised. To support this, bone 

remodelling was attempted through the use of different supplemented media, both in culture and 

in the CAM (Table 2-1). Bone cores were implanted with FD HBMSCs and incubated in basal, 

mineralisation or osteoclast media for either 20 days (Figure 5-12A), or for 7 days before being 

implanted on the CAM (Figure 5-12B). The bone cores incubated for 20 days showed small 

increases in percentage bone volume, trabecular number and trabecular thickness compared with 

the basal incubated cores, which did indicate early signs of bone formation, although this was not 

significant. Unfortunately, the cores incubated in osteoclast media also showed small increases in 

percentage bone volume and trabecular number, which suggested bone resorption was not 

occurring under these conditions. Alternatively, both bone formation and bone resorption are 

closely mediated during bone regulation, as such bone resorption may have been induced but the 

resulting growth factors and signals released from the resorbed bone may have also increased 

bone formation. The bone cores incubated on the CAM demonstrated even fewer differences in 

µCT analysis compared to long-term culture, where both mineralisation and osteoclast media 

incubated cores only showed a decrease in TBPf, with an increase in trabecular separation. 

Consequently, the combination of HBMSCs with osteoclast media did not effectively activate the 

differentiation of osteoclasts for bone resorption, as such a new approach is needed. It also 

suggested that there was a small amount of osteoid production occurring after a longer 

incubation in mineralisation media, but these were very small differences not statistically 

significant. To try and enhance the level of bone formation occurring in the bone cores, culturing 

human osteoblasts (2.2.4) were inserted into the bone cores and incubated on the CAM for 10 

days (Figure 5-12C). Compared to the control, the osteoblasts cultured bone cores showed a 

higher fold change in percentage bone volume, trabecular number, trabecular thickness and Euler 

number, with a corresponding lower fold change in bone surface to volume ratio, TBPf and 

trabecular separation. All of these data together suggested there was a low-level rate of bone 

formation occurring, although none of these were statistically significant.  
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Figure 5-12. Quantitative µCT analysis of bone cores generated for positive bone formation and 

resorption controls. HBMSCs were inserted into bone cores and either (A) cultured for 20 days in 

basal, mineralisation or osteoclast media, or (B) cultured for 7 days in basal, mineralisation or 

osteoclast media before being implanted on the CAM for 10 days. (C) Osteoblasts were inserted 

into bone cores and cultured in the CAM for 10 says. Micro-CT images were taken before and after 

incubation. Analysis was performed on the whole bone core and a ROI approximately 1mm around 

the defect area. Heat maps represent the fold change, of percentage bone volume, bone surface to 

volume ratio, trabecular pattern factor, trabecular thickness, trabecular number, trabecular 

separation, Euler number and connectivity density. N=1 with two to three technical replicates. 

Data presented as mean, statistics determined using a one-way ANOVA, no significance found. 
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5.2.8 Quantifying Bone Formation and Resorption of 3D Bone Slices  

The design of the bone cores enabled easy access to insert cells into the model, as well as fitting 

in sterile micro tubes for µCT imaging. Unfortunately, the cores themselves were quite large, at 8 

mm in diameter. To determine whether the size of the bone core affected the ability for bone 

formation or resorption, approximately 5mm square bone slices were designed, which were made 

acellular as they needed to be cut in a non-sterile environment (2.4.2). A combination of HBMSCs 

and Saos-2 cells were placed onto the bone slices, and they were either incubated in culture for 

28 days (Figure 5-13A) or inserted into the CAM assay (Figure 5-13B).  Figure 5-13A showed 

conflicting results for the HBMSC bone cores, with decreased percentage bone volume and 

trabecular thickness, suggesting a low level of bone resorption occurring, but alternative increases 

in trabecular number, bone surface to volume ratio and a decrease in trabecular separation, 

which suggested low levels of bone formation. This conflicting data could be seen in both the 

Saos-2 and combined HBMSC+ Saos-2 cores, which overall suggested there was no bone 

formation or bone resorption occurring. Alternatively, in the CAM incubated bone cores (Figure 

5-13B), there were fewer conflicting results, suggesting small levels of bone formation occurring 

in both the HBMSC and HBMSC+ Saos-2 bone cores compared with the control, with increases in 

percentage bone volume, trabecular number, trabecular thickness and a decrease in trabecular 

separation. Interestingly, the Saos-2 bone cores illustrated low levels of bone resorption, with 

decreases in percentage bone volume, trabecular number, trabecular thickness and an increase in 

trabecular separation. This suggested the presence of the HBMSCs was overcoming the bone 

resorption effect of the Saos-2 cells, and even potentially inducing low levels of osteoid 

production when HBMSC and Saos-2 were combined.  
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Figure 5-13. Quantitative µCT analysis of bone slices. HBMSCs and Saos-2 cells were inserted onto 

bone slices and either (A) cultured for 28 days in basal media or (B) for 10 days on the CAM, µCT 

images were taken before and after incubation. Analysis was performed on the whole bone core 

and a ROI approximately 1mm around the defect area. Heat maps represent the fold change, of 

percentage bone volume, bone surface to volume ratio, trabecular pattern factor, trabecular 

thickness, trabecular number, trabecular separation, Euler number and connectivity density.  N=1 

with four technical replicates. Data presented as mean, statistics determined using a one-way 

ANOVA, no significance found. 

Following the introduction of HBMSC and Saos-2 cells into the bone slices, the third cell type of 

interest, MDMs, were also inserted into the model. The MDMs were differentiated (2.2.14) and 

inserted onto bone slices either on their own or in combination with Saos-2 cells, and cultured in 

both basal or osteoclast media for 20 days (Figure 5-14A). Both basal incubated MDM and MDM+ 

Saos-2 showed a lower connectivity density compared with the control slices, which was 

significant for the MDM+Saos-2. They also both demonstrated an increase in Euler number, which 

combined with the connectivity density suggested a change in the trabecular connections. This 

conflicts with an increase in TBPf, which suggested a decrease in connectivity. There was even less 

change in the osteoclast media incubated bone slices, with only very few differences in the MDM 

cultured bone cores compared with the control. MDMs were also introduced onto the CAM 

(Figure 5-14B), which illustrated potential early signs of bone formation, with a decrease in TBPf 

from both the MDM and the MDM+Saos-2 slices compared with control, as well as an increase in 

Euler number and connectivity density.  
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Figure 5-14. Quantitative µCT analysis of MDM bone slices. MDM and Saos-2 cells were inserted 

onto bone slices and either (A) cultured for 20 days in basal or osteoclast media, or (B) for 10 days 

on the CAM, µCT images were taken before and after incubation. Analysis was performed on the 

whole bone core and a ROI approximately 1mm around the defect area. Heat maps represent the 

fold change, of percentage bone volume, bone surface to volume ratio, trabecular pattern factor, 

trabecular thickness, trabecular number, trabecular separation, Euler number and connectivity 

density. Data presented as mean. (A) Also shows the connectivity density of the basal incubated 

slices, while (B) also shows the trabecular pattern factor of the CAM cultures slices. N=1 with three 

to seven technical replicates. Data presented as mean +/- SD, statistics determined using a one-

way ANOVA, significance represented as *<0.05, ** <0.01. 
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5.2.9 Quantifying Bone Formation and Resorption of Bone Slices inserted with a 

Combination of Saos-2, HBMSC and MDMs 

The final three cell types to be combined and analysed in the 3D bone model were FD HBMSCs, 

Saos-2 cells and MDMs, determined in Chapter 3 and Chapter 4. The Saos-2 and MDMs were 

seeded on to the bone slices at the same cell number, with HBMSCs inserted at half the cell 

number to replicate the bone core experiment. They were then either incubated for 20 days in 

basal media or inserted onto the CAM. Figure 5-15A shows the µCT analysis for the bone slices 

cultured for 20 days. Compared to the control, the triple combination slices showed small 

decreases in percentage bone volume, trabecular number and Euler number, as well as increases 

in TBPf and trabecular separation, which all suggest bone loss. Interestingly, the opposite was 

found in the bone slices cultured in the CAM assay (Figure 5-15B), which compared with the 

control, showed statistically significant increases in bone volume, Euler number and connectivity 

density (Figure 5-15C), as well as an increased trend in trabecular number, and trabecular 

thickness. This combined with the decrease seen in the TBPf, suggested early stages of bone 

growth had occurred.  
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Figure 5-15. Quantitative µCT analysis of triple combination bone slices. HBMSCs, MDM and 

Saos-2 cells (triple) were inserted onto bone slices and either (A) cultured for 20 days in basal or 

media, or (B) for 10 days on the CAM, µCT images were taken before and after incubation. 

Analysis was performed on the whole bone core and a ROI approximately 1mm around the defect 

area. Heat maps represent the fold change, of percentage bone volume, bone surface to volume 

ratio, trabecular pattern factor, trabecular thickness, trabecular number, trabecular separation, 
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Euler number and connectivity density. Data presented as mean. (C) The percentage bone volume, 

Euler number and connectivity density of the CAM incubated slices. N=1 with five technical 

replicates. Data presented as mean +/- SD, statistics determined using a one-way ANOVA, 

significance represented as *<0.05. 

 

5.2.10 Determining Positive and Negative Controls for µCT Analysis of Bone Slices 

For the bone core model there was some success in forcing bone growth via the incubation of 

osteoblasts, but it was important to determine whether the lower volume of bone to cell ratio 

found in the bone slice model, could show larger differences in bone growth and resorption. To 

do this, HBMSCs were first inserted onto the bone slices (2.4.2) and incubated in basal or 

mineralisation media for either 28 days, or for 7 days before being incubated in the CAM assay. 

Figure 5-16A, demonstrates that the bone slices cultured for 20 days in mineralisation media 

showed conflicting results, with a decrease in percentage bone volume and trabecular thickness 

suggesting bone loss, but an increase in trabecular number and a small decrease in trabecular 

separation suggesting bone formation. Overall, the conflicting data suggested there was no real 

bone formation or resorption occurring. In contrast, the CAM incubated bone slices showed a 

clear trend towards bone growth, with a higher percentage bone volume, trabecular number, 

trabecular thickness, and Euler Number, alongside lower bone surface to volume ratio and 

trabecular separation compared with the control. As a positive control for bone resorption, 

MDMs were inserted onto bone slices and incubated in basal or osteoclast media for 7 days 

before being cultured on the CAM (Figure 5-16B). Unfortunately, while there did seem to be a 

reduction in trabecular thickness, suggesting bone loss, there was also increases in percentage 

bone volume, and Euler number as well as decreases in TBPf which suggested bone growth. As 

such the combination of MDMs with osteoclast media were not an effective positive control for 

bone resorption analysed by µCT. 
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Figure 5-16. Quantitative µCT analysis of bone slices generated for positive bone formation and 

resorption controls. HBMSCs were inserted into bone slices and either (A) cultured for 20 days in 

basal, mineralisation or osteoclast media, or (B) cultured for 7 days in basal, mineralisation or 

osteoclast media before being implanted on the CAM for 10 days. (C) MDMs were inserted into 

bone cores and cultured in osteoclast media for 7 days before being implanted on the CAM for 10 

days. Micro-CT images were taken before and after incubation. Analysis was performed on the 

whole bone core and a ROI approximately 1mm around the defect area. Heat maps represent the 

fold change, of percentage bone volume, bone surface to volume ratio, trabecular pattern factor, 

trabecular thickness, trabecular number, trabecular separation, Euler number and connectivity 

density. N=1 with three to five technical replicates. Data presented as mean, statistics determined 

using a one-way ANOVA, no significance found. 
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 Discussion 

Induction of blood vessels into the bone cores when cultured on the CAM, can be important in 

establishing a successful 3D model. This integration allowed for growth of the bone and 

potentially the cells which had been inserted inside the core. Figure 5-1 illustrated that there was 

successful incubation of the bone cores on the CAM, showing areas of vascularisation within the 

egg, which was important for successful establishment of the 3D model. Key findings: 

 Incubation of bone on the CAM resulted in vascularisation. 

 Micro-CT data showed few differences in bone formation or bone resorption, when the 

bone core and bone slice models were incubated on the CAM or in long term culture. 

Analysis of the bone cores by µCT was the first method used to quantifying the success of the 3D 

model. In patients, one of the features of osteosarcoma is the production of osteoid, the initiation 

of excess bone formation by the tumour, which can be detected in µCT images taken of the 

affected area [236]. As well as osteoid formation [62], a large proportion of osteosarcoma 

patients demonstrate excess bone resorption occurring in the surrounding bone, which could be a 

result of an increase in osteoclast numbers and resorptive activity mediated by the tumour [243, 

244]. Micro-CT analysis was used before and after the incubation of bone cores to see whether 

this bone production/resorption can be replicated. Representative images of the bone cores 

before and after CAM incubation were shown in Figure 5-3 A and B (respectively), with the bone 

loss (Figure 5-3C) and bone gain (Figure 5-3D) also shown from this core. Analysis was carried out 

on the whole bone core as well as a region of interest taken approximately 1 mm around the 

centre defect.  

Culturing bone cores long-term and on the CAM both have advantages and disadvantages. 

Culturing long-term allowed for the introduction of various cytokines and growth proteins to skew 

the development of the model in different directions, for example incubating in mineralisation 

media to enhance bone growth, and incubation in osteoclast media to enhance bone resorption. 

In contrast, the length of time available to prime bone cores using conditioned media before 

insertion onto the CAM was limited. Alternatively, the CAM did introduce vascularisation into the 

bone core model, which was not possible in any in vitro method. Vascularisation was important in 

mimicking the human osteosarcoma microenvironment, as well as being a more efficient method 

of introducing nutrients to the cells. Interestingly, long term culture experiments with the bone 

cores showed very little change in bone growth. Some data from these cultures did suggest early 

increases in bone growth, but this was not always supported by other parameters of µCT analysis. 

This was true of both the Saos-2 experiments and the triple-cell combination assay. In contrast 

the CAM models did show more supporting analysis suggesting bone growth was occurring, 
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although this changed between the different experiments. For example, early Saos-2 experiments 

suggested an increase in osteoid formation compared with the control, whereas later 

experiments comparing the triple-cell combinations suggest Saos-2 cells induce low levels of bone 

resorption. This was similar in the bone slice experiments, where those cultured long term 

generally showed low levels of bone resorption, for both the MDM and triple combination 

experiments, whereas in the CAM there was an overall increase in osteoid formation in the 

HBMSC, MDM and triple experiments. The differences between the long-term culture and the 

CAM experiments, although small, are important in developing the model, and suggested that for 

inducing stronger bone formation the CAM was the more appropriate method. 

Acellular bone cores were introduced as a potential alternative to the standard bone cores, as 

they could be stored for longer. Two acellular CAM experiments were performed, looking at all 

the cell types of interest. For both of these experiments, they showed very similar analysis 

compared to the appropriate standard CAM core assays, but there was little change in bone 

formation as well as conflicting results for both experiments, which limits the comparability. What 

was most evident during the setup of the assays was that the lack of cellular material found 

between the trabecular bone in the acellular bone cores, which resulted in fewer cells remaining 

in the defect area, and instead washing into the cell culture plastic before implantation. While the 

benefit of using acellular cores means they were more standardised between different patients, a 

new method of containing the cells would need to be optimised. This could either be using a semi 

permeable membrane, or a thicker matrix when injecting the cells of interest into the defect 

region. Bone slices were introduced as a potential alternative bone model as they had a smaller 

bone area to cell ratio, which may have allowed for an increase in bone remodelling. Generally, 

the bone slices and bone cores had very similar levels of bone remodelling, they both supported 

the increase in osteoid production for the triple combination experiments as well as for the 

HBMSC experiments. The main disadvantage of the bone slices was that as they were thinner, 

allowing more cells to pass through the slice into the cell culture plastic, meaning any benefit of 

less trabecular bone was lost as less cells were adhering and interacting in the bone slice. 

Based on all the µCT analysis performed, the combination of a bone core incubated in the CAM 

assay was the most robust method for developing the 3D multicellular model of Osteosarcoma. As 

the ultimate aim for this model was to be used to test new drugs and therapies, a pilot study was 

performed using the drug Mifamurtide. The bone cores were inserted with the triple-cell 

combination, then they were either incubated in Mifamurtide prior to CAM incubation, or after 

removal from the CAM. The triple combination with Mifamurtide pre-incubation showed very 

similar results to the triple combination without Mifamurtide, while the triple-cell combination 

with Mifamurtide post incubation showed a small increase in bone formation compared with the 
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control, and both other triple combinations. This effect could be due to immune infiltrate as there 

have been no previous research that suggest Mifamurtide can affect bone formation. This pilot 

study showed there were two applicable methods that could be used to test further drugs and 

therapies on the bone core model. Unfortunately, the lack of robust and reproducible positive 

controls for bone growth and resorption has limited any conclusions that could be generated from 

this data. Having effective controls would allow for optimal bone formation and resorption to be 

determined in this model, which would allow for more accurate conclusions based on the small 

differences seen in the µCT data to determine whether bone remodelling had occurred. The 

largest changes in bone formation were seen in the bone cores incubated with osteoblasts, 

unfortunately these cells were slow to proliferate and as such the experiment was limited to only 

two bone cores. A repeat is necessary to determine if there is any significance and if this pattern is 

repeated. Alternatively, previous studies have shown bone formation can occur in this model 

when a combination of collagen sponge and BMP2 was combined [177], as such it could be 

repeated to induce bone formation as a positive control. A positive control for bone resorption 

was attempted by culturing HBMSC and MDMs in osteoclast media, with no effect. According to 

2D assays (4.2.6) osteoclast generation was most effective when CD14 isolated cells were cultured 

in osteoclast media, as such could be a good positive control.  

The combination of bone cores incubated on the CAM showed the most evidence for osteoid 

production compared with the other conditions tested. Unfortunately, there was no definitive 

analysis confirming bone production or resorption in the 3D multicellular models, which may be 

because the short incubation time was not sufficient for bone mineralisation. This could 

potentially be resolved through the use of multiple, consecutive CAM assays, but the length of 

time needed to establish vascularisation via this method is unknown, and it also increases the risk 

of contamination. Re-analysing the µCT data by looking specifically at separate bone growth or 

bone loss overlays may result in more differences, although this method would mean the bone 

loss and bone gain couldn’t be directly compared potentially exaggerating misalignment effects. 

Other methods of analysis may be more informative in developing this 3D multicellular model of 

osteosarcoma, as such immunohistochemistry analysis of the bone cores and slices as performed 

in the following chapter.  
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Chapter 6 Immunohistochemistry Analysis of a 3D Multi-

Cellular Model of Osteosarcoma 

 Introduction 

Mechanical signals are reported to be important in modulating tumour behaviour in the bone 

microenvironment [156], thus selecting a scaffold like structure was important when initially 

developing a 3D multicellular model of osteosarcoma. A range of scaffolds, formed from both 

natural and synthetic material [150, 156], have been used in bone research, with all having 

different advantages and disadvantages in terms of biocompatibility, degradation and bioactivity 

[157, 160]. A mixture of synthetic and natural scaffolds have been developed to overcome these 

individual disadvantages [161], but there was limited evidence of their use in tumour models. 

Novel 3D models are continually evolving and becoming increasingly translationally relevant as 

the understanding of the tumour microenvironment increases, but currently there have been no 

published data using human bone as the basis for an osteosarcoma 3D model. Current models of 

osteosarcoma are also limited in biological activity and signalling, with no experiments combining 

osteosarcoma cells with structural and stromal cells found in the bone environment. With unique 

access to the femoral head of patients undergoing hip replacement surgery, a novel 3D 

multicellular model of osteosarcoma was developed, which used human bone as the structural 

base. The addition of stromal, immune and osteosarcoma cells, were used to replicate cellular 

interactions found in the osteosarcoma microenvironment. By combining human bone with 

primary human cells, the risk of cellular rejection was decreased, while also simulating the 3D 

bone structure found in patients.  

Accurate and reproducible validation of the bone model was important in assessing how well it 

replicates the tumour microenvironment. This was assessed by histology and 

immunohistochemistry analysis alongside the µCT data analysed in the previous results chapter. 

In addition, multiplex histological analysis of 10 primary human osteosarcoma samples, were used 

as a basis for evaluating the similarities of the 3D bone core model with the human tumour 

microenvironment. As bone is a hard material, appropriate preparation needed to occur before 

further histological analysis. Most protocols decalcify bone before embedding in paraffin or OCT 

[245]. This removes any mineralisation which softens the structure so it can be cut using a 

standard microtome blade. Alternatively, bone can be embedded in resin without the necessity 

for decalcification, but this needs to be sectioned with a diamond blade, then ground 

down/polished before any further staining can occur [246]. While the resin embedding process 

has the advantage of not needing decalcification, which can affect certain future histological 
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stains, it is a more expensive method with specialist equipment and knowledge needed. In this 

thesis the decalcification ability of four different chemical methods, outlined in 2.6.1, was 

compared, to optimise the embedding and staining process of human bone cores, before 

immunochemistry analysis was performed on specific markers of interest. 

 Results 

6.2.1 Embedding Decalcified Bone Cores in Paraffin 

The human bone cores and slices were quantified by immunohistochemistry staining for various 

markers of interest, to do this the bone was first decalcified to enable robust sectioning and 

preparation of the material. This included four different decalcification methods: 10% (v/v) formic 

acid, a Krajian solution, 6% (v/v) TCA and an EDTA-glycerol solution (2.6.1). After decalcification 

the bone cores were embedded in paraffin (under vacuum), before being sectioned and stained 

for H+E. Figure 6-1 shows representative images of the H+E staining, which showed very similar 

structural composition for all four decalcification methods, both at a low and high magnifications. 

Unfortunately, there were issues with the sectioning process of all four decalcification methods, 

particularly for formic acid, where the tissue was disintegrating closer to the defect area, where 

the cells were inserted, before a section could be obtained. This destruction meant only the 

remaining three decalcification methods could be used for further staining comparisons. 
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Figure 6-1. H+E staining of bone cores after decalcification and embedding in paraffin . Images of 

bone cores after they have been decalcified by 10% (v/v) formic acid, Krajian solution, 6% (v/v) TCA 

or an EDTA-glucose solution at two different magnifications. Images are representative of N=2, 

with four technical replicates. Scale bar= 100 µm 

Different decalcification methods potentially affect whether certain staining protocols can be 

carried out, for example highly acidic decalcification methods, such as formic acid, can cleave 

specific antigens meaning enzymatic stains like TRAP (2.6.6) and ALP (2.6.8) may not be effective. 

As such, the different decalcification methods were analysed for positive TRAP staining. Figure 6-2 

are representative images of TRAP staining for the Krajian, TCA and EDTA methods. A rat femur 

section was used as a positive control for TRAP staining, osteoclasts are stained red/brown and 
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light green was used as a background stain. Although some areas of bone show non-specific 

staining, there was also evidence of positive TRAP staining in all three decalcification solutions, 

although the strongest signal can be seen in the Krajian sample. 

 

Figure 6-2. TRAP staining of bone cores after decalcification and embedding in paraffin. Images 

of bone cores after they have been decalcified by, Krajian solution, 6% (v/v) TCA or an EDTA-

glucose solution. Sections of rat femur were used as a positive control. Osteoclasts stained 

red/brown, with fast green used as a background stain. Images are representative of N=2, with 

four technical replicates. Scale bar= 100 µm 

While there was little difference in terms of structural and enzymatic staining, differences in 

immunohistochemistry staining (2.6.5) were also tested, comparing both adherence of the 

sectioned tissue and staining intensity. Figure 6-3 shows representative images of CD68 staining, a 

macrophage marker. Clear positive staining can be seen in all decalcification comparisons, with 

similar colour and staining intensity. The sections also remained adherent to the slides during this 

longer staining protocol. Unfortunately, the main issue was the difficulty in obtaining complete 

sections from all decalcified bone cores during sectioning, as such the formic acid decalcified 

cores were not included. The bone cores were analysed by µCT before they were embedded, 
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confirming they had been completely decalcified, suggesting there may be a problem with the 

embedding process itself.  

 

Figure 6-3. CD68 staining of bone cores after decalcification and embedding in paraffin. Images 

of bone cores after they have been decalcified by, Krajian solution, 6% (v/v) TCA or an EDTA-

glucose solution. CD68 positive cells are stained red, with fast green used as a background stain. 

Images are representative of N=2, with four technical replicates. Scale bar= 100 µm. 

An alternative embedding option was then attempted, by directly comparing OCT (2.6.3) with 

paraffin embedding (2.6.2). Once OCT embedding was optimised the resulting sections were 

stained for H+E (2.6.4) and compared. Optimisation resulted in a 20 minute incubation in OCT 

under vacuum before being frozen in isopentane over dry ice. Figure 6-4 show representative 

images of TCA decalcified bone cores embedded in either paraffin or OCT before being stained for 

H+E, images were taken at various magnifications. There was no difference in clarity or 

morphology of the bone cores embedded in either paraffin or OCT. While the paraffin embedded 

samples had similar problems with tissue fragmenting when sectioning closer to the defect area 

as in previous studies, this was not found in the OCT embedded cores, where complete sections 

could be taken throughout the whole bone core. Thus, OCT was determined to be the optimal 

method of embedding over paraffin. 
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Figure 6-4. Images comparing OCT and paraffin embedding of the bone cores . 6% (v/v) TCA 

decalcified bone cores were embedded in paraffin or OCT, sectioned and stained with H+E, images 

were taken using various objectives. Images are representative of N=4, scale bar= 100 µm. 

 

6.2.2 Embedding Decalcified Bone Cores in OCT 

After optimising the use of OCT as the embedding medium, histological analysis was then 

compared for the four different decalcification methods. Figure 6-5 are representative images of 

H+E staining of the four different decalcification solutions, showing similar structure and 

morphology for all bone cores. Unfortunately, while the sectioning of three decalcification 
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methods, Krajian, TCA and EDTA did improve considerably, there was still issues with the 

sectioning of the formic acid decalcified cores, with the sections crumbling as they got closer to 

the defect region. As such formic acid decalcified bone cores were not analysed in future stains. 

 

Figure 6-5. H+E staining of bone cores after decalcification and embedding in OCT. Images of 

bone cores after they have been decalcified by 10% (v/v) formic acid, Krajian solution, 6% (v/v) TCA 

or an EDTA-glucose solution. Images are representative of N=2, with four technical replicates. 

Scale bar= 100 µm. 

The remaining three decalcification methods were then compared for enzymatic staining. Figure 

6-6 are representative images of TRAP staining (2.6.6), osteoclasts are stained red/brown with 

light green used as a background stain. Although there was evidence of positive staining in all 
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three decalcification methods, there was a large amount of tissue loss during the staining 

protocol. This was also true of longer CD68 immunohistochemistry staining protocol (2.6.5), 

where while there was a clear positive staining with similar intensity and morphology, over half of 

the sections detached and washed away during staining (Figure 6-7). 

 

Figure 6-6. TRAP staining of bone cores after decalcification and embedding in OCT. Images of 

bone cores after they have been decalcified by, Krajian solution, 6% (v/v) TCA or an EDTA-glucose 

solution. Osteoclasts stained red/brown, with fast green used as a background stain. Images are 

representative of N=2, with four technical replicates. Scale bar= 100 µm. 

 

 

Figure 6-7. CD68 staining of bone cores after decalcification and embedding in OCT. Images of 

bone cores after they have been decalcified by: Krajian solution, 6% (v/v) TCA or an EDTA-glucose 

solution. CD68 positive cells are stained red, with fast green used as a background stain. Images 

are representative of N=2, with four technical replicates. Scale bar= 100 µm 

The previous sections were attached to standard superfrost slides (MENZEL-GLÄSER). To see if 

adherence could be improved two new slides were tested, including ‘plus gold’ slides from Fisher, 

TOMO® slides from CellPath, alongside a tissue capture pen from Fisher. All three methods were 

promoted as improving the adherence of tissue, with the plus gold slides specifically referencing 
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bone marrow. Tissue capture pen solution was applied to standard slides to increase the adhesion 

of the sections. Figure 6-8 are representative images of CD105 staining of the three adherent 

slides. CD105 is a marker for angiogenesis and mesenchymal stem cells and was used here to 

replace the CD68 staining protocol, as it was the same length. There was a clear increase in 

adherence of tissue when using TOMO® slides compared with both the tissue capture pen and 

plus gold slides. The plus gold slides did show an improvement of adherence over the tissue 

capture pen, but not to the same extent as the TOMO® slides. From these optimisation 

experiments it was concluded that the combination of TCA decalcified bone embedded in OCT 

and sectioned onto TOMO® slides was optimal for future staining. TCA was chosen as while there 

were little differences in morphology or staining intensity between the Krajian, TCA and EDTA 

decalcification methods, it was a simple dilution with a shorter decalcification time. 

 

Figure 6-8. CD105 staining of bone cores after decalcification and embedding in OCT. Images of 

bone cores after they have been decalcified by 6% (v/v) TCA, then sectioned onto adherent slides 

including those coated in a tissue capture pen, plus gold slides and TOMO® slides. CD105 positive 

cells are stained brown, with fast green used as a background stain. Images are representative of 

N=1, with three technical replicates. Scale bar= 100 µm. 

6.2.3 Histological Analysis of the 3D Bone Core Model Incubated on the CAM 

After decalcification, embedding and sectioning the bone cores were stained for a range of 

markers including; CD68, a macrophage marker, CD105, a mesenchymal stem cell marker and 

RANK, which is expressed by osteoclasts. From each section an average of five images were 

captured using a Zeiss Axiovert microscope. These images were taken from set areas as shown in 

Figure 6-9A, to keep analysis consistent between the different conditions. The images consisted 

of; two taken at the sides of the defect area, two closer to the bottom of the bone core, and one 

or two taken in the defect region. Once the images were captured, they were analysed using 

ImageJ to quantify the area of positive staining. Figure 6-9 depicts the image analysis method on 

one section. The original image (B) was first deconvoluted [247], with the positive red stain 
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separated from the other green and brown background colours (C). A threshold was then set to 

encompass only the positive red staining, once set this was kept for all further analysis of each 

antibody for the same experiment. The resulting binary image (D) was then assessed for particle 

analysis (E), where the pixel area of positive stain and percentage area of positive stain was 

recorded. The resulting data could then be combined and compared. 

 

Figure 6-9. Schematic for the histological quantification analysis of bone cores. (A) Five images 

from each stained section were taken using a Zeiss Axiovert microscope. (B) A representative 

image was first deconvoluted (C), which separated the positive red stain from green and brown 

background stains. These images were then (D) transformed into a binary image, then (E) assessed 

for particle analysis, the resulting pixel number was quantified and compared.  
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The first 3D bone model consisted of a combination of MDM, Saos-2 and HBMSCs, characterised 

for inclusion in Chapter 3 and Chapter 4, which were inserted into bone cores (2.4.1) and cultured 

on the CAM assay for 10 days (2.4.3). Models were generated which included each of the cell 

types alone or as a triple combination, with empty bone cores being used as a control. After 

decalcification and embedding, the resulting sections were stained for CD68, a macrophage 

marker. Figure 6-10A shows representative images of CD68 staining (in red) for the five different 

conditions. A secondary antibody only control was also included to show there was no non-

specific staining. These images showed clear CD68 positive staining in the MDM, HBMSC and 

triple combination bone cores, while also being found to a lesser extent in the control and Saos-2 

bone cores. CD68 positive cells not in the defect area were also found in the resident tissue, more 

specifically at the top of the bone core near the cartilage layer. It was also determined that a large 

number of the inserted cells remained within the defect region (Figure 6-10B), with some 

interaction of the immediate surrounding tissue. The percentage area of positive stain was then 

calculated and compared. The deconvolution vector for ‘FastRed’ was used due to the strong red 

signal, with a threshold of 0-148. Figure 6-10C indicates the percentage of CD68 expression found 

in the whole bone core, where the triple combination showed significantly higher levels of CD68 

compared with all other conditions. The MDM-only bone cores also showed significantly higher 

levels of expression compared with the control and Saos-2 conditions. While the majority of 

inserted cells remained within the defect area, it was unknown whether the presence of the cells 

affected the activity of resident macrophages, or if any cell migration occurred. Figure 6-10D 

shows the quantified percentage of positive staining of the surrounding resident tissue, not 

including images of the defect region. Here it was found that there were still differences in CD68 

expression, showing a similar pattern where the MDM, HBMSCs and triple-cell combination had a 

higher level of expression than the control and Saos-2. The triple combination also had a 

significantly higher CD68 expression compared with the Saos-2-only bone cores. 



Chapter 6 

158 

 

Figure 6-10. CD68 staining of bone cores after a 10 day CAM incubation with a combination of 

MDM, Saos-2 and HBMSCs cells. (A) are representative images of CD68 staining (red) of the five 

conditions, a section was stained with the secondary antibody only as a control. These images 

were taken of the surrounding resident tissue, bone is stained blue. (B) are representative images 

of CD68 positive staining (red) found in the defect area. (C) is the quantification CD68+ staining 
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from all images taken of the bone cores. (D) is the quantification of CD68+ staining of resident 

tissue not including the defect area. Scale bar= 100 µm. N=3-5, data presented as mean +/- SD, 

statistics determined using one-way ANOVA, significance represented as *<0.05, ** <0.01, 

***<0.001. 

The expression of CD105, a variable marker for angiogenesis and mesenchymal stem cells, was 

also assessed and quantified in these bone cores. Figure 6-11A shows representative images of 

CD105 staining in the five different conditions. A secondary antibody only control was also 

included to determine there was no non-specific staining occurring. These images showed clear 

positive staining in all conditions except for the control (no inserted cells). Images of the defect 

region (Figure 6-11B) supported the findings found in the CD68 staining, that the inserted cells 

generally remained within the defect region, where there was a stronger CD105 expression. The 

percentage area of positive staining was then analysed and compared, the deconvolution vector 

‘H+E Dab’ was used to separate out the brown positive stain from the remaining blue and green 

background stains, with a threshold of 0-40. Figure 6-11C shows the percentage positive CD105 

expression found in the whole bone core, here all bone cores inserted with additional cells 

showed an increased CD105 trend compared with the control bone cores. Differences between 

the groups were not significant, possibly due to the large variation between the bone cores of the 

same condition. The expression of CD105 in the surrounding resident tissue was also determined 

by quantifying the bone cores but not including images of the defect region (Figure 6-11D). This 

showed a lower CD105 expression in all bone cores, particularly the triple-cell combination, with 

very similar low levels of expression across all conditions.  
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Figure 6-11. CD105 staining of bone cores after a 10 day CAM incubation with a combination of 

MDM, Saos-2 and HBMSCs cells. (A) are representative images of CD105 staining (brown) of the 

five conditions, a section was stained with the secondary antibody only as a control. These images 

were taken of the surrounding resident tissue, bone is stained blue. (B) are representative images 

of CD105 positive staining found in the defect area. (C) is the quantification of CD105+ staining 

from all images of the bone cores. (D) is the quantification of CD105+ staining of resident tissue 
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not including the defect area. Scale bar= 100 µm. N=3-5, data presented as mean +/- SD, statistics 

determined using a one-way ANOVA, no significance determined. 

The expression of the osteoclast marker RANK was also analysed in the five different conditions. 

Figure 6-12A are representative images of RANK staining, which showed a low amount of positive 

staining that could be seen in certain areas on the MDM sample. A secondary antibody only 

control was also included to show there was no non-specific staining occurring. Unfortunately, no 

cells were found in the small defect regions of these sections, and so the level of RANK could not 

be compared between the defect region and the surrounding tissue. The lack of cells could 

suggest the sections used were not close enough to the centre of the defect, supporting the 

contention that the inserted cells remained within the defect region. The percentage area of 

RANK positive staining was analysed for the whole bone core, with the deconvolution vector 

‘feulgen light green’ used to separate out the fainter red stain from any green and brown, the 

threshold was set at 0-160. The data was combined and Figure 6-12B showed there was no RANK 

staining found in all five conditions, equating to less than 0.1% of total image area.  
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Figure 6-12. RANK staining of bone cores after a 10 day CAM incubation with a combination of 

MDM, Saos-2 and HBMSCs cells. (A) are representative images of RANK staining (red) of the five 

conditions, a section was stained with the secondary antibody only as a control. These images 

were taken of the surrounding resident tissue, bone is stained blue. (B) is the quantification of 

RANK staining from all images of the bone cores. Scale bar= 100 µm. N=3-5, data presented as 

mean +/- SD, statistics determined using a one-way ANOVA, no significance determined. 

The histological analysis of the 3D bone cores has shown that expression of CD68 was higher in 

the triple cell combination during both the whole bone core analysis (Figure 6-10C) and in the 

resident tissue of the CAM bone cores after the defect area was removed from analysis (Figure 

6-10D). CD105 expression in the CAM incubated bone cores also showed a higher level of 

expression in the triple cell combination and single cell bone cores compared to the control 

(Figure 6-11). RANK expression was low (Figure 6-12) with the defect areas showing no inserted 
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cells, suggesting further optimisation of the sectioning and staining process would be needed for 

this marker. 

6.2.4 Histological Analysis of the 3D Bone Core Model Incubated in Long Term Culture 

To determine how much the CAM vasculature influences the phenotypic changes observed in the 

bone cores, the triple combination of MDMs, Saos-2 and HBMSCs were introduced into bone 

cores (2.4.1) and cultured in basal media (instead of the CAM) for the long term culture of 20 

days, before they were decalcified, embedded in OCT and sectioned. Figure 6-13A are 

representative images of CD68 staining in the control and triple combination bone cores. There 

were increased levels of CD68 staining found in the defect region, supporting the previous 

findings that a high proportion of the cells remained in the defect region during culture. The 

percentage area of CD68 positive staining was analysed, using the deconvolution vector ‘FastRed’ 

with a threshold of 0-162. Figure 6-13B showed a clear increased trend in CD68 expression in the 

triple combination bone cores compared with the control (no inserted cells). In comparison, when 

the images of the defect region were removed from the image analysis, there was very similar 

levels of CD68 staining in resident tissue between the triple combination and the control bone 

cores. 
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Figure 6-13. CD68 staining of bone cores after a 20 day culture in basal media with and without 

a combination of MDM, Saos-2 and HBMSCs cells. (A) are representative images of CD68 staining 

(red) from the resident tissue surrounding the defect area of the bone cores, as well as positive 

staining found in the defect region of the triple combination. Bone is stained blue. (B) is the 

quantification CD68+ staining from all images of the bone cores. (C) is the quantification of CD68+ 

staining of resident tissue not including the defect area. Scale bar= 100 µm. N=2-5, data presented 

as mean +/- SD, statistics determined using a T test, no significance was determined. 

These long term cultured bone cores were also stained and analysed for CD105 expression. Figure 

6-14A are representative images of CD105 expression in the control and triple-cell combination 

cores. Positive staining was found in the tissue surrounding the defect region, but a much 

stronger CD105 staining was located within the defect region of the triple-cell combination. This 

pattern was also found in the image analysis, which used the deconvolution vector ‘H+E DAB’, 

with a threshold of 0-30. Figure 6-14B shows in the whole bone core there was higher percent 

area staining of CD105 expression of the triple combination bone cores compared with the 

control. This was also seen although to a lesser extend when the defect images are removed from 

the analysis (Figure 6-14C). While neither of these were significant changes, it does suggest that 

there may have been interactions or migration of the inserted cells, supporting the increase of 

CD105 expression in the surround resident bone.  
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Figure 6-14. CD105 staining of bone cores after a 20 day culture in basal media with and 

without a combination of MDM, Saos-2 and HBMSCs cells. (A) are representative images of 

CD105 staining (brown) from the resident tissue surround the defect area of the bone cores, as 

well as positive staining found in the defect region of the triple combination, bone is stained blue. 

(B) is the quantification CD105+ staining from all images of the bone cores. (C) is the quantification 

of CD105+ staining of resident tissue not including the defect area. Scale bar= 100 µm. N=2-5, data 

presented as mean +/- SD, statistics determined using a T test, no significance was determined. 

Finally, the long term cultured bone cores were also stained for RANK expression. Similarly, to the 

CAM analysed cores, the defect regions of these sections did not show large volumes of inserted 

cells, as such analysis of RANK only consisted of the surrounding resident tissue. Figure 6-15A are 

representative images of RANK signalling in the control and triple-cell combination bone cores, 

showing no positive signalling in the control cores with a higher level of expression in the triple-

cell combination, although there are large discrepancies between the bone cores of the same 

condition. The images were analysed using the deconvolution vector ‘feulgen light green’, with a 

threshold of 0-160. Figure 6-15B illustrates an increase in RANK expression over the triple 

combination bone cores compared with the control, but this remained low, not exceeding 1.5% of 

the total image area. 
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Figure 6-15. RANK staining of bone cores after a 20 day culture in basal media with and without 

a combination of MDM, Saos-2 and HBMSCs cells. (A) are representative images of RANK staining 

(red) from the resident tissue surround the defect area of the bone cores, bone is stained blue. (B) 

is the quantification of RANK+ staining from all images. Scale bar= 100 µm. N=2-5, data presented 

as mean +/- SD, statistics determined using a T test, no significance was determined. 

Overall, the data presented here has shown that expression of CD68 was higher in the triple cell 

combination during whole bone core analysis compared to the control (Figure 6-13B), but the 

resident CD68 expression was similar between the control and triple cell combination (Figure 

6-13C). Similar to the CAM data, CD105 expression in the long term culture was higher in the 

triple cell combination compared to the control (Figure 6-14). RANK expression was also very low 

in the long term culture bone cores (Figure 6-15), where the defect areas showed no inserted 

cells. This was similar to the CAM incubated bone cores, suggesting further optimisation would be 

needed for this marker. 

6.2.5 Histological Analysis of the 3D Bone Slice Model 

Bone cores, although designed for easy insertion of cells, were large (~8mm in width). It was 

unknown whether the large area of trabecular bone was affecting the migration of cells in the 

bone core model, potentially reducing any biological effects. Consequently, bone slices (~5 mm) 

were made (2.4.2), which had a lower trabecular bone surface area, and a combination of MDM, 
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Saos-2 and HBMSCs were inserted at the same cell number as the bone cores. Empty bone slices, 

not inserted with cells, were used as a control. These bone slices were then incubated on the CAM 

assay for 10 days before being decalcified, embedded and sectioned. Figure 6-16 illustrates 

representative images of CD68, CD105 and RANK expression of bone slices cultured with the 

triple-cell combination or no cells as a control. The percentage area of CD68 (A) positive signalling 

was very similar across both bone slice conditions. Image analysis showed there was an increase 

in CD68 expression in the control bone cores compared with the triple combination, although this 

remained overall very low with less than 1.6% of the whole image area. Both CD105 (B) and RANK 

(C) showed similar patterns of expression, with an increase in percentage area of positive cells 

from the triple combination compared with the control. 
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Figure 6-16. Immunohistochemistry analysis of triple combination bone slices after incubation 

on the CAM. Bone slices were inserted with a combination of MDMs, Saos-2 and HBMSCs before 

being incubated for 10 days on the CAM. (A) are representative images of CD68 (red) staining and 

quantification of CD68 from all images. (B) are representative images of CD105 (brown) positive 

staining and quantification of CD105 from all images. (C) are representative images of RANK (red) 

staining and quantification of RANK from all images. Bone is stained blue. Scale bar= 100 µm. N=3-

5, data presented as mean +/- SD, statistics determined using a T test, significance represented as 

*<0.05. 
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The triple combination of cells were also inserted onto bone slices and cultured for 20 days in 

basal media before being decalcified, embedded and sectioned. Figure 6-17 show representative 

images of CD68, CD105 and RANK staining (2.6.5). Similar to the CAM culture, there was positive 

CD68 (A) staining in both the control and triple combinations, although there was a clear increase 

in the triple combination, which differs from the CAM analysis. This was also true of the image 

analysis, which showed an increase in percentage area of positive CD68 cells in the triple 

combination compared with the control. Similar patterns could also be seen in both the CD105 (B) 

and RANK (C) staining, where an increase of positive staining was seen in the triple-cell 

combination slices compared with the control. This was again repeated in the image analysis, 

where both stains showed an increased trend in total percentage area in the triple combination 

compared with the control.  

In summary, immunohistochemistry analysis suggested that incubation on the CAM resulted in 

similar levels of CD68 expression for both the triple combination and control bone slices, while in 

contrast CD105 and RANK showed a higher level of staining in the triple combination bone slices 

compared to the controls. Analysis of the long term cultured bone slices also showed a higher 

level of CD68, CD105 and RANK expression in the triple combination bone slices compared to the 

control bone slices. This was similar to the data generated from the bone core models, but it was 

noted that a high proportion of cells inserted did not remain within the trabecular bone, 

suggesting that the use of bone slices doesn’t improve the penetration and migration of the 

inserted cells. 
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Figure 6-17. Immunohistochemistry analysis of triple combination bone slices after a 20 day 

incubation in basal media. Bone slices were inserted with a combination of MDMs, Saos-2 and 

HBMSCs before being incubated for 20 days in basal media. (A) representative images of CD68 

(red) staining and quantification of CD68 from all images. (B) are representative images of CD105 

(brown) positive staining and quantification of CD105 from all images. (C) are representative 

images of RANK (red) staining and quantification of RANK from all images. Bone is stained blue. 

Scale bar= 100 µm. N=2-5, data presented as mean +/- SD, statistics determined using a T test, 

significance represented as *<0.05 
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6.2.6 Histological Analysis of the 3D Bone Core Model after Incubation with Mifamurtide 

The ultimate aim of developing a 3D multicellular model of osteosarcoma was to use it to test 

new drugs and therapies. In light of this, a pilot study was performed by culturing the triple-cell 

combination bone cores in the osteosarcoma drug Mifamurtide for 5 days before implantation 

onto the CAM (pre), or for 5 days after removal from the CAM (post). Empty bone cores were 

used as a control, alongside empty bone cores incubated with Mifamurtide. A final concentration 

of 0.16 µg/ml of Mifamurtide was used (diluted 1:10 with basal media), this was based on HBMSC 

and Saos-2 2D analysis (3.2.6 and 3.2.7). The bone cores were then decalcified, embedded and 

sectioned before being analysed for by immunohistochemistry (2.6.5). Figure 6-18A shows 

representative images of CD68 expression in the five different conditions, demonstrating low 

levels of CD68 expression in the control and Mifamurtide control bone cores, with a higher level 

of staining in the three triple-cell combination bone cores. Images of cells found in the defect 

regions of the triple combination bone cores, with and without Mifamurtide (both Pre and Post) 

showed similar levels of CD68 expression, although it was still stronger in the triple combination 

only bone cores (Figure 6-18B). The images were then analysed using the deconvolution vector 

‘FastRed’ with a threshold of 0-160. Due to the similar levels of CD68 expression, images from the 

control and control+ Mifamurtide groups were combined for quantification. Figure 6-18C shows 

there was a significantly higher percentage area of CD68 staining in the triple-cell combination 

group compared with the control. These cores also demonstrated an increase in the triple-cell 

combination compared with the Mifamurtide treated groups, which themselves showed very 

similar levels of expression. Interestingly, when the defect region images were removed from the 

analysis the differences between the triple-cell combination bone cores with the other three 

conditions increased in statistical significance (Figure 6-18D). In contrast, the Mifamurtide Pre 

bone cores demonstrated a reduced expression down to a similar level to the control bone cores, 

and the Mifamurtide post bone cores only showed a slightly higher level of expression. 
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Figure 6-18. CD68 staining of triple combination bone cores after a 10 day CAM incubation and 

treatment with Mifamurtide. Bone cores were inserted with a combination of MDMs, Saos-2 and 

HBMSCs, they were then incubated in Mifamurtide for five days before or after the CAM 

incubation. (A) are representative images of CD68 (red) staining from the resident tissue surround 
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the defect area, bone is stained blue. (B) are representative images of CD68 positive staining found 

in the defect areas. (C) is the quantification CD68+ staining from all images of the bone cores. (D) 

is the quantification of CD68+ staining of resident tissue not including the defect area. Scale bar = 

100 µm. N=3-5, data presented as mean +/- SD, statistics determined using a one-way ANOVA, 

significance represented as *<0.05, ** <0.01. 

These bone cores were also analysed for CD105 expression. Figure 6-19A are representative 

images of CD105 staining in the five conditions, where both control bone cores and the 

Mifamurtide Post bone cores showed no positive staining. In contrast the triple and Mifamurtide 

Pre bone cores showed similar levels of higher CD105 expression. Differences in CD105 expression 

could be seen more clearly in the defect regions of the triple-cell combination bone cores, where 

those treated with Mifamurtide post incubation demonstrated the lowest level of expression, 

compared with both the triple and Mifamurtide Pre (Figure 6-19B). Image analysis of the bone 

cores was performed using the deconvolution vector ‘H+E DAB’, with a threshold of 0-30. Due to 

similar levels of CD105 expression from the control and control+ Mifamurtide these images were 

combined for quantification analysis. Figure 6-19C illustrates there was an increase in percentage 

area of CD105 staining of the triple combination and those cultured with Mifamurtide pre-

incubation, compared with the control and the bone cores treated with Mifamurtide post-

incubation. This pattern was also seen in analysis of the resident tissue, where images of the 

defect regions were removed prior to analysis (Figure 6-19D). 
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Figure 6-19. CD105 staining of triple combination bone cores after a 10 day CAM incubation and 

treatment with Mifamurtide. Bone cores were inserted with a combination of MDMs, Saos-2 and 

HBMSCs, they were then incubated in Mifamurtide for five days before or after the CAM 
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incubation. (A) are representative images of CD105 (brown) staining from the resident tissue 

surround the defect area, bone is stained blue. (B) are representative images of CD105 positive 

staining found in the defect areas. (C) is the quantification CD105+ staining from all images of the 

bone cores. (D) is the quantification of CD105+ staining of resident tissue not including the defect 

area. Scale bar= 100 µm. N=3-5, data presented as mean +/- SD, statistics determined using a one-

way ANOVA, no significance was determined. 

Finally, the bone cores were also stained for RANK expression. Figure 6-20A are representative 

images of RANK staining in the five different bone core conditions, which showed an increase in 

the triple-cell combination compared with the other four conditions. Images taken of the defect 

regions also illustrated a clear difference in RANK expression (Figure 6-20B), with the high levels in 

the triple-cell combination not found in the bone cores treated with Mifamurtide, both pre and 

post incubation. Image analysis of RANK signalling was completed, using the deconvolution vector 

‘feulgen light green’, with a threshold of 0-160. Due to similar levels of RANK expression, images 

from the control and control+ Mifamurtide were combined for quantification analysis. Figure 

6-20C demonstrated there was an increased trend in the percentage area of RANK expression of 

the triple-cell combination bone cores compared with the other three conditions. This pattern 

was also found when the defect region images were removed from the analysis, which showed a 

significantly higher percentage area of RANK in the triple combination cores compared with both 

Mifamurtide incubated bone cores (Figure 6-20D). This suggested that although the majority of 

cells inserted remained within the defect region, they did affect expression in other areas of the 

bone core. 
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Figure 6-20. RANK staining of triple combination bone cores after a 10 day CAM incubation and 

treatment with Mifamurtide. Bone cores were inserted with a combination of MDMs, Saos-2 and 

HBMSCs, they were then incubated in Mifamurtide for five days before or after the CAM 

incubation. (A) are representative images of RANK (red) staining from the resident tissue surround 
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the defect area, bone is stained blue. (B) are representative images of RANK positive staining 

found in the defect areas. (C) is the quantification RANK+ staining from all images of the bone 

cores. (D) is the quantification of RANK+ staining of resident tissue not including the defect area. 

Scale bar= 100 µm. N=3-5, data presented as mean +/- SD, statistics determined using a one-way 

ANOVA, significance represented as *<0.05. 

Culturing the triple-cell combination bone cores in Mifamurtide showed a reduced expression of 

all three markers analysed. CD68 expression (Figure 6-18) was higher in the triple combination 

compared to the control, but this was reduced when incubated with Mifamurtide, both before 

and after culturing on the CAM. The same pattern was seen in the level of RANK expression 

(Figure 6-20), which also showed a significantly higher level of expression in the triple 

combination compared to Mifamurtide incubated bone cores. Finally, the expression of CD105 

(Figure 6-19) was higher in both the triple combination bone cores and those incubated with 

Mifamurtide pre-CAM culture, compared to the control and the bone cores incubated in 

Mifamurtide post-CAM culture, suggesting angiogenesis may have had an impact on CD105 

expression. 

6.2.7 Multiplex Analysis of Osteosarcoma Patient Samples 

Histological analysis of the 3D bone models have shown differences in markers of interest, 

including CD68, CD105 and RANK, depending on the combination of cells inserted, and the 

method of culture (6.2.3 and 6.2.6). To assess if these differences modelled the osteosarcoma 

tumour microenvironment, 10 osteosarcoma primary sections were stained with 10 markers of 

interest (Table 2-8), including the three markers used to analyse the 3D bone models. As the data 

was anonymised, only the gender and age of the patients were known (Table 2-7). The staining 

was performed by multiplex immunohistochemistry (2.6.9) [248], where up to 8 stains were 

analysed in the same section to look for overlapping markers of interest. All quantification and 

multiplex staining was performed by the research histology department in the University Hospital 

Southampton. The antibodies underwent quantification analysis for up to 8 repeats to confirm 

markers were not lost over multiple staining cycles, and were split into two panels for analysis, 

panel 1: pSTAT3, CD68, HIF1α, CD32b, CD163, STAT3 and VEGF, panel 2: pSTAT3, Osteocalcin, 

CD105, RANK, STAT3, HIF1α, and VEGF. These markers were chosen based on their link to 

osteosarcoma characterisation in the literature, showing increased expression of Osteocalcin 

[249], RANK [250], STAT3 [251, 252], angiogenesis (which includes CD105 [253] and VEGF [254] 

markers), hypoxia (HIF1α) [255], and M2-like polarisation of macrophages (CD68, CD163 and 

CD32b) [256-258]. 
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The resulting images were analysed and the area of positive staining was generated and 

compared. Figure 6-21 and Figure 6-22 are representative images showing the positive staining 

(in red) after the first and last stain. The quantification analysis was plotted next to the images to 

show how the level of staining changed over each repeat. The majority of antibodies showed a 

stable expression across multiple repeats, with the exception of pSTAT3 (Figure 6-21), and 

osteocalcin (Figure 6-22). The area of positive staining for pSTAT3 started to decrease 

dramatically during the third stain, while osteocalcin started decreasing during the 4th stain. Once 

the order of antibodies was determined, the 10 osteosarcoma samples were stained. 
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Figure 6-21. Quantification analysis of five antibodies for Multiplex analysis. Osteosarcoma 

tissue was stained with pSTAT3, CD32b, CD163, VEGF or STAT3 for up to 8 times, representative 

images are shown for the first and last repeat of positive staining. The images of each antibody 

were analysed and the area of positive staining was recorded for each day. Scale bar= 100 µm. 

 



Chapter 6 

180 

 

Figure 6-22. Quantification analysis of five antibodies for Multiplex analysis. Osteosarcoma 

tissue was stained with osteocalcin, CD105, RANK or HIF1α for up to 8 repeats, representative 

images are shown on the first and last day of positive staining. The images of each antibody were 

analysed and the area of positive staining was recorded for each day. Scale bar= 100 µm. 

The whole tissue sample was imaged after each stain, before being analysed in ImageJ using the 

same method as for the 3D bone model analysis. Figure 6-23 are representative images depicting 

the quantification method for analysing the multiplex images. First the colours from the initial 

image (A) were deconvoluted, with the positive red stain (B) separated from the other 

background colours. A threshold was then set to encompass only the positive red staining (C), 

once set this was kept the same for all further analysis of the same antibody. A threshold was also 

set for the blue background stain of each image (D), set at 0-228. The resulting binary images (C 

and E) were then assessed for particle analysis, where the area of positive stain (number of pixels) 

was recorded. The percentage positive area of stain was then calculated by dividing the red pixel 

area from the combined red and blue pixel area, to give a percentage of the whole tissue section. 
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Figure 6-23. A schematic depicting the quantification of multiplex images. The stained slides 

were imaged (A), then deconvoluted to separate the positive red stain (B) from the background 

stains (D). A threshold was then set for each colour and the number of pixels in the resulting binary 

images (C and E) were quantified. 

Figure 6-24 illustrates the image analysis of osteocalcin and RANK; for analysis purposes both of 

these stains were separated into the group’s high, middle and low based on their percentage of 

area positivity. This system of classification was used for all stains analysed on the osteosarcoma 

samples. For osteocalcin the high staining was above 20% of tissue area, the middle was between 

10 and 20% and low was below 6% (Figure 6-24A). Representative images of these groups can be 

seen in Figure 6-24C, where there was a clear decrease in osteocalcin staining (red). For RANK the 
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high level of staining was above 12% of tissue area, the middle between 5 and 12%, while the low 

was below 5% (Figure 6-24B). Representative images of these groups (Figure 6-24D) showed there 

was a decrease in RANK staining (red), with the low image illustrating no positive staining. There 

was very little overlap of osteocalcin and RANK staining on any of the 10 osteosarcoma samples, 

with both stains having distinct areas of positive and negative staining.  
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Figure 6-24. Multiplex analysis of osteocalcin and RANK from osteosarcoma patient samples. 

Area positive staining of (A) osteocalcin and (B) RANK from 10 osteosarcoma patient samples. (C) 

Representative images of high (>20%), medium (10-20%) and low (<5%) levels of osteocalcin 

staining. (D) Representative images of high (>12%), medium (5-10%), and low (<5%) levels of RANK 

staining. Scale bar= 100 µm. 

Figure 6-25 shows the analysis of CD68, CD163 and CD32b, all of which can be used as markers of 

macrophages, while also being expressed on other immune cells [259, 260]. As CD163 and CD32b 

can be found on M2-like macrophages, a pattern of expression between these two markers was 
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expected, but no correlation was found between any of the three markers. The osteosarcoma 

samples were also grouped into high, medium, and low based on the percentage area of positive 

staining. For CD68 the high level of expression was above 2.5% of the tissue area, while the 

middle was between 1.2 and 2.5%, and the low was lower than 1.2%. Representative images of 

these groups can be seen in Figure 6-25B. While the high and middle expression images looked 

very similar in terms of amount of positive staining (in red), the CD68 positive cells tended to be in 

clusters around the tissue. This meant the high expression groups had more clusters per total 

tissue area than the middle group. For CD163 the high staining was above 8%, the middle 

between 5 and 8%, with the low below 5% of total tissue stained. Representative images of these 

groups can be seen in Figure 6-25C, where in contrast to the CD68 expression there was a general 

spread of CD163 positive staining (in red) across the tissue. For CD32b, all osteosarcoma samples 

had a very low level of staining, less than 2% of the total tissue area, but these patient samples 

could still be grouped into high, middle and low. The high group showed above 1% positive 

staining, the middle was between 0.5 and 1%, while the low group, which was lower than 0.5%, 

showed no CD32b positive expression. Representative images of CD32b expression can be seen in 

Figure 6-25D, but due to the low overall levels of expression no pattern of staining could be 

identified. 
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Figure 6-25. Multiplex analysis of CD68, CD163 and CD32b from osteosarcoma patient samples. 

Area positive staining of (A) CD68, CD163 and CD32b from 10 osteosarcoma patient samples. (B) 

Representative images of high (>2.5%), medium (1.2-2.5 %) and low (<1.2%) levels of CD68 
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staining. (C) Representative images of high (>8%), medium (5-8%), and low (<5%) levels of CD163 

staining. (D) Representative images of high (>1%), medium (0.5-1%), and low (<0.5%) levels of 

CD32b staining. Scale bar= 100 µm. 

The expression of CD105 was also analysed on the osteosarcoma patient samples (Figure 6-26). 

Here the amount of positive staining was split into two groups, high and low, with the high group 

indicating greater than 10% area positive staining of the tissue, while the low groups showed less 

than 5%, with some as low as 0.1%. Representative images of CD105 staining can be seen in 

Figure 6-26B, where there was a clear positive expression of CD105 staining (red) in the high 

image, but only a small amount of staining in the low image. There were even four patient 

samples which did not have any detectable staining, calculated at 0.1%. 

 

Figure 6-26. Multiplex analysis of CD105 staining from osteosarcoma patient samples. (A) Area 

positive staining of CD105 from 10 osteosarcoma patient samples. (B) Representative images of 

high (>10%) and low (<5%) levels of CD105 (red) staining. Scale bar= 100 µm. 
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Figure 6-27 shows the analysis of HIF1α and VEGF expression in the 10 osteosarcoma patients. 

HIF1α, a marker of hypoxia, and could also be separated into a high, middle and low level of 

expression. Only one patient sample had over 3% area staining, here classified as high, although it 

is lower than previously recorded data which showed HIF1α staining between 5 to 80% in 

osteosarcoma sections [261]. The middle group was classed as between 1 and 2%, while the low 

was below 1% total tissue area. Representative images of these groups can be seen in Figure 

6-27C. The one patient sample with more than 3% expression showed large specific areas of 

HIF1α staining (in red), whereas in the middle and low groups the expression was over a broader 

area. VEGF, a marker of angiogenesis, was also analysed showing only 2 patient samples had high 

levels of VEGF, with the majority being under 3% of the total tissue. The representative images in 

Figure 6-27D also illustrated these large differences (in red), although there were similar patterns 

of staining between the samples. The samples with positive VEGF expression also demonstrated 

higher expression of HIF1α but did not correlate with any of the other markers analysed. 
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Figure 6-27. Multiplex analysis of HIF1α and VEGF from osteosarcoma patient samples. Area 

positive staining of (A) HIF1α and (B) VEGF from 10 osteosarcoma patient samples. (C) Images of 

high (>3%), medium (1-2%) and low (<1%) levels of HIF1α staining. (D) Images of high (>5%) and 

low (<3%) levels of VEGF staining. Scale bar= 100 µm. 
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Finally, STAT3, part of the IL-6/JAK signalling pathway, and its phosphorylated form, pSTAT3, were 

also analysed in the osteosarcoma samples (Figure 6-28). While the majority of previous stains 

could be clearly grouped into different levels of expression, STAT3 showed a wide range, but with 

less definition. A high level of STAT3 expression was broadly classed as representing more than 

5% of the total area, where the highest sample reached 12% positive staining. There were also 

two samples which had no STAT3 staining, which was grouped into a low category. The remaining 

5 samples ranged between 1 to 5% coverage. Representative images of these groups are shown in 

Figure 6-28C, where there were very clear differences in STAT3 signalling (in red). In contrast to all 

other stains pSTAT3 was only positive in two of the patient samples, with a very low average of 

0.4% area of positivity. Interestingly, the two positive samples correspond to two of the higher 

STAT3 samples, but the pSTAT3 staining was seen in specific areas of tissue, (Figure 6-28D) which 

was less evident in the STAT3 images. 
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Figure 6-28. Multiplex analysis of STAT3 and pSTAT3 from osteosarcoma patient samples. Area 

positive staining of (A) STAT3 and (B) pSTAT3 from 10 osteosarcoma patient samples. (C) 

Representative images of high (>5%), medium (1-5%) and low (<1%) levels of STAT3 staining. (D) 

Representative images of high (>0.3%) and low (<0.3%) levels of pSTAT3 staining. Scale bar= 100 

µm. 
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All the data for the 10 osteosarcoma samples was combined in heat maps to look for correlating 

patterns of staining (Figure 6-29). Generally, all stains were fairly low for the majority of the 

samples, although there was exceptions for most markers apart from pSTAT3. All patients 

underwent chemotherapy to treat their osteosarcoma, but it was unknown whether the sample 

was taken before or after treatment. This meant correlation between the tumour phenotype and 

patient treatment could not be inferred. The data was first separated by gender, and then 

organised by age, which ranged from 9 months to 17 years. There was no correlation found 

between the markers of interest and gender (Figure 6-29A).  

When organised by age (Figure 6-29B), there was a small trend seen between an increase in age 

with an overall rise in the expression of multiple markers, although the specific markers depended 

on the patient sample. The exceptions to this were both the oldest and youngest patient samples, 

the 9 month male (M 9m) and 17 year old female (F 17Y). The youngest diagnosed patient (M 9m) 

had an overall consistently higher expression across all markers compared with other samples, 

while the oldest patient sample (F 17Y) had one of the lowest overall expression across the 10 

markers. Two other samples also showed low overall expression, an 11 year old male (M 11Y) and 

a 12 year old female (F 12Y), which both showed a high level of osteocalcin, but very low levels of 

the other 9 markers. Analysis comparing overlapping positive staining for the multiple markers 

was not assessed due to time restrictions, this could generate further patterns of expression. 
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Figure 6-29. Comparative analysis of 10 markers of interest on 10 osteosarcoma patient 

samples. Heat maps showing the percentage area positive of 10 different markers of interest 

including; osteocalcin, RANK, CD105, HIF1α, STAT3, pSTAT3, CD68, CD163 and CD32b, organised 

by (A) gender and (B) age. 
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 Discussion 

After immunohistochemistry analysis of the bone models the key findings were: 

 Optimal decalcification processes included 6% TCA embedded in OCT with a vacuum. 

 Incubating different cell types in the bone models resulted in different characteristics. 

 The drug Mifamurtide was successfully introduced to the bone core model, which 

resulted in changes in phenotype. 

Comparison of the decalcification and embedding processes of the 3D model determined that 

optimal methods included the use of 6% (v/v) TCA, with OCT vacuum embedding before being 

sectioned on TOMO® slides (6.2 and 6.2.2). Different decalcification methods were performed 

based on literature analysis [245]. While no difference was found in immunohistochemistry 

staining for three of the methods, Krajian, TCA and EDTA (Figure 6-5), the choice of TCA 

decalcification was determined by the quicker preparation and decalcification time compared 

with the Krajian and EDTA methods. While paraffin embedding did result in more defined 

structures during staining, difficulty during sectioning meant it wasn’t robust enough for further 

analysis. A pilot study performed in the lab attempted to resolve the issues found during paraffin 

sectioning by replacing the histoclear steps with chloroform, which did successfully overcome the 

problems during embedding. This suggested that there was an issue with the histoclear not 

removing all the ethanol prior to embedding in paraffin. Although paraffin sections were 

preferred due to their structure, and improved adhesion over the OCT samples, safety concerns 

with using chloroform consequently meant the use of OCT was continued. 

The markers used for immunohistochemistry analysis included CD68, CD105 and RANK. 

Osteocalcin was also initially chosen for analysis, but optimisation could not occur within the 

timeframe. CD68, a macrophage marker, was used to identify MDMs inserted into the model as 

well as resident macrophages already present in the bone cores. CD105, also known as endoglin, 

is predominantly expressed on cells within the vasculature system particularly on proliferating 

endothelial cells [253] and on some mesenchymal stem cells [262]. This meant it could be used to 

assess successful vascularisation from the CAM membrane, as well as to determine whether the 

combination of cells inserted had affected angiogenesis. More importantly an increase CD105 has 

been heavily linked with endothelium of multiple tumours, suggesting there may be a link 

between CD105 and tumour angiogenesis [253, 263]. Finally RANK is mainly expressed on 

osteoclasts [264], the cell involved in bone resorption, although it has also been found on certain 

immune cells including dendritic cells and macrophages [265]. The combination of these three 

markers should give an indication of whether cell integration had been successful in the 3D bone 

models.  
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Immunohistochemistry analysis of both the CAM and long-term culture bone cores (6.2.3 and 

6.2.4) have shown that the majority of the inserted cells remain within the defect region, 

suggesting there was limited early cell migration. While there wasn’t strong evidence of cell 

migration, increased expression of these markers were seen in the bone core resident tissue, 

although more predominantly in the CAM than during long term culture. CD68 was increased in 

the MDM and triple-cell combination whole bone cores (Figure 6-18), which was expected as a 

macrophage marker, but it was also increased in the resident tissue of the bone cores, suggesting 

there was an increase in biological signalling. This was also seen in CD105 staining (Figure 6-19), 

which was increased in all bone cores except the control. These increases could be a result of 

biological signalling or also from cell migration, as while CD105 is a strong marker for endothelial 

cells, it has also been found on in vitro differentiated macrophages [266] as well as Saos-2 cells 

[267]. The very low levels of RANK signalling (Figure 6-20) were likely due to the depth of the 

section, while there was a small defect area at the top of the bone core, it wasn’t far enough to 

show the whole defect area and consequently no inserted cells were identified. This supports the 

supposition that there was only a low level of cell migration during culture, enhancing the 

importance of sectioning in the right area. The CD68 stain for the long-term culture (Figure 6-13), 

was the only stain which conflicts with the contention of cellular migration or biological signalling. 

It showed that there were similar levels of CD68 expression in the tissue resident images for both 

the triple-cell combination and control bone cores. This could be a result of the lack of 

macrophage growth factors in the media, like M-CSF. While Saos-2 and HBMSCs are routinely 

grown in basal media this was not the case for the MDMs, and as such it could be causing MDM 

cell death and consequently a reduction in the CD68 stain. This was more evident in the resident 

tissue where there were fewer macrophages clustered together (Figure 6-13). 

Bone slices were introduced to decrease the bone surface area to cell ratio, and aimed to improve 

the formation of the bone model. Unfortunately, during the insertion of cells, the smaller surface 

area and thickness resulted in cells travelling through the trabecular bone and remaining in the 

cell culture plastic, reducing the overall cell number inserted. This meant that not all bone slices 

had the same number of cells, which was evident in the image analysis where it resulted in large 

variation (6.2.5). Also, the removal of resident bone marrow stromal cells by hydrogen peroxide 

means any effect on resident cells could not be assessed. Consequently, as expected increased 

levels of CD68, RANK and CD105 were found in the triple combination compared with the control, 

in both CAM and long-term cultured bone slices (6.2.5).  

The inclusion of Mifamurtide in the 3D bone core model resulted in a decrease in CD68 (Figure 

6-18) and RANK (Figure 6-20) signalling, while CD105 (Figure 6-19) only showed a reduction in 

signalling when the bone cores were incubated in Mifamurtide after the CAM incubation. 
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Previous in vitro experiments (Appendix 2) indicated that the Mifamurtide used in this work 

resulted in death of MDMs, and this could explain the reduction in CD68, a macrophage marker. It 

could also explain the reduction in RANK, as osteoclasts share a common lineage to macrophages 

and so may be affected in the same way. These results were not expected as Mifamurtide has 

been shown to activate monocytes and macrophages [268], which suggests there would have 

been an increase in CD68 and potentially RANK. The liposomal form of Mifamurtide was designed 

to target monocytes and macrophages as the liposome needs to be phagocytosed for the drug to 

be released. While previous in vitro research has used Mifamurtide at varying concentrations up 

to 100 µM [195], early research using the liposomal form indicated concentrations as low as 1.67 

µg/ml [269] for activating monocytes. This should suggest that the concentration used in this 

assay of 1.6 µg/ml should result in activation of macrophages. In addition, the Mifamurtide drug 

was initially reconstituted in 0.9% (v/v) sodium chloride for patient injection, and then further 

diluted in basal media not containing macrophage growth factors including M-CSF for these 

experiments. The lack of growth factors could also have caused cell death of the macrophages, 

which has previously been found in long term macrophage cultures after removal of M-CSF [270]. 

While the number of CD68+ macrophages were decreasing there were still visible cells found in 

the Mifamurtide treated bone cores, suggesting it did not affect cell death of the other inserted 

cells (Figure 6-18). 

The reduction of CD105 in only one of the Mifamurtide groups was also unexpected (Figure 6-19), 

but it implied that there was either an overall decrease in endothelial cells, or more specifically a 

decrease in their proliferation, as CD105 is strongly expressed on proliferating endothelial cells 

[253]. Alternatively, as CD105 can be used as a marker for all cells inserted, there could be an 

overall increase of cell death. While there was a decrease in CD68 and RANK expression alongside 

CD105 in the Mifamurtide treated bone cores after CAM incubation (6.2.6), cells can still be seen 

in the defect area, suggesting the reduction was not due to extensive cell death. The first group of 

Mifamurtide treated bone cores was carried out before CAM incubation, and consequently before 

vascularisation. This meant Mifamurtide did not affect the endothelial vascular cells that were 

activated during the CAM culture, but they can be affected by Mifurmatide after the CAM culture. 

This supports the potential hypothesis that the reduction of CD105 when the bone cores were 

cultured in Mifamurtide after the CAM, could be caused by inhibition of endothelial cell 

proliferation. Further assays would need to be performed to determine how this could affect the 

utility of the 3D model to test osteosarcoma drugs and therapies.  

Unfortunately, while quantitative analysis was carried out and determined for these three 

antibodies of interest, further markers could not be analysed due to time restrictions, limiting the 

comparative analysis that can be combined. Osteogenic differentiation and bone mineralisation 
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are prognostic factors in osteosarcoma development, as such osteogenic stains like ALP and 

osteocalcin, are important immunohistochemistry stains. These stains were initially optimised 

during the decalcification comparisons and should be the carried out in any future experiments. A 

panel of markers were initially chosen to assess the 3D bone model based on published literature, 

but to better determine whether the 3D bone model replicated the osteosarcoma tumour 

environment, these markers were analysed on osteosarcoma samples. To do this a multiplex 

immunohistochemistry method was chosen, as it meant only two sections were needed, allowing 

for analysis of multiple markers on the same cell to assess whether overlapping signalling 

occurred.  

All markers analysed (Figure 6-21 and Figure 6-22) were linked to osteosarcoma characterisation, 

so the markers were stained in combination to understand more complex biological interactions 

and signalling. Six of the antibodies were used to locate specific cells of interests. These included 

osteocalcin, which is expressed by osteoblasts, and has been previously found at high levels in 

osteosarcoma samples [249]. Although overall expression of osteocalcin was below 22% of total 

tissue analysed for the osteosarcoma samples tested (Figure 6-24), the majority showed positive 

expression of osteocalcin, correlating with data found in the literature. RANK is expressed by 

osteoclasts, which can be upregulated in the osteosarcoma environment due to an increase in 

bone resorption to allow for tumour growth [250]. RANK analysis of the 10 osteosarcoma patient 

samples (Figure 6-24) showed similar results found in the literature where an increase in RANK 

was observed in osteoclasts and their precursors, which were found in specific areas of the 

tumour microenvironment [250]. CD105 is an endothelial and mesenchymal stem cell marker, 

which has been previously linked with an increase in tumour angiogenesis [253, 263]. Although 

there was variable expression in CD105 for the osteosarcoma samples analysed (Figure 6-26), 

increased levels were found in three samples, which may correlate with increased angiogenesis, 

but further vascular markers would be needed to determine this.  

Three macrophage markers were also analysed including CD68, CD163 and CD32b. While CD68 is 

an important general marker for macrophages, it doesn’t allow for specificity of macrophage 

polarisation. A combination of CD68, CD163 and CD32b was used to compare whether 

macrophages were polarised towards the M2-like phenotype. There have been conflicting data on 

how the polarisation of macrophages links with osteosarcoma prognosis [100, 271], but they have 

been found to play key roles in the development of osteosarcoma and other cancers. Although 

M1-like macrophage markers could not be included in these assays, the combination of CD32b 

and CD163 were analysed alongside CD68 to target M2-like macrophages [256-258]. Overall, the 

level of CD68 remained low at less than 5% of all total tissue, located in specific areas within the 

samples (Figure 6-25). Both CD163 and CD32b showed no particular patterns of staining 
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compared to the CD68 staining after analysis as a single stain (Figure 6-25), this was most likely 

due to alternative CD163+ [259] and CD32+ [260] immune cells found within the osteosarcoma 

microenvironment also being included in the analysis. Multiple staining analysis would allow the 

removal of CD68-CD163+ or CD68-CD32b+ cells from the data, focusing on only the CD68+ 

macrophage cells. However, due to a limiting amount of time, dual staining of the multiplex 

analysis could not be analysed, and consequently the number of M2-like macrophages could not 

be compared.   

Multiple marker analysis could not be assessed for any of the antibodies used, including the 

remaining four markers; HIF1α, VEGF, STAT3 and pSTAT3, due to time limitations. An increase in 

hypoxia has been reported in both the bone and tumour microenvironment, with previous studies 

showing HIF1α overexpression in osteosarcoma is linked to increased cell proliferation and 

invasion [255]. This was not seen in the osteosarcoma samples stained, which all had a generally 

low level of HIF1α expression (Figure 6-27). VEGF is a marker of vascularisation, acting as a 

stimulator for new blood vessel growth, which has been linked to increased growth and 

metastases in solid tumours [254, 272]. Studies have shown that VEGF can be used as a prognostic 

factor in osteosarcoma patients, with increased VEGF expression linked to a higher histological 

grade and consequently a poorer prognosis [273]. While both VEGF and CD105 are linked to 

vascularisation, they do not have correlating staining in the 10 osteosarcoma samples tested, 

where the patient samples that showed an increase in VEGF had two of the lowest CD105 

expressions (Figure 6-29).  

STAT3 is part of the IL-6/JAK signalling pathway. Activation of this pathway can lead to the 

phosphorylation of STAT3, which has been linked to onset and growth of a variety of cancers [251, 

252]. STAT3 overexpression has also been correlated with the progression and poor prognosis of 

osteosarcoma [274]. Interestingly the osteosarcoma patient samples had very low to no positive 

pSTAT3 staining, with variable STAT3 expression (Figure 6-28D and C). The low pSTAT3 staining 

could suggest these samples are from patients with better prognosis, or patients who had all 

already undergone chemotherapy treatment before the sample was taken. Without knowing this 

data this hypothesis cannot be confirmed. Further analysis assessing the number of cells positive 

for multiple markers of interest is important in understanding the microenvironment of the 

osteosarcoma patient samples and would be a priority for any future work.  

The three markers analysed on the 3D bone core models, RANK, CD105 and CD68, can be broadly 

compared against the multiplex data generated from the 10 osteosarcoma patient samples. The 

RANK staining of the patient samples ranged from approximately 0.5% to 18% total area staining, 

in comparison the 3D bone core model indicated approximately 3% RANK expression in the triple 
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combination. Although no established osteoclasts were found in the bone core sections, 

precursors of osteoclasts could account for the level of this marker, although specific regions of 

staining seen in the multiplex analysis were not present in the 3D bone cores. The expression of 

CD105 in the 3D bone core models remained low, which was similar to 7 of the osteosarcoma 

patient samples which showed less than 5% total expression. The remaining three patient 

samples had a high expression of CD105 (approximately 15%), which differed from the 3D bone 

core analysis. Finally, the percentage of CD68 positive cells in the triple combination 3D bone core 

models was approximately 5% total staining. This was similar to the multiplex analysis of CD68, 

where all 10 patient samples were under 5% CD68 positive staining, although the 3D bone core 

staining was found over a broader area compared to the specific regions found in the 

osteosarcoma patient samples. While a useful tool for developing and validating the 3D bone 

model, 10 samples alone were not enough to draw any conclusions on phenotypic expression of 

osteosarcoma patients, and should be assessed alongside published literature to quantify the 

development of the 3D multicellular model of osteosarcoma. 

During the development of a 3D multicellular model of osteosarcoma it has been shown that 

combining bone cores with incubation on the CAM was optimal for cellular growth and 

development. This method resulted in changes in phenotype depending on the combination of 

cells inserted into the model, and has also been used to test two methods of drug delivery. Future 

work needs to focus on increasing the characterisation of the 3D bone core model, particularly on 

osteogenic markers, and comparing the resulting data to human primary samples. This will allow 

for future optimisation of the cellular composition inserted into the 3D bone model.   
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Chapter 7 Discussion 

The main hypothesis for the project reported in this thesis was that a functional 3D model could 

be engineered to replicate aspects of the osteosarcoma tumour microenvironment, which then 

could be used to test new drugs and therapeutic treatments. The development of this model 

included combining three cell types of interest; HBMSCs, macrophages and an osteosarcoma cell 

line, in a human bone scaffold. Following that, the model was cultured, assessed, and quantified 

using µCT and histological analysis. 

The aims were quantified by: 

1. Characterising the cells of interest, optimising growth and differentiation conditions prior 

to 3D analysis. The findings were: 

 Anatomical origin of HBMSCs is important in their functionality, with differences in 

osteogenic, adipogenic and chondrogenic differentiation of cells from the femoral 

diaphysis and femoral epiphysis. 

 Tri-lineage differentiation of two osteosarcoma cell lines indicated marked 

differences in their ability to differentiate down the osteogenic, adipogenic and 

chondrogenic pathways. 

 

2. Phenotyping monocyte derived macrophages and optimising their differentiation from 

different cell sources prior to 3D analysis. The findings were: 

 Macrophage differentiation from human bone marrow cells and PBMCs showed no 

phenotypic differences after isolation and CD14+ cell sorting,  

 Macrophage polarisation also showed no significant phenotypic differences in M1-

like and M2-like macrophages differentiated from human bone marrow and 

PBMCs.  

 

3. Developing a 3D multicellular bone model of osteosarcoma to investigate bone formation 

and resorption of the osteosarcoma environment. The findings were: 

 Integration of human bone onto the CAM assay resulted in successful avian blood 

vessel infiltration, with viable human cells recovered in further histological analysis, 

demonstrating graft viability after in ovo implantation.  
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 Micro-CT analysis of the bone models resulted in no significant change in bone 

formation or resorption following either CAM implantation or long-term culture in 

conditioned media. 

 

4. Investigating the cellular and extracellular interaction of the 3D bone models via 

histological analysis. The findings were: 

 Histological analysis of the bone models resulted in significant differences in CD68, 

CD105 and RANK expression between the triple cell combination and their single 

cell type controls, demonstrating functional interaction of cells in this 3D bone 

model. 

 Mifamurtide was successfully introduced into the 3D bone model, resulting in 

changes of CD68, CD105 and RANK expression, suggesting two potential routes to 

validate new drugs and therapies.  

 

 Cellular Selection for the Establishment of a 3D Bone Model 

A critical requirement for the success of the development of a 3D bone model of osteosarcoma, 

was the evaluation and consequent optimisation of the cells to be incorporated. There are many 

different cell types that are found in the osteosarcoma microenvironment that could be 

incorporated into the development of a 3D model, some of these were grouped into, 

osteosarcoma cells; including Saos-2 and MG63 osteosarcoma cell lines, cells found in the bone 

environment; including stromal cells and osteoblasts, and finally the third group discussed in 7.2 

involved myeloid derived cells; including macrophages and osteoclasts. Tri-lineage differentiation 

of two osteosarcoma cell lines, Saos-2 and MG63, resulted in diverse characteristics, with Saos-2 

showing an increased level of osteogenic differentiation (Figure 3-2 and Figure 3-4), while MG63 

cells showed a high level of adipogenic differentiation (Figure 3-5). This is different to previously 

published data by Mohseny et al [185], who analysed 19 different osteosarcoma cell lines for tri-

lineage differentiation, and determined that MG63 cells showed only chondrogenic 

differentiation, while Saos-2 was able to differentiate down the chondrogenic and adipogenic 

pathways. Differing methodology can explain the variation found in the tri-lineage differentiation. 

Although in the published study the Saos-2 cells were not classed as osteogenic, the ALP basal 

rate of Saos-2 cells were already very high [275], thus could qualify them as osteogenic. The 

culture also only extended for 3 weeks before they were analysed with alizarin red, which 

quantifies mineralisation, compared with the 4 weeks in this thesis (2.2.9). Different results on 
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Saos-2 and MG63 adipogenic differentiation can also be explained by altered methodology, with 

both the paper and this thesis using different assorted cytokines and growth factors for 

adipogenic differentiation (2.2.10). Osteosarcoma tumours generate spontaneous bone growth 

and mineralisation as such the Saos-2 cells were selected for use in the development of a 3D bone 

model due to the higher osteogenic potential. 

Stromal cells are an important part of the osteosarcoma tumour microenvironment.  

Characterisation of bone marrow by various imaging techniques have denoted specific areas of 

‘yellow’ and ‘red’ bone marrow in the femoral epiphysis and femoral diaphysis/metaphysis 

respectively [66, 183]. Currently, no previous research has characterised the cells at these 

different skeletal locations at a cellular level. In order to try and replicate the stromal phenotype 

found in osteosarcoma patients, tri-lineage differentiation capability was assessed between 

HBMSCs from the FD and FE regions of the femur, alongside fetal bone marrow progenitor cells. 

Initial analysis of the fetal bone marrow cells showed low osteogenic potential (Figure 3-18), this 

alongside the irregular sample collections meant they were not appropriate for use in the 3D 

bone model. Comparing the HBMSCs from the FD and FE locations of the femur demonstrates 

distinct differences in osteogenic, chondrogenic and adipogenic differentiation. There was an 

increase in osteogenic (Figure 3-3 and Figure 3-4) and chondrogenic (Figure 3-6) differentiation in 

the FD HBMSCs compared with the FE, which were also found to be at different stages of 

adipogenic differentiation (Figure 3-5). With these significant differences found in the femur, it 

further questions how similar HBMSCs are in other bones within the body. While adolescent 

osteosarcoma is generally found in the long bones [17], there are patients who develop 

osteosarcoma in axial locations, like the jaw and pelvis. If HBMSCs found in these locations have 

similar characteristics to the ‘yellow’ or ‘red’ bone marrow found in the femur, the importance of 

stromal cell characteristics could be evaluated. This could be particularly relevant for studying the 

initial incidence of osteosarcoma, particularly as many cases occur at the growth plate during ‘red’ 

to ‘yellow’ bone marrow conversion [276]. Due to the higher osteogenic potential of the FD 

HBMSCs these cells were used during the development of the 3D bone model of osteosarcoma. 

Osteoblasts are important cells found in the bone microenvironment, essential for bone growth, 

suggesting they could play a significant role in the osteosarcoma microenvironment. 

Unfortunately, due to low retrieval numbers and slow proliferation rate it was not realistically 

feasible to include these cells in the 3D bone model. Of all the cells initially analysed the 

osteosarcoma cell line Saos-2 and the FD HBMSCs were chosen to be included in the 3D bone 

model due to their enhanced osteogenic potential compared with the MG63 and FE HBMSCs 

respectively. 
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 Myeloid Selection for the Establishment of a 3D Bone Model 

Myeloid cells were also assessed for inclusion in the 3D bone model, these included macrophages 

and osteoclasts. Macrophages have been found to play a role in osteosarcoma growth and 

metastasis, with an increase in macrophages, particularly M2-like polarised macrophages, 

correlating to poorer prognosis [100]. They are also the target of the osteosarcoma drug 

Mifamurtide, which stimulates the macrophages in a pro-inflammatory manner, with the aim to 

activate an immune response against the tumour [28]. While multiple studies have assessed the 

phenotype of human macrophages differentiated from PBMCs [277], very few studies have 

analysed macrophages differentiated from human bone marrow [217]. In these experiments 

similar characteristics were seen between PBMC and human bone marrow derived macrophages 

after CD14+ isolation (Figure 4-9). Initially, bone marrow cultures were not CD14 selected and so 

also contained contaminating stromal cells (Figure 4-1), which has also been found in mouse bone 

marrow derived macrophages [222]. These contaminating stromal cells affected the overall 

percentage of the macrophage markers including CD14, CD11b and HLA-DR, but these differences 

were negated after CD14+ cell isolation (Figure 4-9). Polarisation of M1-like and M2-like 

macrophages were also compared between the PBMC and bone marrow cells (4.2.4), again 

resulting in similar expression of polarisation markers including; CD38, CD40 for M1-like 

macrophages and CD11b for M2-like macrophages. Mouse studies have shown macrophages 

derived from different organs, including the peritoneal cavity, bone marrow and spleen, show 

different phenotypes with different biological functions [278]. These differences were not seen 

between the human PBMCs and bone marrow, suggesting a level of homogeneity between these 

macrophages and monocytes. As monocytes originate from stem cells in the bone marrow this 

could explain the similarity of the macrophage phenotypes derived from the PBMCs and human 

bone marrow. PBMC derived macrophages were chosen for use in the 3D bone model due to the 

greater yield from one sample compared with bone marrow derived macrophages.  

Osteoclasts are involved in bone resorption and are generated from a monocyte/macrophage 

lineage. Research has shown that osteoclasts are manipulated in the tumour microenvironment 

as the resorption of bone produces growth factors that enable proliferation of the tumour [59]. 

Osteoclast differentiation was compared between PBMCs and human bone marrow cells for  

potential inclusion in the 3D model (4.2.6 and 4.2.7). While differentiation from a heterogenous 

population was optimal for the differentiation of bone marrow cells (Figure 4-17), after isolating 

CD14+ cells a larger number of osteoclasts were generated from PBMCs compared with the bone 

marrow (Figure 4-18). While both cell sources showed osteoclast differentiation, further assays 

comparing the resorption ability of these cells needs to be conducted to confirm these osteoclasts 

were functionally active. Due to the lack of data on the activation of the osteoclasts, these cells 



Chapter 7 

203 

were not included in the development of the 3D bone model, apart from any already present in 

the bone structure. Alternatively, bone cores and slices were seeded with macrophages and 

HBMSCs, and cultured in osteoclast media to generate a positive control of bone resorption for 

µCT analysis. The generation of osteoclasts could prove beneficial for future development of the 

3D bone model, but the combination of macrophages, HBMSCs and Saos-2 cells were optimised 

for use in the development of this initial 3D bone model.   

 Micro-CT Analysis of the 3D Bone Model 

A range of scaffolds and different structures have been developed for studying cancer models 

[156]. Unfortunately, the majority of scaffolds still remain biologically inactive, not providing 

mechanical signals found in the bone microenvironment [156, 157]. For the development of a 

novel 3D model of osteosarcoma, cores and slices of human bone, taken from the femoral head of 

patients who underwent hip replacement surgery, were used as the structural component. This 

not only replicated the formation of bone, but also meant structural and stromal cells already 

present in the human bone environment, including osteoblasts and osteoclasts, were already 

included in the model. In this thesis bone formation and resorption was assessed by measuring 

changes in the bone structure after long term incubation and inclusion on the CAM. Previous 

research has shown the CAM is an effective way of measuring bone formation in bone cylinders 

[177]. By using a resolution of 18 µm the µCT scans were able to detect early stages of bone 

regeneration, while limiting the number of x-rays used. Typically, bone regeneration of an in vivo 

defect is analysed by measuring net bone volume within a region of interest [279, 280]. In 

contrast, µCT analysis conducted in this thesis measured the entire bone core or slice before and 

after incubation, this allowed for a relative change in bone as an output for each individual 

sample. This also meant that any variations in length or initial density between samples in the 

same group did not skew the resulting data. A region of interest encompassing approximately 

1mm around the defect was also analysed for structural changes localised to the defect area.  

The µCT analysis only resulted in small changes in bone structure, the majority of which was not 

significant (5.2). Robust positive controls for bone formation and resorption were not generated 

(5.2.7 and 5.2.10), and would need to be achieved for further quantitative analysis of the 3D bone 

model. While osteogenic and mineralisation conditioned media were ineffective in producing 

mineralized osteoid, successful bone formation has been previously quantified using a collagen 

sponge with BMP2 in human bone cylinders [177]. To generate a positive control for bone 

resorption, optimised osteoclast differentiation with long term incubation could be effective, as 

the bone models attempted may not have been in culture long enough for effective osteoclast 

activation and resorption to occur. Other methods to assess whether early levels of osteoid 
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deposition occurred prior to mineralisation, could be more applicable to the quantification of this 

model. This could include scanning the model at a higher resolution, but this comes with an 

increased x-ray dose as well as a longer exposure time, which could affect the viability and growth 

of the cells. Alternatively culturing CD14+ PBMCs in osteoclast media for a longer incubation time 

may also result in generation of biologically active osteoclasts as suggested in 4.2.6. While 

histological analysis can be used to look at bone formation and bone resorption in parallel, µCT 

analysis of the bone models included both formation and resorption as a single measurement e.g. 

percentage bone volume.  

The selection of HBMSCs and Saos-2 cells inserted in this model were chosen in part due to higher 

levels of osteogenic potential during 2D characterisation, which may have enhanced osteoid 

deposition and consequent mineralisation. A chick embryo skeleton initiate’s mineralisation over 

an 8-9 day period roughly 11 days post fertilisation [281]. This means an increase in bone model 

mineralisation would be expected over this time period. Any mineralisation could be limited by an 

initial resorption phase, which has been found in bone grafts known as creeping substitution. This 

is where cortical bone grafts were found to be vascularised by an initial osteoclast resorption 

phase preceding bone formation [282]. In these models’ osteoclast activity would also be 

expected at early time points, due to osteoclast mediated removal of dead bone tissue generated 

by the formation of the bone cores [283]. The potential early osteoclast activity found in previous 

studies using the CAM, may also have been affecting remodelling in the 3D bone models. An 

expected overall increase in bone formation could have been inhibited by initial bone resorption. 

The main success of the CAM was the integration and vascularisation of the bone cores (Figure 

5-1), which was not possible in bone cores and slices incubated in long-term culture. Consequent 

quantification analysis of the long term cultured bone models resulted in few differences for 

CD68, CD105 and RANK signalling (discussed in 7.4), with no evidence of bone formation or 

resorption during µCT analysis. Bone cores and slices cultured on the CAM did show initial 

differences. As bone slices were smaller and lighter than bone cores they generally integrated 

onto the CAM at the window they were inserted, whereas the heavier bone cores always 

travelled towards the bottom of the egg, which occasionally resulted in a lack of vascularisation. 

 Histological Analysis of the 3D Bone Model 

In this thesis biological and cellular changes of the 3D bone models were assessed by 

immunohistochemistry techniques with the aim to replicate characteristics of the osteosarcoma 

microenvironment. Here differences were found in CD68, CD105 and RANK expression between 

the bone models incubated with combinations of HBMSC, Saos-2 cells and MDMs, and in those 

treated with and without Mifamurtide (6.2). The bone models were assessed for CD68, CD105 and 
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RANK expression, this allowed for the quantitative analysis of macrophages (CD68) and 

osteoclasts (RANK). While CD105 was initially included for use as a marker of vascularisation, 

research has shown CD105 is expressed on all the cells inserted into the model, this could allow it 

to be used as a general marker to follow cell migration. A limitation of the immunohistochemistry 

analysis was the lack of ability to accurately distinguish the migration of the inserted cells through 

the bone models. Initial pilot experiments stained the inserted cells with cell tracking dyes, 

including CSFE (Thermofisher, UK) and a range of Vybrant dyes (Thermofisher, UK), which labelled 

the cells without affecting their function or viability. Unfortunately, the resulting fluorescence was 

found to be stripped during the embedding procedures. The use of other cell viability dyes could 

be suitable to overcome this limitation, or alternatively the Saos-2 cell line could be transfected to 

express green fluorescent protein (GFP), although this would not be suitable for the primary 

HBMSC and macrophage cells, which are harder to transfect [284, 285]. Locating migrating cells in 

a 2D section of the model would allow us further understanding of the movement of our 

individual cell types, but as the model is 3D it would be more effective to investigate cell 

migration with the use of a 3D imaging unit like the IVIS Spectrum imaging system (Perkin Elmer). 

This system locates bioluminescence and fluorescent signalling from the cells and presents it on a 

3D display.  

Previous studies have evidenced biocompatibility between the CAM and a xenograft implant, with 

no avian immune response to the implantation of human bone and skin [177, 286, 287]. Evidence 

has also shown there can be primitive immune responses to implanted cells and tissue, although 

not bone related [288, 289]. A main limitation when using the CAM in this thesis, is the inability to 

easily distinguish between the host avian tissue and the graft human tissue, most likely due to 

cross-reactivity of antibodies between the species. This issue can be circumvented by the use of 

genetically modified chick embryos ubiquitously expressing GFP under a phosphoglycerol kinase 

promoter [290]. This allows the evaluation of GFP alongside a marker of interest, to determine if 

they are of avian or human origin, while also showing any interaction of avian and human cells, 

for example if the inclusion of macrophages has introduced an avian immune response in the 

bone model. The use of the GFP eggs for the CAM assay would also answer the question of 

migration, whether increases of CD68, CD105 and RANK+ cells in the resident tissue of the bone 

cores (6.2.3) were a result of inserted cell migration, or are avian in origin. While the fertilised 

eggs used in this thesis were not genetically modified to express GFP, we can still assess whether 

differences in our immunohistochemistry analysis were a result of the human cells. With the 

exception of CD68 (Figure 6-10 and Figure 6-18), very low to no CD105 (Figure 6-11 and Figure 

6-19) and RANK (Figure 6-12 and Figure 6-20) staining was found in the control bone cores in all 

experiments. An increase in CD105 and RANK could be seen in the resident tissue of bone cores 

after insertion of cells (6.2.3), which suggested there was either a biological response to the cells 
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inserted or they migrated through the bone core, although an indirect avian effect cannot be 

ruled out. The inclusion of a general human marker, for example HLA expressed on all nucleated 

human cells, would assess the effect of the human / avian cellular interaction occurring in the 3D 

bone models incubated on the CAM. 

Further histological staining of the 3D bone models is important for any future work, particularly 

looking at osteogenic differentiation and matrix deposition, which are early markers for bone 

mineralisation, characteristic of osteosarcoma patients. These include biochemical staining like 

ALP, as well as immunohistochemistry staining of particular markers including Collagen I and 

osteocalcin. Further mineralisation staining methods, including Von Kossa which stains calcium 

deposits, cannot be performed as the bone models are decalcified before embedding. Resin 

embedding of the bone cores negates the need for decalcification, although it is a more expensive 

and skilled procedure. Ten markers of interest were initially selected for use in histological 

quantification of the 3D bone models, to compare their homogeny to the osteosarcoma 

microenvironment, although they were not all tested. These markers were imaged on ten 

osteosarcoma patient samples following multiplex immunohistochemistry staining (6.2.6). While 

single stain analysis didn’t result in correlated changes between the osteosarcoma samples across 

the 10 markers analysed, dual and multiple overlapping stains can be quantified. This will allow 

for a standardised, highly reproducible and efficient quantitative analysis, and will be important in 

any future development of the 3D multicellular bone model of osteosarcoma. 

 Final Remarks 

A preliminary 3D multicellular model of osteosarcoma has been developed which has the 

potential to be used to test new drugs and therapies. It has been shown that multiple cell types 

can be combined in a 3D human bone scaffold, cultured on the CAM and remain viable (6.2). 

Ongoing analysis would need to continue to optimise the 3D bone model, including a more 

detailed immunohistochemistry panel in line with a more in depth analysis of osteosarcoma 

patient samples. Positive µCT controls for bone formation and resorption would also need to be 

developed, to more accurately determine any bone remodelling response of the 3D bone models. 

Future experiments will also need to be conducted to optimise the different aspects affecting the 

osteosarcoma microenvironment. This includes optimisation of cell number for the Saos-2 cells, 

HBMSCs and MDMs in comparison to each other, as well as determining whether any ‘pre 

priming’ conditions are more representative of the osteosarcoma microenvironment, for example 

culture in osteogenic media or in a hypoxic environment.  

Although there are conflicting evidence, research has shown there is an increased number of M2-

like macrophages in the microenvironment, which correlate to a poorer prognosis for the patient. 
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Thus, it would be important to characterise any differences when M1-like and M2-like 

macrophages are included in the 3D bone models, alongside the HBMSC and Saos-2 cells. This 

would allow us to investigate whether an increased number of M1-like macrophages, which are 

pro-inflammatory in nature, induce an immune response in the CAM. In initial 2D experiments we 

determined that, of the two HBMSC types, FD cells were more osteogenic than FE cells, but this 

was determined after culturing in osteogenic media. In these initial 3D bone model experiments 

that were analysed by immunohistochemistry, the HBMSCs included were cultured in basal 

media. To increase osteogenic potential of the 3D bone model, the HBMSCs could be cultured in 

osteogenic media prior to their insertion in the 3D bone core model alongside the Saos-2 and 

MDMs. 

Finally, the method of drug testing would need to be optimised for therapeutic effect. In this 

thesis we suggested two possible routes (6.2.6), incubation of the drug prior to CAM implantation, 

although this would be more useful for targeting early cellular responses to the drug of choice 

before vascularisation occurs. Or alternatively, incubation of the bone core in the drug after CAM 

implantation, which would be arguably more clinically relevant as the ‘tumour microenvironment’ 

would be further developed and representative after vascularisation.  While further optimisation 

is needed we have established that the 3D multicellular bone model is a viable method of testing 

new drug and therapies targeted at osteosarcoma. 
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Appendix A Primer Efficiency 

 

Appendix 1 continued on next page 
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Appendix 1. Efficiency of Primers used in qPCR Experiments. The efficiency of 11 primers was 

calculated and converted into a percentage including: ATCB, ALPL, COL1A1, PPARγ, FABP4, SOX9, 

ACAN, COL2A1, HIF1A, MKI67 and SP7.  
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Appendix B Effect of Mifamurtide on Macrophages 

 

Appendix 2. Representative images of macrophages after culture with Mifamurtide. PBMC 

derived MDMs were cultured in basal media with M-CSF, or M-CSF+ Mifamurtide for 7 days. 

Images were taken using at two magnifications. Scale bar= 100 µm.
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