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Agnieszka Aleksandra Janeczek 
 

 

There is a pressing need to develop anabolic treatments that enhance bone 
regeneration. Bone fractures are a major socioeconomic problem, which is likely to 
increase as our population ages. A promising approach to address this problem may be 
the delivery of molecules targeted to stem cells responsible for the regeneration of 
bone. Wnt signalling is involved in regulating skeletal stem cells (SSCs), and is known 
to be an important regulator of fracture healing. The aim of this study was to test the 
hypothesis that Wnt protein can augment the osteogenic response of SSCs, and may 
be delivered in an active form at the fracture site using liposome nanoparticles.    

Wnt signalling levels in bone marrow populations rich in SSCs were determined by 
qPCR. These populations were also transiently exposed to 100 ng/ml of Wnt3A, and 
their frequency, viability and proliferation were studied by flow cytometry. After 14 
days of adherent culture, their colony forming unit fibroblastic and osteoblastic (CFU-
F/O) potentials were tested. Osteogenic differentiation was tested in cells exposed to 
transient and also to sustained Wnt stimulation. Liposomes were then investigated as a 
means of delivering active Wnt proteins. After optimising their lipid formulation and 
determining the association of Wnt with the nanoparticles, protein activity, 
nanoparticle uptake in vitro and biodistribution in vivo were characterised. 

SSC-rich populations had elevated levels of Wnt signalling and were responsive to Wnt 
stimulation, which, when applied transiently, expanded the subset of osteoprogenitors 
and increased their osteodifferentiation. However, sustained stimulation inhibited this 
process. 100 nm liposomes enhanced Wnt activity and were readily taken up by 
cultured stromal cell populations, as well as by SSC-rich populations within fresh bone 
marrow isolates. At 24 and 48 hours following systemic injection, liposomes localised 
at the bone fracture site.  

Wnt3A exposure primed SSCs and progenitors within fresh bone marrow isolates to 
an osteogenic fate, but sustained stimulation dramatically inhibited the osteogenic 
differentiation. This indicated that the timing of Wnt exposure is crucial, underlining 
the need for spatiotemporal delivery of this protein. The potential of liposomes to 
localise at the bone fracture site merits further study into the nanoparticle delivery of 
Wnt and its effects on bone regeneration. 
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Overview 

Our population is aging, increasing the demand for regenerative therapies. In particular 

osteoporosis, which leads to bone fractures, is a major public health issue affecting the 

elderly. It is estimated that 1 in 3 women and 1 in 5 men over the age of 50 suffer 

from osteoporosis, and that fractures to the bone (osteoporotic wrists, vertebrae and 

hips) cost the European economy €37 billion each year (Holroyd et al. 2008, Melton et 

al. 2003). Modern bone regeneration therapies have limitations and long-term effects 

of current recommended treatments, such as anti-resorptive drugs, are unknown. 

Therefore the need to develop new anabolic agents is high. These agents could also be 

used as treatment for non-union fractures. Approximately 1 in 3 people fracture a 

bone within their lifetime and up to 10 % of those fractures fail to heal properly, 

resulting in a non-union (Rodriguez-Merchan and Forriol 2004). To address these 

health problems and improve the quality of life of millions of people, new cutting-edge 

regenerative medicine approaches towards bone healing/growth are urgently required. 

This thesis concerns the role of Wnt signalling induction in skeletal stem cell 

populations of the bone marrow, its potential to expedite bone regeneration, and the 

development of technology to deliver Wnt protein therapeutically at fracture sites 

using nanoparticles. A review of biology of bone, fracture healing, Wnt signalling and 

nanomedicine is therefore appropriate.  
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1.1 Biological bone environment 

1.1.1 Bone structure and composition 

Histologically, bone comprises of primary (woven) bone formed early in embryonic 

skeletal development, which is subsequently replaced with highly structured secondary 

(lamellar) bone (Clarke 2008).  

Woven bone is characterized by a disorganized and irregular pattern of collagen fibrils 

and mineralization, which makes it flexible but relatively weak. It is present also in 

early stages of fracture healing, during callus formation.  

Lamellar bone is comprised of trabecular bone (also known as cancellous or spongy) 

and cortical bone (also known as compact). Both have similar biochemical 

compositions but differ in their physical structure (Buck and Dumanian 2012).  

Cortical bone surrounds bone marrow cavities and the trabeculae of cancellous bone, 

and is a major component of the diaphysis of long bones such as the humerus (Figure 

1.1A). The basic unit of cortical bone is the osteon, which is composed of successive 

concentric lamellae. This structure contributes to bone strength by providing bending 

resistance. Osteocytes, accounting for 90 % of all bone cells, are former osteoblasts 

embedded in lamellae and forming a complex network within the bone matrix. 

Osteocytes maintain the viability and structural integrity of bone, mediating calcium 

homeostasis. At the centre of the osteon, is the Haversian canal, containing blood and 

lymphatic vessels and nerve fibres (Figure 1.1B).  

 

In contrast to this, trabecular bone is less ordered, with greater surface area. It is the 

major component of the epiphyses of long bones. Cancellous bone is highly 

vascularised and contains sinusoids that allow contact between bone structures and 

marrow. It also has a higher rate of metabolic activity and remodelling than cortical 

bone, and responds more rapidly to stimuli, because the primary bone cells lie on the 

surface and are in closer proximity to circulating growth factors and cytokines. The 

primary function of cancellous bone is allowance of deformation and absorption of 

loads (Buck and Dumanian 2012). 



Introduction 

- 5 - 

 

 

Figure 1.1 Bone structure.  

Structure of a long bone (A) and a microscopic structure of cortical bone (B). From: (Marieb 2012). 

Reprinted by permission of Pearson Education, Inc., New York, New York. 

 

 

Bone cells make up about 10 % of total bone volume, the rest being bone mineral and 

organic matrix. Osteoclasts, which are large, multinucleated cells, take part in bone 

resorption, and are of hematopoietic origin, formed from the precursors of 

macrophages (Teitelbaum 2000). On the other hand, osteoblasts and osteocytes 

A 

B 
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(mentioned earlier) are thought to arise from skeletal stem cells (SSCs) (Heino and 

Hentunen 2008, Palumbo et al. 1990). Osteoblasts line the surfaces of bone and are 

packed tightly against each other. They are considered to be the bone forming cells, as 

they synthesize and secrete organic bone matrix. Osteoblast activity is marked by 

alkaline phosphatase (ALP), osteopontin and osteocalcin release, but the most 

prevalent noncollagenous protein produced is osteonectin (Figure 1.3). These calcium-

binding proteins are thought to affect osteoblast maturation and/or proliferation and 

matrix mineralization. Osteoblasts can either remain quiescent osteoblasts lining the 

surface of newly formed bone or become “resting” osteocytes, embedded in bone 

matrix (Clarke 2008).  

1.1.2 Bone remodelling 

In childhood, bones grow and repair very quickly, but this process slows down as 

people get older. Bones stop growing in length by the age of 18, but continue to 

increase in density for about another 10 years. From about the age of 35, gradual loss 

in bone density is observed (Buck and Dumanian 2012). However, bone remodelling is 

a process, which occurs continuously throughout life, in order to maintain bone. 

Remodelling is achieved within discrete areas known as basic multicellular units 

(BMU). Remodelling allows the substitution of primary bone with secondary bone, 

achieving greater mechanical competence. It also removes ischaemic or microfractured 

bone and guarantees a correct calcium homeostasis (Rucci 2008). 

 

Remodelling requires maintenance of a fine balance between tissue resorption by 

osteoclasts and synthesis by osteoblasts. Briefly, osteocytes sensing a change in 

mechanical loading or cytokines (i.e. interleukin-6, IL-6) present in the bone 

microenvironment, trigger an increase of receptor activator of nuclear κB ligand 

(RANKL) expression on lining cells, which are quiescent osteoblasts. This ligand 

interacts with receptor activator of nuclear κB (RANK) expressed on pre-osteoclasts 

and leads to their differentiation toward multinucleated osteoclasts. These osteoclasts 

adhere to areas of trabecular bone and form pits by secreting hydrogen ions and 

proteolytic enzymes. This action leads to liberation of factors that are embedded in 

bone, such as insulin-like growth factor 1 (IGF1), bone morphogenetic proteins 

(BMPs), transforming growth factor β (TGFβ) and fibroblast growth factors (FGFs). 
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These in turn recruit and activate osteoblasts, which have been primed to develop 

from precursor cells by parathyroid hormone (PTH) and 1,25-dihydroxycholecalciferol 

(calcitriol). Osteoblasts invade the pits and synthetize and secrete osteoid, the organic 

matrix of the bone. The osteoid is then mineralised and complex calcium phosphate 

crystals (hydroxyapatites) are deposited. Osteoblasts and their precursors secrete IGF1 

(which becomes embedded in osteoid) and other cytokines, such as IL-6, which leads 

to recruitment and maturation of osteoclasts, a return to the start of the cycle. Bone 

metabolism and mineralisation therefore involves the action of PTH, the vitamin D 

family, cytokines and calcitonin (Rucci 2008). The bone remodelling cycle and the site 

of action of cytokines and also drugs (described in Section 1.2.2) is illustrated in Figure 

1.2.   

 

Figure 1.2 The bone remodelling cycle and the site of action of cytokines and drugs.  

Bone remodelling cycle, and the action of drugs, as described in Section 1.1.21.2.2. BMPs, bone 
morphogenetic proteins; IGF, insulin-like growth factor; Wnt, wingless-related integration site. Adapted 
from: (Ramachandran 2007). 

 

1.1.3 Skeletal stem cells and their niche 

Stem cells reside in all adult tissues and are responsible for providing populations of 

progenitor cells during normal tissue turnover as well as in response to injury (Young 

and Black 2004). As such, adult stem cells constitute an attractive target for 

regenerative medicine applications. 
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Bone marrow stromal cells, firstly described by Friedenstein after their isolation from 

whole bone marrow aspirates based on differential adhesion properties, contain rare (1 

in 104 - 105) stem cells of the soft fibrous tissue of the marrow stroma (Friedenstein et 

al. 1970, Friedenstein et al. 1976). This heterogeneous population serves as a niche for 

haematopoietic stem cells (HSCs), organises the tissue and contains direct skeletal 

progenitors (Owen and Friedenstein 1988). These skeletal progenitors are currently 

referred to as skeletal stem cells (SSCs) or more commonly mesenchymal stem cells 

(MSCs; as they give rise to cells involved in the process of mesengenesis). In the 

literature the term “bone marrow stromal cell” is also often used interchangeably, and 

sometimes inaccurately, to describe SSCs/MSCs. This is because bone marrow stromal 

cells are an adherent, fibroblast-like, heterogeneous cell population which may contain 

SSCs/MSCs, and are not stem cells themselves (Beresford 1989, Caplan 1991). Under 

appropriate in vitro culture conditions, SSCs are capable of giving rise to osteoblasts, 

chondrocytes and adipocytes (Caplan 1991, Prockop 1997). However, the defining 

feature of SSCs/MSCs is their ability to generate, upon transplantation in vivo, 

heterotopic ossicles. These miniature bone organs, comprised of bone, cartilage and 

fat, are where the haematopoietic stem/progenitor cells of the recipient animal home 

into and establish blood production (Bianco et al. 2013).   

SSCs/MSCs were initially identified by their capacity to form clonogenic cell clusters 

(colony-forming unit fibroblast, CFU-F) in vitro, a common feature among different 

stem cell populations (Castro-Malaspina et al. 1980, Owen and Friedenstein 1988). The 

CFU-F assay can also be used as a tool to monitor cell growth (Battula et al. 2009). 

Maturation of SSCs into osteoblasts is pivotal in bone growth, its turnover, fracture 

healing and the osseointegration of bone implants, and is a process regulated by a 

number of key factors and signalling pathways, of which Wnt signalling plays a critical 

role (Hayrapetyan et al. 2015). Although the exact stages that a SSC needs to undertake 

to become an osteoblast are still poorly understood, it has been suggested by several 

studies, that SSCs express certain non-specific markers during their progression 

through the differentiation steps towards osteoblasts (Figure 1.3). Osteodifferentiation 

is initiated by the expression of runt-related transcription factor 2 (RUNX2) (Deng et 

al. 2008, Ducy et al. 2000), followed by expression of Osterix (OSX) (Gao et al. 2004). 

Without these transcription factors, bone formation is impaired due to the complete 
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absence of osteoblasts (Nakashima et al. 2002). They activate the transcription of bone-

related genes, among which is alkaline phosphatase (ALP) and collagen type 1 

(COL1A1). ALP is important in mineralization of the extracellular matrix (ECM) 

(Marom et al. 2005). Furthermore, the non-collagenous bone ECM proteins, 

osteonectin, osteopontin and osteocalcin, are commonly used late markers of 

osteogenic differentiation respectively (Aubin 2001). Therefore, alkaline phosphatase 

(ALP) staining of colonies or the colony-forming unit osteoblastic test (CFU-O, for 

cells cultured in osteogenic media) and additional staining for components of cell 

matrix such as calcium or phosphate deposition can help monitor osteogenic 

commitment of SSCs, as it marks precursors of functional osteoblasts. 

 

 

Figure 1.3 Suggested expression of markers of skeletal stem cell commitment. 

Schematic illustration of proposed stem cell commitment to various end-stage mesenchymal cell types, 

focusing on the osteoblast lineage and proposed stage-specific markers. Runx2 is a transcription factor 

which plays a key role in skeletal development as it is a master gene for osteoblast differentiation, 

driving the early steps of mesenchymal commitment toward the pre-osteoblast phenotype. Osterix is 

expressed downstream of Runx2 and, like the latter, is necessary for skeletal formation. Further along 

the differentiation pathway ALP, COL1A1, osteonectin, osteopontin and osteocalcin are expressed. 

Based on: (Bilezikian et al. 2008) and (Rucci 2008). 

 

 

Later studies have identified alternative to bone marrow tissue sources of MSCs such 

as blood, adipose tissue or muscle (Caplan and Bruder 2001) or more recently it has 

been postulated that all post-natal organs and tissues contain MSCs (da Silva Meirelles 

et al. 2006). It is important to bear in mind that MSCs from different tissue sources 

vary in their properties (Caplan and Correa 2011). Due to their multipotency and ease 

of isolation, bone marrow-derived MSCs, herein specifically referred to as SSCs for 

distinction, are particularly suited for tissue engineering strategies.  
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Conventional methods for the isolation of SSCs, apart from density-gradient 

centrifugation (Boyum 1968) also take into account their ability to adhere to tissue 

culture plastic (Luria et al. 1971). However, this not only selects for SSCs but also for 

reticular cells, macrophages, endothelial cells, resulting in a highly heterogeneous 

population (Bianco et al. 2013, Harichandan and Buhring 2011). It is assessed that by 

this procedure only approximately 30 % of clonogenic cells are truly multipotent stem 

cells (Larsen et al. 2010). 

Alternatively, higher cell purity may be achieved by selection based on surface marker 

expression. Due to variable results for MSC marker studies, the Mesenchymal and 

Tissue Stem Cell Committee of the International Society for Cellular Therapy (ISCT) 

convened in 2006 and published a paper on what they considered a true definition of 

human MSC. Firstly, they argued MSCs must show plastic adherence under standard 

culture conditions. Also, they must express CD105 (endoglin), CD73 (membrane-

bound ecto-5'-nucleotisidase) and CD90 (Thy-1), and lack the expression of the 

haematopoietic markers CD45 (tyrosine phosphatase), CD34, CD14 or CD11b 

(Integrin alpha M, ITGAM), CD79a (immunoglobulin-associated alpha) or CD19 (B-

lymphocyte antigen) and HLA-DR (human leukocyte antigen) surface molecules. 

Finally, it was suggested that MSCs must differentiate into osteoblasts, adipocytes and 

chondrocytes in vitro (Dominici et al. 2006). However, critics of these criteria state they 

do not take into account what truly constitutes a stem cell, namely the ability to self-

renew and form multiple lineages from one clone of cells not only in vitro but most 

importantly in in vivo transplantation assays (Bianco et al. 2013). Therefore, in the 

literature, there remains no universally accepted definition of this term. In this thesis, 

the term bone marrow mononuclear cells (BMMNCs) is used to refer to the primary 

isolates of cells isolated from the bone marrow, and after plating also to stromal cells 

(those arising from CFU-Fs), STRO-1 enriched BMMNCs for the populations 

enriched in vitro by antibody selection and SSCs for the putative stem cell population 

referred to by Bianco et al. (Bianco et al. 2013). 

 

Reliable and sensitive markers for the multipotent fraction referred to by Bianco et al. 

have not yet been identified. The previously mentioned “minimum defining criteria 

markers” are stably expressed in vitro with little variability between donors, however 
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they might not correlate to the true “in vivo” state, and do not allow for purification of 

clonogenic SSCs to homogeneity. Therefore, other potential markers have also been 

investigated. The STRO-1 antigen has been shown to be particularly effective in 

enriching freshly isolated BMMNCs for uncommitted, proliferative, multipotent 

stromal stem cells (Simmons and Torok-Storb 1991). The STRO-1 antibody was 

demonstrated to bind approximately 10 % of the BMMNCs isolated from bone 

marrow aspirates (Tare et al. 2008). However, it also selects for glycophorin A+ (GPA+) 

erythroid progenitors and a subset of stromal cells (Simmons and Torok-Storb 1991). 

Nonetheless, used for over 2 decades, and despite its nonspecificity, it still remains the 

antibody with the highest affinity and efficiency for isolating clonogenic SSCs as a 

stand-alone reagent due to the high density of this antigen on the MSC surface 

(Gronthos et al. 2003). CD271 (low affinity nerve growth factor receptor) has been 

applied to isolate a subset of MSCs from bone marrow and other tissues, however 

with varying efficacy (Quirici et al. 2002, Watson et al. 2013). CD106 (vascular cell 

adhesion molecule 1, VCAM-1) may serve as a marker for the most 

potent/undifferentiated cell fraction, as sorting for it in combination with STRO-1 has 

been demonstrated to yield a cell fraction highly enriched for CFU-Fs (Gronthos et al. 

2003). Expression of both these markers is strongly dependent on the donor, time in 

cell culture, cell seeding density and many more factors. Furthermore, MSCs share 

functional properties and gene-expression profile with CD146+ perivascular cells and 

fibroblasts (Tormin et al. 2011) (Covas et al. 2008). CD146 (melanoma cell adhesion 

molecule, MCAM), a pericyte marker, has recently been shown to enrich for MSC 

populations also in the dentine, but only in combination with STRO-1 (Bakopoulou et 

al. 2013). Attempts to develop novel antibodies for MSC identification, directed to 

surface markers, were unsuccessful (Andersen et al. 2011). Therefore until new markers 

are identified, STRO-1 serves as a robust candidate for prospective immunoselection. 

 

The lack of an unambiguous in vivo MSC marker that identifies this cell population in 

different tissues highlights the possibility that different cell characteristics may be 

dictated by the local tissue microenvironment in which they reside (Bianco et al. 2008). 

All stem cell microenvironments, the so-called niches, are implicated in providing 

relevant cues for stem cells to self-renew and sustain long-term tissue specific 

regeneration during homeostasis as well as upon injury (Ehninger and Trumpp 2011, 
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Fuchs and Chen 2013, Kunisaki et al. 2013, Li and Clevers 2010). In the bone marrow, 

SSCs dynamically organise the haematopoietic microenvironment, forming the niche 

for HSCs and influencing their behaviour towards quiescence or activation. 

Unfortunately, there are discrepancies with regards to the mechanisms in which SSCs 

maintain bone homeostasis and their in vivo localisation (Bianco et al. 2013, Boxall and 

Jones 2012, Lv et al. 2014). As already mentioned, a close link between the 

microvasculature and tissue progenitors has been demonstrated, proposing SSCs as in 

situ perivascular cells, or cells coinciding with adventitial reticular cells. The majority of 

data on the interactions and localisation of key bone marrow niche components in 

sustaining HSCs (Figure 1.4), originated from animal model experiments. Studies 

which aimed to lineage trace SSCs have used markers expressed under the control of 

cell type-specific promoters. The most commonly used marker genes for cells with 

SSC-like properties were Osx, Nestin, neural/glial antigen 2 (NG2) and Leptin 

receptor (Lepr) (Mendez-Ferrer et al. 2015). Various laboratories have shown different, 

and sometimes confusing outcomes, as to where the skeletal stem cell population 

might localise. For example, the perivascular Nestin-GFP+ population, identified as a 

SSC-like population (Mendez-Ferrer et al. 2010) was shown to be heterogeneous in 

nature (Kunisaki et al. 2013), and depending on perisinusoidal vs. arteriolar localisation, 

the intensity of GFP expression, and co-expression of other markers (Lepr and NG2, 

respectively) has different functions in sustaining the haematopoietic stem cell 

population. On the other hand, in the neonatal bone marrow, SSCs appeared to be 

perisinusoidal Lepr+ cells and in adult bone marrow it was the Nestin-GFPbright cells, 

which were enriched for SSC activity (Mizoguchi et al. 2014). Others have provided 

evidence to suggest that Lepr-cre cells overlap with sinusoidal Nestin-GFP+ cells 

(Ding et al. 2012). Also CXCL12-abundant reticular cells (CAR cells) have been 

postulated as early mesenchymal progenitor cells, supporting HSC maintenance 

(Greenbaum et al. 2013). More recently, other populations have been identified as 

skeletal stem cell candidates, such as the osteochondroreticular stem cells (OCR), with 

the use of Gremlin1 promoter (Worthley et al. 2015) or cells with the phenotype 

CD45-Ter119-Tie2-AlphaV+Thy1-6C3-CD105-CD200+ (Chan et al. 2015). 

Unsurprisingly, subsets of SSCs identified by expression of genes identified by 

different conditional reporters seem to differ in their functionality in various studies. 

This might be a result of an unsatisfactory degree of recombination and off-target 
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effects of the recombination inducing drug. The commonly used Tamoxifen is known 

to have anabolic effects on bones or cause apoptosis in certain haematopoietic 

progenitor subpopulations, thus disrupting homeostasis within the bone marrow niche 

(Joseph et al. 2013, Mendez-Ferrer et al. 2015). Therefore, data from the animal models 

remain complex and sometimes contradictory and, although lineage tracing is an 

attractive technique with the potential for stem cell identification in mice, it is difficult 

to transfer this knowledge into the human system due to species differences. 
 

 

Figure 1.4 Bone marrow stem cell niche and its key components. 

In murine models, various cell types have been implicated for their roles in promoting HSC 

maintenance, including Nestin+ perivascular cells, supposedly more differentiated CAR cells (containing 

adventitial reticular cells and mesenchymal progenitors), endothelial cells and macrophages. Adipocytes, 

which have been shown to negatively affect HSC maintenance, are increasingly present after 

chemotherapy or radiation, as well as due to aging. Quiescent HSCs associate with arterioles ensheated 

with Nestinbright NG2+ pericytes (putative SSCs). After activation, HSCs relocate near the Nestindim 

Lepr-expressing perisinusoidal area. Osteoblast precursors and CAR cells in the vicinity of the endosteal 

niche support differentiated phenotypes of HSCs. Identification of these various bone marrow niche 

components was a major advancement in the field, however, translating these into human physiology, 

with human-relevant markers and extensive study of overlapping populations may aid resolving other 

cell populations which might be involved in functioning of the bone marrow niche. CAR cells, 

CXCL12-abundant reticular cells; HSC, haematopoietic stem cell; SSCs, skeletal stem cells; NG, 

neural/glial antigen. Figure obtained with kind permission from Springer Science and Business Media, 

(Janeczek et al. 2015). 
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It is desirable to identify stem cells in vivo and understand at a molecular level the 

regulatory mechanisms underlying the self-renewal and differentiation of skeletal stem 

cells and their role in normal bone homeostasis, in bone diseases and following injury. 

Additionally, designing methods for overcoming their replicative senescence (Wagner 

et al. 2008) and promoting directed differentiation are critical for future regenerative 

medicine approaches for bone diseases and fracture healing. 

 

1.2 Osteoporosis treatment and bone fracture healing  

1.2.1 Pathogenesis of osteoporosis 

Osteoporosis is a skeletal disease characterised by low bone mineral density (BMD) 

and degeneration of the microarchitecture of bone tissue, leading to an increased risk 

of fractures, most often of the hip, vertebra or wrist (Christodoulou and Cooper 

2003). In general, osteoporosis is caused by either failure to achieve an adequate peak 

bone mass during growth and development or an imbalance in bone remodelling, 

where bone resorption is higher than bone formation. Therefore the bone becomes 

more porous and fragile, and hence more prone to fractures (Raisz 2005). 

Osteoporosis is a major public health concern that affects over 75 million people in 

the USA, Europe, and Japan, with more than 8.9 million fractures occurring each year 

as a consequence (Kanis 2007).    

The major risk factor for osteoporosis, is called osteopenia, which is characterised by 

low BMD, and is used to diagnose the disease. Low BMD is defined as a T-score of 

≤ 2.5 standard deviations lower than the mean peak bone mass (of sex-matched 30-

year olds), measured by dual energy x-ray absorptiometry (DEXA) of the hip and/or 

spine. Many other factors have been identified in epidemiologic studies, some of 

which are also used clinically as part of a questionnaire-based assessment called FRAX 

(Fracture Risk Assessment Tool). FRAX is commonly used to diagnose the risk of 

osteoporotic fracture, and considers risk factors such as: advanced age, female sex, 

family history of osteoporotic fracture, physical inactivity, medication with 

corticosteroids or anticoagulants, smoking, excess alcohol consumption, low body 

mass index (BMI) and malnutrition (calcium, vitamin D). Another key predictor of an 

increased risk of bone loss and fragility fractures is the rate of bone remodelling, 
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measured by the level of collagen breakdown products (for assessing bone resorption), 

or bone specific alkaline phosphatase, osteocalcin and procollagen peptide levels (for 

assessing bone formation). To further improve diagnosis, techniques that can safely 

analyse the microarchitecture of the bone are being developed (Raisz 2005).  

 

The modern view on the pathogenesis of osteoporosis shifts from the oestrogen-

deficiency paradigm towards the effects of aging and age-related oxidative stress (OS) 

complemented with the effects of oestrogen (Manolagas 2010). Loss of bone tissue is 

correlated partly with age-related changes in other organs and tissues, such as the 

ovary (oestrogen deficiency), the adrenal gland (glucocorticoid excess or 

hyperresponsiveness), the kidney (loss of nephrons, reduced calcitriol synthesis, 

calcium malabsorption and secondary hyperparathyroidism) and muscle (sarcopenia, 

inactivity, reduced mechanical loading). However, excessive accumulation of reactive 

oxygen species (ROS) contributes to age-related changes in many tissues and in bone it 

also contributes to age-related bone loss and strength. There are multiple defence 

mechanisms against oxidative stress, including enzyme-mediated or FoxO 

transcription factors, which up-regulate free radical scavenging and DNA-repair 

enzymes. The latter is linked to Wnt signalling via β-catenin, as β-catenin is an essential 

co-activator of FoxO. There are implications for FoxO being involved in controlling 

the generation of new osteoblasts from their mesenchymal stem cell progenitors and 

modulating their proliferation and differentiation. In general, with increasing age and 

higher ROS generation, β-catenin is diverted from TCF- to FoxO-mediated 

transcription, meaning that Wnt signalling is being attenuated, leading to decreased 

osteoblastogenesis (see Section 1.3.2). It is therefore noteworthy that the anti-

osteoporotic effect of oestrogens is not only due to their activity in slowing the rate of 

bone turnover, but also due to their ability to protect against oxidative stress thus 

complementing the OS theory. Loss of oestrogens and androgens has been shown to 

accelerate the effects of aging on bone by decreasing defence against OS (Manolagas 

2010).  

1.2.2 Treatment for osteoporosis  

Prevention and treatment of osteoporosis, which aim to avoid the occurrence of 

future fractures, involve lifestyle changes regarding diet (calcium and vitamin D 
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supplementation), physical activity and minimising the risk of falling for elderly people. 

According to 2008 National Institute for Health and Clinical Excellence (NICE) 

guidance, pharmacological treatment for primary and secondary prevention of 

osteoporotic fragility fractures, is comprised of anti-resorptive and anabolic drugs. The 

site of action of cytokines and drugs during the bone remodelling cycle is depicted in 

Figure 1.2 in Section 1.1.2. 

Anti-resorptive drugs, which include oestrogen, selective oestrogen receptor 

modulators (raloxifene), and bisphosphonates (alendronate, risedronate, etidronate), 

act by reducing bone resorption (and subsequently bone formation), preserving BMD. 

Unlike oestrogen, raloxifene, which is a non-steroidal benzothiphene prescribed for 

secondary prevention of osteoporotic fragility fractures, does not stimulate 

endometrial hyperplasia or increase the risk of breast cancer. However, the risk of 

blood clots, heart disease and strokes still remains (Ettinger et al. 1999, Miller et al. 

2002, Rossouw et al. 2002), and although raloxifene increases BMD, it does not reduce 

the fracture risk, which is why hormone replacement therapy (HRT) is not generally 

used as a treatment for osteoporosis. Bisphosphonates (alendronate, risendronate, 

ibandronate, zoledronic acid) have many side-effects, including intolerance defined as 

persistent upper gastrointestinal disturbance, and can lead to osteonecrosis of the jaw 

and subtrochanteric fractures (McGreevy and Williams 2011), but they still remain the 

drugs of choice due to their potency and ease of frequency of administration.  

The only currently available anabolic drugs, such as full-length parathyroid hormone 

(PTH1-84) and teriparatide (PTH1-34), are prescribed as injections for secondary 

prevention only in high risk patients for up to 2 years (Hodsman et al. 2005). They 

stimulate bone formation (but also subsequently bone resorption) and improve bone 

micro-architecture, thereby increasing BMD. Common side effects include 

hypertension, hypercalciuria, hypercalcemia and nausea, and treatment is limited to 2 

years, after which time it becomes ineffective. Moreover, there are suggestions of 

increased risk of developing osteosarcomas after PTH treatment, although this has 

only been observed in some strains of rats (McGreevy and Williams 2011). The main 

disadvantages of this treatment are problems with patient compliance and high costs.  
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Strontium ranelate is another agent which reduces fracture risk. It possesses both 

anabolic and anti-catabolic effects. It exerts effects on bone remodelling, most likely 

by potentiating osteoblast proliferation and differentiation in parallel with inhibition of 

osteoclast activity at resorption sites, but its exact mechanism of action is still unclear. 

However, this drug may cause persistent nausea or diarrhoea and lead to memory loss 

or hypersensitivity reactions with systemic symptoms including hepatitis and nephritis 

(Pernicova et al. 2008).  

Denosumab, approved by Food and Drug Administration (FDA) in 2010, is a fully 

human monoclonal antibody designed to inhibit RANKL, and therefore block 

maturation of pre-osteoclasts to osteoclasts. Denosumab, which is an anti-resorptive 

and anabolic agent, showed greater efficacy in reduction of osteoporotic fractures in 

comparison to bisphosphonates, restoring cortical bone density (Cummings et al. 2009, 

Seeman et al. 2010). However, because RANKL is also expressed by B cells and T cells 

in the immune system, the adverse effects after treatment with this antibody include 

infections of the urinary and respiratory tracts, the ear and skin as well as increased risk 

of malignancies (McGreevy and Williams 2011).   

There are other treatments generally only prescribed when others are not appropriate, 

such as calcium or cholecalciferol/calcitriol (the hormonally active form of vitamin D). 

Calcium supplements have been shown to increase BMD but have limited effect on 

fracture reduction. Vitamin D increases the level of calcium in the blood by increasing 

the uptake of calcium from the gut, and possibly increasing the release of calcium into 

the blood from bone. However, calcium supplements should not be prescribed alone, 

as they have been associated with a possible increase in cardiovascular events (Bolland 

et al. 2010), and beneficial effects of vitamin D are strongly correlated with appropriate 

dosing (Brincat et al. 2015, Ross 2011). 

Due to significant mortality and morbidity associated with osteoporotic fractures as 

well as high annual costs, estimated at €37 billion in the EU and $19 billion in the US, 

osteoporosis is a major socioeconomic burden to countries with aging populations 

(Burge et al. 2001, Burge et al. 2007). Taking into consideration the poor efficacy of 

treatments primarily designed to reduce fracture risks by preventing bone loss, rather 

than elevating bone mass and increasing bone regeneration after a fracture has 
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occurred, there is a great need to develop new, more easily administered anabolic 

agents for therapeutic intervention in the treatment of osteoporosis and bone fractures 

it may lead to (Salari Sharif et al. 2011). 

1.2.3 Bone fracture healing and non-unions 

In vertebrates, bone fracture healing is a remarkable process as in contrast to other 

tissues, bone can regenerate without forming a fibrous scar (McKibbin 1978). Skeletal 

fractures may occur as a consequence of bone fragility as well as trauma, and are a 

significant public health problem. Following the initial trauma, bone heals by either 

direct intramembraneous healing, or indirect fracture healing, which consists of both 

intramembraneous healing and endochondral bone formation. Fracture healing 

comprises several phases of regeneration involving different types of bone cells and 

the interactions between them, growth factors, and extracellular matrix (Marsell and 

Einhorn 2011). It involves an acute inflammatory response (following haematoma 

formation), and recruitment of mesenchymal stem cells in order to generate a primary 

soft cartilaginous callus, which undergoes revascularisation and calcification, ultimately 

being remodelled to restore a normal bone structure (Figure 1.5). 

It has recently been discovered that, in young animals, a stage of natural reduction 

occurs between the stages of soft and hard callus formation, driven by a bidirectional 

growth plate at the fracture site induced by muscle contraction, exerting growth in 

both directions and therefore a force straightening the fragments (Rot et al. 2014). 

SSCs can also directly trigger an intramembranous ossification response that generates 

a hard callus, without the involvement of a cartilage template (Karsenty 2003). Bone 

healing then occurs by direct remodelling of lamellar bone (Marsell and Einhorn 

2011). It is generally accepted that during fracture healing, instability and motion at the 

site of the fraction lead to the formation of cartilaginous callus, whereas rigid 

stabilisation leads to reduced cartilage formation and direct repair by intramembranous 

ossification (Thompson et al. 2002). This direct process occurs with surgical 

procedures after reduction of fracture ends and immobilisation or a stable surgical 

fixation. 
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Figure 1.5 Phases of bone fracture healing. 

The major metabolic phases (blue bars) of fracture healing overlap with biological stages (brown bars). 

The primary metabolic phases (anabolic and catabolic) of fracture healing are presented in the context 

of three major biological stages (inflammatory, endochondral bone formation and remodelling) that 

encompass these phases. The primary cell types found at each stage, and the time span of their 

prevalence in each stage, are denoted. The time scale of healing is equivalent to a mouse closed femur 

fracture fixed with an intramedullary rod. PMN, polymorphonuclear cells. Reprinted by permission 

from Macmillan Publishers Ltd: Nature Reviews Rheumatology (Einhorn and Gerstenfeld 2015), 

copyright (2015). 

 

However, the healing process sometimes fails, leading to non-unions, especially in 

tibial fractures. There is no universally agreed definition of non-union of a fracture, 

but it is widely accepted that if a fracture does not heal within the time usually required 

(up to 6 - 8 months), it is designated as a non-union. 10 % of all bone fractures fail to 

heal properly, resulting in non-unions (Rodriguez-Merchan and Forriol 2004, Tzioupis 

and Giannoudis 2007). Non-unions are generally classified into three types according 

to defined radiological and histological criteria (Megas 2005). Hypertrophic non-

unions are often linked with insufficient fracture stability and appear to have an 

adequate blood, oxygen, and nutrient supply. Therefore, they exhibit a better healing 

response than atrophic non-unions, which are generally poorly vascularized. In defect 
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non-unions, fracture healing is affected by a lack of contact among fracture fragments 

(Megas 2005). Studies conducted on the bone marrow in non-union cases showed that 

problems with bone consolidation may be caused by a reduction in bone-producing 

stem cells as well as their differentiation potential in the fracture haematoma 

(Hofmann et al. 2008).  

Several strategies may be used to promote fracture healing in the event of delayed 

union. For example, commonly used is surgical treatment, which includes removal of 

the scar tissue, formed between the fracture fragments, and subsequent immobilisation 

of the fracture (Hak 2011). This can be achieved with the use of metal plates, rods, 

pins, bone grafts or biomaterials. Bone autografts are a gold standard in treatment 

augmenting bone healing, providing a source of bone progenitors, osteoinductive 

proteins and an osteoconductive framework for bone growth. However, due to 

underlying illnesses, tissue source is not always available or not of expected quality, and 

harvesting the bone graft may lead to donor site morbidity (Goulet et al. 1997). 

To address this issue, various osteoconductive or osteinductive biocompatible 

materials are being developed (Laurencin et al. 2006). Synthetic materials include 

bioceramics or hydrogels, which can be loaded with growth factors (Dawson and 

Oreffo 2013, Wang et al. 2014), as well as SSCs and osteoprogenitors (Gomez-Barrena 

et al. 2015). The efficacy of cell therapy solutions, however, needs further study, as the 

clinical data regarding the advantages offered by delivery of stromal cell/stem cell 

populations are inconclusive (Gomez-Barrena et al. 2015).        

The only drugs approved by the FDA and European Medicines Agency for fracture 

repair are osteoinductive BMPs in bone graft material or as an alternative to autografts. 

However, these drugs are not approved for systemic delivery. Two members of the 

BMP family, BMP7 and BMP2, have been approved for long-bone fracture non-

unions and lumbar spinal fusion, respectively. Despite this, they are still used very 

infrequently due to side effects, which include ectopic bone formation, osteolysis or 

soft tissue swelling, and also due to the high cost of the therapy ($6000 - $10000) 

(Lissenberg-Thunnissen et al. 2011). Moreover, since FDA approval of BMP2 therapy, 

several trials re-examining the efficacy of this protein in the treatment of tibial 

fractures have failed to show advantages over current standards of care (Aro et al. 
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2011, Lyon et al. 2013). BMP signalling is inevitably linked to the Wnt signalling 

pathway, as both cooperatively regulate bone formation presumably via osteoblast 

differentiation (Mbalaviele et al. 2005). BMPs and Wnts each regulate each other’s gene 

expression; in fact the Wnt/β-catenin signalling pathway has been shown to be an 

upstream activator of BMP2 expression in osteoblasts (Zhang et al. 2013).  

It has also been indicated that anabolic PTH, which has already been approved by the 

FDA for osteoporotic fracture prophylaxis, might be effective in fracture healing 

(Aspenberg 2013). Multiple studies suggest that the molecular mechanism of its action 

in induction of bone formation may be via inhibition of Sclerostin (Sost) and Dickkopf-

related protein 1 (Dkk1), in osteocytes and osteoblasts, both of which are inhibitors of 

the Wnt signalling pathway (Guo et al. 2010, Leupin et al. 2007).    

Due to the lack of efficacious drugs, either systemically or locally applied, that are 

currently available, there is an urgent need to develop new therapeutics. One potential 

target for such therapeutics is the Wnt signalling pathway. 

1.3 The Wnt signalling pathway  

1.3.1 The Wnt signalling pathway as a regulator of stem cells 

The Wnt (Wingless-related integration site) gene name originates from the segment 

polarity gene name Wingless (Wg) in Drosophila (Baker 1987) and the proto-oncogene 

Int1 in mouse (Nusse and Varmus 1982), which have been found to belong to an 

evolutionarily conserved family of extracellular signalling molecules. The 19 human 

WNT genes, also subjected to alternative splicing, code for a family of secreted 

glycoproteins, characterised by several conserved cysteine residues (Miller 2002). The 

Wnt proteins initiate signalling by binding to their membrane receptor complex, which 

consists of a serpentine receptor of the Frizzled family and Lrp5/6, a member of low-

density lipoprotein (LDL) receptor family.  

 

The main part of the Wnt signalling pathway, referred to as the canonical Wnt cascade 

(Reya and Clevers 2005), involves β-catenin (a cytoplasmic protein) stabilisation and 

translocation into the nucleus. Figure 1.6 shows a schematic illustration of this process. 

After binding of the Wnt receptor, Dishevelled (Dsh), an Axin binding protein, 
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inhibits the formation of the “destruction complex” and the pool of stabilised 

cytoplasmic β-catenin localises to the nucleus and interacts with transcription factors 

and co-activators, promoting Wnt target gene expression (many of which are genes 

responsible for pluripotency or differentiation of stem cells). β-catenin binds to the 

lymphoid enhancer-binding factor (Lef)/T-cell factor (Tcf) family of repressor 

proteins and transiently converts them into transcriptional activators. The “destruction 

complex” present when the receptor is unbound by Wnt normally consists of the 

tumour suppressors adenomatous polyposis coli (APC), Axin, and two kinases: casein 

kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3). By phosphorylating β-catenin, 

the destruction complex guides it to ubiquitin-mediated proteasomal degradation.  

 

Non-canonical Wnt signalling involves all Wnt-activated cell signalling pathways that 

do not specifically promote β-catenin stabilization, for example a pathway guiding cell 

movements during gastrulation (Veeman et al. 2003). In addition, a Wnt/Ca2+-

dependent pathway has been identified, in which Wnts stimulate intracellular calcium 

release and activate calmodulin-dependent protein kinase II (CAMKII) and protein 

kinase C (PKC), supposedly in a G-protein-dependent manner (Kuhl et al. 2000). 

Others involve c-Jun N-terminal kinase (JNK) or Rho signalling (Ling et al. 2009).  

The classification of signalling into canonical or non-canonical Wnt signalling is 

determined primarily by the Wnt receptors of a particular cell, as several Wnt proteins 

can act through both pathways, augmenting the effect of signalling or even 

antagonising one another (Ishitani et al. 2003). However, according to published 

classification, Wnt1, 2, 3 and 3a, 8, 8b and 10b are regarded as the canonical Wnts, and 

Wnt4, 5a, 5b, 6, 7a and 11 as the non-canonical (Ling et al. 2009, Miller 2002).  

 

Wnt proteins regulate development, cell polarity, proliferation, motility and cell fate 

determination (Ling et al. 2009). The Wnt signalling pathway, more precisely the 

canonical Wnt cascade, depicted in Figure 1.6, is one of the most important in the self-

renewal of stem and progenitor cells. Indeed, dysregulation of Wnt signalling has been 

linked to tumorigenesis in different tissues (Reya and Clevers 2005). Furthermore, Wnt 

signalling not only plays an essential role in embryonic cell maintenance or iPS cell 

reprogramming (Ding et al. 2010, Marson et al. 2008, Miki et al. 2011, Wray and 

Hartmann 2012), but also in adult stem cell biology (Reya and Clevers 2005). For 
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example, the Wnt signalling pathway is considered to be a major regulator of HSC self-

renewal, as shown in lethally irradiated mice, where Wnt has been seen to directly 

promote the reconstitution of the haematopoietic system (Willert et al. 2003). 

However, while several reports suggest that Wnt signalling directly sustains the 

haematopoietic stem cell and progenitor pool (Reya et al. 2003), there have been 

various conflicting findings on the influence of Wnt signalling on the stromal 

microenvironment, which forms the haematopoietic stem cell niche. For many years 

now, Wnt signalling has been known to be particularly important in bone homeostasis, 

and again, this may have a great deal to do with the importance of this pathway in the 

control of bone stem cells. 

 

Figure 1.6 The canonical Wnt signalling pathway. 

In the absence of Wnt signalling, which can be caused by inhibitors, such as Sost (left panel), β-catenin 

resides in a destruction complex in the cytoplasm with Axin, APC and GSK3, and becomes 

phosphorylated and targeted for degradation by β-TrCP. The proteasome recycles the complex by 

degrading β-catenin. In the presence of Wnt signalling (right panel), the intact complex associates with 

phosphorylated LRP. After binding to LRP, the destruction complex still captures and phosphorylates β-

catenin, but ubiquitination by β-TrCP is blocked. Newly synthesized β-catenin accumulates and 

translocates to the nucleus, where it binds Lef/Tcf transcription factors, thus activating target genes. 

Based on: (Clevers and Nusse 2012). 
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1.3.2 The Wnt signalling pathway in bone physiology and skeletal 

stem cell biology  

The role of Wnt signalling in bone anabolism has been the subject of numerous 

studies for more than a decade. Rare human mutations causing alterations in bone 

density have been identified in the components of the Wnt signalling pathway. These 

mutations lead to diseases such as High Bone Mass (HBM) disease, sclerosteosis, or 

Van Buchem disease, demonstrated by either LRP5 gain-of-function mutations or 

SOST loss-of-function mutations (Balemans et al. 2001, Boyden et al. 2002, Gong et al. 

2001), or osteoporosis-pseudoglioma syndrome (Gong et al. 2001), demonstrated by 

lack of LRP5 or loss-of-function mutations thereof. 

 

A plethora of animal studies have confirmed the importance of Wnt signalling in bone 

homeostasis, where activation of the Wnt/β-catenin pathway has been shown to be 

crucial in bone formation, whereas suppression of this pathway or loss-of-function 

LRP5 mutations lead to bone-related pathologies (Babij et al. 2003, Day et al. 2005, 

Gong et al. 2001, Kato et al. 2002, Pinzone et al. 2009). The absence of Wnt10b, 

normally expressed in the developing bone, has been shown to lead to loss in 

trabecular bone (Bennett et al. 2005, Stevens et al. 2010), and confirmed that this 

molecule is an endogenous regulator of bone formation acting on mesenchymal 

precursors (Cawthorn et al. 2012). As described previously, in addition to bone 

homeostasis, Wnt signalling is also crucial in bone fracture healing, and many Wnts 

have been shown to be expressed/upregulated at the bone fracture site (Hadjiargyrou 

et al. 2002). Furthermore, several elements of the Wnt signalling pathway have been 

identified as being expressed in the bone marrow niche by putative SSCs themselves - 

Wnt ligands such as: Wnt2, Wnt4, Wnt5a, Wnt11, Wnt16 and various Wnt receptors, 

co-receptors and inhibitors (Etheridge et al. 2004). Whereas activation of Wnt/β-

catenin signalling has been shown to suppress adipogenesis through inhibition of 

C/EBPα- and PPARγ-expression (Christodoulides et al. 2009, Kang et al. 2007), and 

the majority of studies report inhibition of chondrogenesis as well (Chun et al. 2008), 

there are substantial discrepancies in findings regarding the effects of Wnts in 

osteoblastogenesis.  
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For example, LRP5 overexpression, which elevates Wnt signalling, has been reported 

to increase the proliferation of SSCs (Baksh et al. 2007). Several studies have shown 

that Wnt3A-induced activation of Wnt signalling preserves SSC proliferation capacity 

in addition to suppressing their differentiation or apoptosis (Baksh and Tuan 2007, 

Boland et al. 2004, Cho et al. 2006, de Boer et al. 2004, Liu et al. 2009, Quarto et al. 

2010).  

 

In direct contrast to this, other studies have shown that Wnt signalling inhibits 

proliferation and promotes SSC differentiation (Babij et al. 2003, Bennett et al. 2005, 

Gregory et al. 2005, Qiu et al. 2007). Constitutive activation of Wnt signalling by 

retroviral transfection showed that high levels of Wnt signalling can stimulate 

osteoblast differentiation (Bain et al. 2003). It has also been observed that the 

activation of Wnt signalling mediated through the inhibition of the kinase GSK3, 

preventing β-catenin degradation, resulted in increased bone mass in vivo due to an 

increase in the osteogenic potential of SSCs at the expense of adipogenesis 

(Gambardella et al. 2011). Interestingly, links between Wnt, the BMP signalling 

pathway and Runx2 have been identified; Wnt signalling increases Runx2, osteoblast 

maturation and via stimulation of BMP9 or BMP2, increases alkaline phosphatase 

expression (Kang et al. 2007, McCarthy and Centrella 2010, Rawadi et al. 2003). 

 

The discrepancies between these studies may be a result of difference in study design, 

such as different Wnt exposure times, concentrations, and involvement of direct or 

indirect Wnt pathway inducers/inhibitors. Also, the use of different cell sources/types 

prevents direct comparison between studies of the mechanism of Wnt involvement in 

stromal cell proliferation/differentiation. Furthermore, different Wnt proteins 

(canonical Wnt3A vs. non-canonical Wnt5A) have been shown to have different 

effects on SSCs (Baksh and Tuan 2007). As described previously, mixed population of 

stromal cells were analysed, consisting supposedly of stem cells and precursors at 

different stages of osteogenic commitment. Thus, the reported pleiotropic effects of 

Wnt might be due to varying responses of different cells within this population (Liu et 

al. 2009, Quarto et al. 2010). However, it is worth noting that the Wnt3A protein has 

been indicated as a clinically viable compound by exerting a rapid (in 2 days) and 

efficient effect in recruitment of CFU-Fs from bone marrow (Baksh and Tuan 2007). 
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Although most studies on Wnt signalling in bone biology focus on β-catenin 

dependent Wnt signalling, a potential role of non-canonical Wnt signalling in bone 

homeostasis is becoming increasingly acknowledged (Baron and Kneissel 2013). 

Furthermore, alternative from β-catenin routes for Lrp5-mediated signalling are 

emerging, as it has also been postulated to play a role in the control of bone formation 

via inhibition of serotonin synthesis in the duodenum, and not through the Wnt 

pathway (Ducy and Karsenty 2010, Yadav et al. 2008, Yadav et al. 2010). These studies 

underline the need for a systemic approach when analysing the in vivo effects of Wnts.  

Elucidating how the Wnt signalling pathway influences the recruitment, maintenance 

and maturation of bone marrow-derived SSCs might be of great interest due to their 

potential use in regenerative medicine. However, studies which aim to address this 

issue are hindered due to the complexity of this signalling pathway and the lack of 

specific markers for the SSCs. Once a solution is found, and a consensus reached, 

targeted and timed delivery of Wnt proteins or their agonists to stem cell populations 

at the site of injury might be able to enhance bone healing and promote tissue 

regeneration.  

1.3.3 Potential of Wnts in therapy 

Down-regulation of factors involved in the Wnt signalling pathway has been identified 

in cases of non-union. Several groups have shown that damage to the skeleton 

upregulates Wnt signalling at the site of injury during fracture healing and that Wnt 

signalling also accelerates fracture repair (Chen et al. 2007, Hadjiargyrou et al. 2002, 

Kim et al. 2007, Secreto et al. 2009). A summary of in vivo studies of the role of Wnt 

signalling in fracture healing has been published, and lists multiple approaches of 

pathway induction or targeting its inhibitors (Xu et al. 2014). These in vivo studies of 

the role of Wnt signalling in fracture healing have led to various investigations of Wnts 

as therapeutics for systemic delivery to accelerate fracture healing and reduce fracture-

associated complications. A variety of Wnt modulators is already in preclinical or 

clinical trials mainly for the treatment of cancer, but also for osteoporosis, osteolytic 

disease, and bone fracture healing (Rey and Ellies 2010). Table 1.1 lists the proteins, 

antibodies and small molecules tested in the studies. One of those most advanced in 

preclinical development is an anti-sclerostin humanised antibody developed by Amgen 

(Romosozumab). Sclerostin binds to LRP5/6 co-receptor and antagonises canonical 
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Wnt signalling (Li et al. 2005). Studies into sclerostin-related genetic disorders in 

humans showed both increased bone formation and reduced bone resorption, 

suggesting agents that supress sclerostin might have both anabolic and anti-catabolic 

properties (see 1.3.2; (Balemans et al. 2001)). In Phase I clinical trials, a single-dose of 

Romosozumab antibody caused an increase in bone density in the hip and spine in 

healthy men and postmenopausal women (Padhi et al. 2011). In a Phase II trial, one 

year of the antibody treatment in osteoporotic women increased bone density more 

than bisphosphonate and teriparatide treatment (McClung et al. 2014). It demonstrated 

short-term anabolic responses in excess of those seen with teriparatide, the only 

currently available anabolic skeletal agent, and it produced only mild side-effects. 

However, Amgen is no longer pursuing its trials into Romosozumab as a drug for 

fracture healing (ClinicalTrials.gov identifier: NCT01081678), although planning for 

Phase III clinical trials for the treatment of osteoporosis was continued. At the time of 

writing, these trials are underway (ClinicalTrials.gov identifier: NCT01575834). 

Other sclerostin antibodies, designed for the treatment of osteoporosis, namely 

Blosozumab, developed by Eli Lilly, and BSP804, by Novartis, have completed Phase 

II trials, and have shown increased bone mineral density in the lumbar spine of post-

menopausal women with low BMD (ClinicalTrials.gov identifier: NCT01144377; 

ClinicalTrials. gov identifier: NCT01406548, respectively).  

In addition, OsteoGeneX is developing small molecule inhibitors of sclerostin (Rey 

and Ellies 2010). 

Another potential target is the Wnt inhibitor Dkk1. Dkk1 forms a complex with 

Lrp5/6 and disrupts the Wnt signalling pathway (Glinka et al. 1998). Inhibition of 

Dkk1 enhanced the healing process, resulting in mechanically stronger bone at the 

fracture site in a rodent model (Li et al. 2011). Indeed, antibodies against Dkk1 are 

undergoing clinical trials (Pfizer, Nuvelo), also in multiple myeloma patients for 

treatment of bone metastases (Iyer et al. 2014) (Novartis).  

R-spondins positively regulate canonical Wnt signalling by reducing Wnt receptor 

turnover, thereby increasing β-catenin stabilization. R-spondins are prominently 

expressed in the developing skeleton and contribute to limb formation, particularly the 

distal digit. Additionally, results suggest that R-spondins may contribute to the 
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maintenance of adult bone mass by regulating osteoblastogenesis and bone formation 

(Knight and Hankenson 2014). However, the development of recombinant R-spondin 

proteins as a therapeutic for bone diseases was discontinued by Nuvelo after Phase I 

trials.  

Table 1.1 Wnt modulators of bone biology in the biotech pipeline. 

Adapted from: (Rey and Ellies 2010). 

 Company Therapeutic Target Technology Development  

Extracellular Modulators     
Bone Nuvelo R-Spondin 

NU206 
LRP6 Biologic Phase I  

(discontinued) 
Bone Nuvelo LRP5 Mab LRP5 Biologic Discovery 
Bone Nuvelo Dkk1 Mab Dkk1 Biologic Discovery 
Bone Amgen Dkk1 Mab Dkk1 Biologic Preclinical 
Bone Pfizer Dkk1 Mab 

PF-04840082 
Dkk1 Biologic Phase I 

Bone in 
multiple 
myeloma 

Novartis Dkk1 Mab 
BHQ880 

Dkk1 Biologic Phase I 

Bone Amgen/UCB AMG785 
Sclerostin Mab 
(romosozumab) 

SOST Biologic Phase III 

Bone Novartis BPS804 
Sclerostin Mab 

SOST Biologic Phase II 

Bone Eli Lilly Sclerostin Mab 
(blosozumab) 

SOST Biologic Phase I 

Bone Wyeth WAY-316606 SFRP Small Molecule Preclinical 
Bone Enzo Biochem IIIC3a Dkk1 Small molecule Preclinical 
Bone OsteoGeneX Anti-Sclerostin SOST/LRP Small molecule Preclinical 
Bone Galapagos ? LRP5 Small molecule Discovery 

Intracellular Modulators     
Stem cell 
renewal 

Asahi Kasei 
Corporation 

IQ1 PP2A Small molecule Discovery 

Stem cell 
renewal 

Rockefeller BIO GSK3 Small molecule Discovery 

Cancer, 
Bone, 
Obesity 

OsteoGeneX ? Various Wnt 
pathway 

Small molecule Lead 
optimisation, 

preclinical 
Bone, 
Diabetes 

Eli Lilly 603281-31-8 GSK3 inhibitor Small molecule Preclinical 

Bone Roche ? GSK3 inhibitor Small molecule Preclinical 

 

 

Although increased Wnt signalling has the potential to strengthen bones, it may also 

cause adverse side-effects in other tissues, such as articular cartilage, causing its 

degradation (Enochson et al. 2014, Lodewyckx and Lories 2009).  

For bone fracture healing purposes, it is essential that the treatment activating the Wnt 

signalling pathway starts as soon as possible after the fracture occurs, as it has also 

been suggested that β-catenin signalling plays varying roles in different phases of 

fracture repair (Chen et al. 2007, Minear et al. 2010). The effects of Wnt on 
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angiogenesis also need to be tightly controlled, as it has been postulated that both 

inducers and inhibitors of Wnt can promote new blood vessel formation, depending 

on the timing of action (Min et al. 2011).   

 

Therefore, Wnt modulators should ideally be delivered in a time-controlled manner, 

enhancing retention at the bone fracture site, but the delivery should also be targeted 

to the desired cell populations, in order to minimise the detrimental side-effects. One 

possible approach to achieve these aims may be the encapsulation of Wnt in delivery 

vesicles such as liposomes.     

1.3.4 Wnt protein structure and biology 

Although Wnts are predicted to be hydrophilic proteins based on their protein 

sequence, they are in fact highly hydrophobic. Previous findings showed that Wnts are 

hydrophobic owing to the posttranslational addition of palmitate and/or palmitoleic 

acid to one or two amino acid residues by a protein called Porcupine (Gao and 

Hannoush 2014, Hofmann 2000, Willert et al. 2003). The structure of any Wnt protein 

remained unknown until 2012, when the crystal structure of Xenopus Wnt8 was 

published, albeit in complex with its receptor (Figure 1.7 (Janda et al. 2012)). This 

highly unusual two-domain structure forms a protein fold, called a “thumb and index 

finger” structure, which has not previously been identified in any other protein. It is 

now clear that the fatty acid molecules interact with the Frizzled receptor. It is 

possible, though unproven, that these moieties are also involved in docking Wnt to the 

liposomal membranes (Lorenowicz and Korswagen 2009).  

 

The hydrophobic nature of Wnts argues against the simple model of passive diffusion 

in the extracellular milieu. Because of this, various studies have investigated 

mechanisms by which Wnts are transported in the extracellular space. Some studies 

have shown that they associate with different vesicles during transport, such as 

multivesicular bodies (MVB), argosomes (exogeneously derived lipoproteins) and 

LDL/HDL (Greco et al. 2001, Korkut et al. 2009, Neumann et al. 2009, Panakova et al. 

2005). Wnts are also thought to be able to associate with the lipid bilayer of the 

liposomes (Dhamdhere et al. 2014, Morrell et al. 2008), as suggested by researchers 

investigating their use as a therapeutic. A large body of evidence also suggests that 
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components of the extracellular space, such as glypicans (Capurro et al. 2005), 

biglycans (Berendsen et al. 2011) and heparan sulphate proteoglycans (HSPGs) 

modulate Wnt-receptor interactions, as well as maintain activity and solubility of Wnt 

proteins by preventing their aggregation in low serum conditions (Fuerer et al. 2010). 

Wnts form morphogen gradients and HSPGs concentrate Wnt molecules at the cell 

surface. What is more, mutations of enzymes that synthesise these ECM components 

phenocopy Wnt mutations (Hacker et al. 1997), suggesting that these proteins are 

involved in Wnt transport. As previously noted, Wnts are chaperoned during their 

transport and interestingly lipoprotein particles, which have also been indicated to play 

a role in the transport of Wnts, have themselves been shown to interact with HSPGs 

(Eugster et al. 2007). 

 

 

 

Figure 1.7 Xenopus Wnt8 structure. 

The crystal structure of first of the Wnt, Xenopus Wnt8 (352 amino acid residues; ~40kDa), in the 

formation adopted when in complex with its Frizzled receptor. Wnt8 has 2 glycosylation sites (A and B) 

which surround the domain which is predicted to interact with Wnt co-receptors, and one palmitoleic 

acid residue (C). The previously unseen protein folding structure is called a “hand” with a “thumb” (C) 

and “index finger” (D) structure, where both the thumb and the index finger interact with the Frizzled 

receptor. Hydrophobic amino acid residues are shown in red, whereas hydrophilic residues are shown in 

blue. Adapted from Protein Data Base submission by Janda et al. Science 2012. 
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1.4 Liposomes as therapeutic delivery nanoparticles 

1.4.1 Nanoparticles as drug delivery vehicles 

Nanoparticles are particles in the 10-9 - 10-7 m size range, used in medicine for the 

diagnosis, prevention, detection and treatment of disease. In particular, 

nanotechnology has been used to design and develop targeted drug delivery systems 

which could safely deliver therapeutics to injury sites or specific cells (Mills and 

Needham 1999). Potential benefits of nanoparticles include improved solubility of the 

clinical formulation of the drug, protection of the entrapped therapeutic drug from 

degradation, modification of the pharmacokinetic and tissue distribution profile of the 

drug to avoid side effects and reduce toxicity, and increased cellular 

uptake/internalization. Nanocarriers can be divided into organic, inorganic and 

organic/inorganic hybrid nanoparticles, and include dendrimers, liposomes, solid lipid 

nanoparticles, polymersomes, polymer-drug conjugates, polymeric nanoparticles, 

peptide nanoparticles, micelles, nanoemulsions, nanospheres, nanoshells, carbon 

nanotubes, and iron, gold or silica nanoparticles. In all of these types of nanoparticles, 

drugs can be entrapped inside the particle, dissolved in the matrix, covalently linked to 

the backbone, or adsorbed on the surface (Gao et al. 2014). Due to their biological 

properties, lipid-based preparations have attracted great attention as drug delivery 

systems and among these, liposomes are the most widely used and studied examples. 

The beneficial properties of liposomes include good biocompatibility, biodegradability, 

low immunogenicity, and the ability to deliver both hydrophilic and hydrophobic 

drugs. 

1.4.2 Physicochemical properties of liposomes 

Liposomes were first described in the 1960s by the British scientist Alec Bangham, 

who observed them by looking under an electron microscope after negatively staining 

dry phospholipids, the liposomes being formed spontaneously when certain lipids are 

diffused in aqueous solutions (Bangham and Horne 1964). The pictures served as the 

first evidence that the cell membranes consist of a lipid bilayer.  

The name “liposome” originated from Greek, “lipo” meaning “fat” and “soma” 

meaning “body”, as the liposomes mainly consist of phospholipids. Liposomes are 

spherical, self-closed structures formed by one or more concentric lipid bilayers with 
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an aqueous phase inside and between the lipid bilayers. Depending on the size and the 

number of lamellae (single or multiple bilayer membranes), liposomes can be divided 

into three groups:  

 MLVs – multilamellar vesicles, >0.1 µm in size 

 LUVs – large unilamellar vesicles, >0.1 µm in size 

 SUVs – small unilamellar vesicles, ≤ 0.1 µm in size. 

Generally, liposome size may vary from very small (0.025 µm) to large vesicles 

(2.5 µm). Liposomes can be composed of natural and/or synthetic phopsho- and 

sphingolipids. They can also contain other bilayer constituents, such as cholesterol or 

hydrophilic polymer (polyethylene glycol, PEG)-conjugated lipids (Lasic 1993).  

The physicochemical properties of the lipids which comprise liposomes, such as size, 

membrane fluidity, surface charge density and steric hindrance, determine the 

liposomes’ interactions with blood components and other tissues after systemic 

administration. As liposomes have the ability to encapsulate hydrophilic agents in their 

core, while hydrophobic agents remain entrapped within the lipid bilayer, the nature 

and extent of liposome-cell interaction determines the mode of intracellular delivery of 

the carried cargo (Gregoriadis 1976). Liposome formulations can be optimised in 

terms of the above mentioned properties.   

The main problem with systemic administration of liposomes is their opsonisation and 

therefore rapid clearance by the reticuloendothelial system (RES). SUVs are opsonised 

less rapidly and less extensively than LUVs, therefore leading to slower uptake by the 

RES. Also, a reduction in liposome size has been correlated with increased 

accumulation in tumour tissue or areas of inflammation, due to prolonged circulation 

half-life and increased permeability of blood vessels (Yuan et al. 1994).  

In terms of bilayer fluidity, lipids composing the liposomes have a characteristic phase 

transition temperature (Tc). Below Tc, they exist in a rigid, well-ordered arrangement, 

called the solid “gel-like” phase, while above Tc in a liquid crystalline “fluid-like” phase 

(Figure 1.8). The fluidity of the bilayer, and therefore its leakage, can be altered by 

using phospholipids with different Tc values, which vary between -20°C to 90°C 

depending on the length and saturation of the fatty acid chains of the lipid. The 

presence of high Tc lipids (>37°C) makes the liposome bilayer less fluid, and hence 
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less leaky at physiological temperatures, as well as lowering their uptake by the RES. 

Incorporation of cholesterol into the lipid bilayer can also alter the fluidity of the 

membrane. At high concentrations (>30 molar %), cholesterol eliminates the phase 

transition and decreases the membrane fluidity, which stabilises the liposomes and 

reduces leakage (Cullis 1976). 

 

Figure 1.8 A schematic presentation of membrane phase transitions.  

At Tc’, tilted subgel transforms into gel (the so-called pretransition) and at Tc frozen hydrocarbon 

chains melt and a liquid crystalline phase is formed (main transition). These phases can also be seen in 

freeze fracture EM micrographs. In the liquid crystalline phase, the surface is mostly smooth, where in 

the gel phase the surface often shows characteristic ripples, and at T<Tc’, liposomes are often faceted 

polyhedra because tilted bilayers cannot be packed into a closed sphere (from right to left). From: (Lasic 

1993). 

 

The surface charge of the liposome, which is dependent on the lipid composition, can 

affect how the liposomes interact not only with the desired cell target but also with the 

RES. Lack of surface charge can lead to liposome aggregation, whereas anionic 

liposomes are more easily taken up by cells by endocytosis, and unfortunately also by 

the RES, leading to rapid plasma clearance. Cationic liposomes, on the other hand, 

have been proposed to deliver their contents by fusion with cell membranes. 

Addition of small fractions (5 - 10 molar %) of compounds bearing hydrophilic 

groups, such as PEG, reduces the interaction of liposomes with cells and blood 
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components, sterically stabilising them. Hydrophilic surface coating offers steric 

hindrance to opsonin adsorption, which reduces the rate of uptake by the RES and 

prolongs the circulation half-life by up to 10-fold (Klibanov et al. 1990). However, 

higher concentrations of PEG can lower drug encapsulation efficiency, and also lead 

to macromolecular syndrome of the liver, instead of being normally excreted in urine 

or faeces (Veronese and Pasut 2005). PEGylated liposomes are often called “stealth” 

liposomes or long-circulating liposomes.  

Another advance in liposome technology, proposed in the 1990s, has been the 

addition of targeting moieties to the liposome surface. This technology enables active 

targeting of the liposome-encapsulated drugs to the desired cell populations.  

Figure 1.9 shows an overview of the last 40 years in liposome technology. Over two 

decades ago, triggered-release liposomes were introduced. These liposomes can release 

their cargo when activated by remote triggers such as heat, ultrasound, and light, and 

local triggers intrinsic to the disease site or cellular organelles, such as enzymes and pH 

changes. A thorough review of triggered-release liposomes has recently been published 

(Bibi et al. 2012). The new millennium has seen the development of lipoplexes, the 

most recent generation of liposomes comprised of cationic lipids, containing siRNA, 

oligopeptides, DNA or plasmids.   
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Figure 1.9 Overview of the last 40 years in liposome technology.  

During the 1970s a simple lipid shell containing an active molecule was used. In the 1980s, liposome 
pharmacokinetics have been improved thanks to hydrophilic polymers grafted onto the surface of 
liposomes. With this improvement, they began to be called long-circulating or sterically stabilized 
“stealth” liposomes. In the 1990s active targeted liposomes as well as immunoliposomes were 
developed for a wide range of cancer applications. 1. represents whole antibody simply adsorbed on 
liposome surface; 2. represents the whole antibody-hapten binding technique; 3. represents covalent 
binding between whole antibody and liposome surface; 4. represents Fab’ or Fab2 antibody fragment 
covalently attached on the surface of liposome; 5. represents covalent binding of whole antibody on the 
extremity of PEG chains; 6. represents a covalent binding of Fab’ or Fab2 antibody fragment on the 
extremity of PEG chains; 7. represents the most recent generation of immunoliposomes containing a 
scFv fragment covalently linked to liposomes PEG chains; 8. represents targeting peptides. The new 
millennium has seen the birth of the most recent generation of liposomes containing siRNA, 
oligopeptides, DNA or plasmids, called lipoplexes. Adapted from: (Tresset 2009), (Urbinati et al. 2012). 

 

1.4.3 Liposomes as delivery vesicles 

Liposomes are widely used in the pharmaceutical industry as delivery vesicles for 

multiple drugs, such as antibiotics, vaccines, or anti-cancer drugs (Table 1.2). 

Applications of liposomes in drug delivery are developed when they can offer superior 

therapeutic efficacy and safety over existing formulations (Juliano and Stamp 1978). 

Hydrophobic drugs, such as cyclosporine or paclitaxel, when formulated in surfactants 

or organic co-solvents, caused toxicity at the doses needed to deliver the appropriate 

amount of drug. In contrast, liposomes, which are made of lipids, are relatively 



Introduction 

- 36 - 

 

biocompatible and biodegradable, non-toxic and non-immunogenic molecules. They 

can encapsulate a wide range of water-insoluble drugs and increase their therapeutic 

index (TI), because they can contain greater concentrations of the drug compared to 

the extracellular fluid. The toxicity of drugs with a narrow TI can be minimized by 

reducing their biodistribution after encapsulating them in liposomes, thus decreasing 

their delivery to critical organs. Liposomes have been shown to be taken up poorly by 

tissues such as heart, kidney or gastrointestinal tract, which are major sites for toxicity 

(Szoka 1990). Among the examples of the superiority of liposomal delivery, is 

Amphotericin B or doxorubicin, which produced severe dose-limiting nephrotoxicity 

and cardiac toxicity, respectively, before their reformulation into liposomes (Sharma 

and Sharma 1997).     

 
Table 1.2 Current list of clinically approved liposomal drugs. 
Based on: (Allen and Cullis 2013). 

Name Trade 
name 

Company Indication  

Amphotericin B Abelcet Enzon Fungal infections  
Amphotericin B Ambisome Gilead Sciences Fungal and protozoal infections  
Cytarabine Depocyt Pacira (formerly 

SkyePharma) 
Neoplastic meningitis  

Daunorubicin DaunoXome Gilead Sciences HIV-related Kaposi’s sarcoma  
Doxorubicin Doxil 

Caelyx 
Lipo-dox 
Myocet 

Janssen-Cilag 
Janssen-Cilag 
Sun Pharma Global 
Zeneus 

HIV-related Kaposi’s sarcoma, 
metastatic breast cancer, metastatic 
ovarian cancer 
 

 

IRIV vaccine Epaxal Crucell Hepatitis A  
IRIV vaccine Inflexal V Berna Biotech Influenza  
Morphine DepoDur SkyePharma, Endo Postsurgical analgesia  
Verteporfin Visudyne QLT, Novartis Age-related macular degeneration, 

pathologic myopia, ocular 
histoplasmosis 

 

Proteins SP-B 
and SP-C 

Curosurf Chiesi Farmaceutici, 
S.p.A. 

pulmonary surfactant for Respiratory 
Distress Syndrome 

 

Vincristine Marquibo Spectrum 
Pharmaceuticals 

Acute Lymphoblastic Leukemia 
(ALL) and Melanoma 

 

 

There are different ways in which liposomes can release their cargo to cells (Canton 

and Battaglia 2012, Petros and DeSimone 2010, Torchilin 2005). Figure 1.10 shows 

potential mechanisms of cellular uptake of nanoparticles and nanoparticle-cell 

interactions. However, the preference for a specific mechanism is also dependent on 

the nanoparticle formulation, therefore each composition requires testing.  
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Figure 1.10 Mechanisms of cellular uptake of liposomes and liposome-cell interactions.  

Drug-loaded liposomes can specifically or non-specifically adsorb onto the cell surface. Liposomes can 

also fuse with the cell membrane with subsequent release of their contents into the cell cytoplasm, or 

can be destabilised by certain cell membrane components when adsorbed on the surface, so that the 

released drug can enter the cell. Furthermore, liposomes can undergo direct or transfer protein-

mediated exchange of lipid components with the cell membrane, or be subjected to specific or 

nonspecific endocytosis. In the case of endocytosis, a liposome can be delivered by the endosome into 

the lysosome or, while being transported to the lysosome, the liposome can provoke endosome 

destabilization, which results in drug liberation into the cell cytoplasm. Liposomes modified with 

specific viral peptides and loaded with a drug can specifically interact with cells, provoke endocytosis, 

and, via the interaction of viral components with the inner membrane of the endosome, permit drug 

efflux into the cell cytoplasm. Liposomes can also enter cells through phagocytosis or macropinocytosis. 

Mechanisms of cellular uptake are dependent on the nanoparticle formulation and size. Based on: 

(Canton and Battaglia 2012, Petros and DeSimone 2010, Torchilin 2005). 

1.4.4 Liposomes as protein delivery vesicles 

Proteins, including enzymes, peptide hormones, and cytokines have become drugs of 

choice for the treatment of various diseases during the past three decades. 

Encapsulation of these molecules into liposomes has been a subject of many different 

studies, which showed their superior therapeutic efficacy in comparison to free 

proteins or peptides (Torchilin 2005). Liposome-encapsulated asparaginase improved 

the survival of animals with asparagine-dependent tumours, superoxide dismutase 

reduced ischaemia-reperfusion oxidative stress, and tissue plasminogen activator used 

for thrombolytic therapy allowed minimization of the dose. Liposomes were also 
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tested for interleukin-2, with increased blood circulation time of the drug, and both 

oral and parenteral delivery of insulin (Torchilin 2005).       

1.4.5 Liposomes as Wnt protein delivery vesicles 

Wnt protein incorporated into the liposome structure has been shown to be 

biologically active and potent throughout a longer period of time, in comparison to the 

purified protein. This shows the advantage of association with lipid membranes and 

has been proposed to better resemble the natural secretion of Wnt (Lum and Clevers 

2012, Morrell et al. 2008, Zhai et al. 2004). Recently, an encouraging study on Wnt3A 

protein packaged in liposomal vesicles and delivered into skeletal defects in mice has 

been shown to result in faster bone regeneration through stimulation of proliferation 

of skeletal progenitors and acceleration of their differentiation into osteoblasts (Minear 

et al. 2010). Liposomal Wnt3A delivery resulted also in enhancement of implant 

osseointegration in murine bone defects (Popelut et al. 2010). This encapsulation 

technology has also been shown to be advantageous for the protein itself, prolonging 

and extending its activity (Dhamdhere et al. 2014).    

 

The major issue while considering Wnt signalling modulation by Wnt proteins in order 

to promote bone anabolism and healing is to provide specific delivery of this potent 

factor at the injury site, preferably also to a specific stem cell population. This targeted 

delivery is necessary to avoid potentially harmful non-specific effects of Wnt signalling 

elevation as well as to ensure a sufficient concentration of the Wnt protein (Tsaousi et 

al. 2011). 

1.4.6 Liposomes in targeted delivery  

Site-specific delivery, a concept first proposed by Paul Ehrlich in 1906, involves the 

delivery of a drug to the target site and a reduction in exposure of healthy tissues 

(Strebhardt and Ullrich 2008). It increases liposomal drug accumulation in the desired 

tissue, producing more efficacious and selective therapeutic activity. Liposomes have 

been exploited for both passive and active targeting of drugs. Passive targeting is used, 

where due to the size or properties of the liposomal formulation alone, the liposomes 

accumulate in certain tissues. In active targeting, liposomes can be directed specifically 
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to the desired cell population by attachment to their surface of targeting components, 

such as peptides or antibody fragments.  

Passive targeting of drugs involves the natural tendency of certain cell types, such as 

circulating macrophages or Kupffer cells in the liver, to phagocytose foreign particles, 

such as liposomes (Kelly et al. 2011). Immunostimulators or immunosuppressive drugs 

have been successfully delivered in liposomal formulations to lymphatic tissues, such 

as the spleen. Passive targeting is a common approach used in the delivery of vaccines. 

Recently, accumulation of liposomes in bone marrow has also been suggested, as bone 

marrow macrophages seemingly have a role in the delivery of lipids to the bone 

marrow, where they are used as a source of energy, for membrane biosynthesis or in 

the delivery of fat-soluble vitamins for haematopoiesis (Sou et al. 2011). As previously 

discussed, passive targeting also occurs when SUVs accumulate in solid tumour tissue 

undergoing angiogenesis, due to leaky vasculature and a lymphatic system which is not 

fully functional.  

Active targeting of liposome encapsulated drugs may be accomplished by coupling 

specific antibodies or peptides to the vesicles. These immunoliposomes have several 

advantages over antibody-drug conjugates, as they can carry significantly larger amount 

of drug (Gregoriadis 1995). The drugs can also reach their intracellular targets by 

diffusion, after release from immunoliposomes associated with the target tissue. 

Therefore, unlike antibody-drug conjugates, they may not have to undergo receptor-

mediated endocytosis, in order to deliver their contents intracellularly.  

Some of the tested immunoliposome formulations with peptides contain folate or 

hyaluronic-modifications, transferrin or transferrin receptor antibodies (as these 

receptors are over expressed in many cancers), arginine-glycine-aspartate peptides 

(RGD) to target integrins present in the tumour vasculature, or transcriptional 

activator protein  to enhance liposome internalisation (Hatakeyama et al. 2004, Platt 

and Szoka 2008, Tseng et al. 2002, Zhang et al. 2010). A transferrin-targeted liposomal 

oxaliplatin formulation has completed Phase II clinical trials and a transferrin-targeted 

lipid-based nanocomplex containing the p53 gene has completed a phase I trial (Suzuki 

et al. 2008, Xu et al. 2001). Liposomes with a (AspSerSer)6-surface moiety (for 
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interaction with calcium-rich bone surfaces) have been used for in vivo evaluation of 

osteogenic siRNA delivery for a potential bone anabolic therapy (Zhang et al. 2012). 

Among antibodies used for active targeting of liposomes, anti-HER2 (for breast 

cancer) and anti-CD19 (for leukaemia and lymphoma) are the most regularly exploited 

in preclinical studies (Cheng and Allen 2008, Goren et al. 1996, Park et al. 2002). A 

liposomal doxorubicin formulation targeted via anti-HER2-scFv formulation has 

progressed to Phase I clinical trials (Nellis et al. 2005). Other antibody-conjugated 

liposomes, such as anti-GD2 (for neuroblastoma), the anti-KDR domain of VEGF 

(anti-angiogenic treatment), anti-CD22 (for B-cell lymphoma), anti-EGF and anti-

VCAM-1 (overexpressed in many tumours) are also being investigated (Benzinger et al. 

2000, Gosk et al. 2005, Loomis et al. 2010, Mamot et al. 2005, Raffaghello et al. 2003). 

For the diagnosis and treatment of osteoarthritis, immunoliposomes conjugated with a 

type II collagen antibody are being tested in animal models (Cho et al. 2013). Aptamers 

are also often investigated in vitro and in vivo as targeting moieties on the liposome 

surface, and these include preparations targeting CD44 and prostate specific 

membrane antigen (PSMA) (Alshaer et al. 2015, Baek et al. 2014).     

 

Given the evidence suggesting that spatiotemporal modulation of the Wnt signalling 

pathway might be an attractive target for bone anabolic therapies, design of novel 

therapeutics that offer the possibility to regulate this pathway at the fracture site is 

greatly desired. However, the effects of Wnt signalling induction specifically on stem 

cell populations and osteoprogenitors within the bone marrow niche are not well 

known and need further investigation. Translation of this knowledge into a bone 

fracture scenario would help produce effective particles regulating the Wnt signalling 

pathway, tailored for bone regeneration purposes. In order for these Wnt therapeutics 

to be beneficial, they would have to be delivered in a targeted and timed fashion to 

bone stem cells of the bone marrow niche at specific phases of bone fracture healing. 

This way, liposomal therapy could offer an efficacious but also a safe approach for 

delivering Wnt anabolic agents.  

 



Hypothesis and aims 

- 41 - 

 

Hypothesis and aims 

The aim of this thesis was to determine the effect of Wnt stimulation on the 

osteogenic response of populations of cells in human bone marrow, to establish a 

method of incorporating Wnt proteins in nanoparticle carriers, to prove the 

protein/liposome association, and to develop a technology for spatiotemporal delivery 

in fracture healing. These aims were devised to test the hypotheses that temporal 

control of Wnt stimulation promotes osteogenesis in human SSCs, that Wnt proteins 

associate with liposomes and retain their activity, and finally that this technology could 

be used for spatiotemporal delivery of Wnts in fracture healing.  

 

The specific aims were as follows:  

 To measure the frequency of skeletal stem cells in fresh bone marrow isolates; 

 To determine intrinsic levels of Wnt signalling in fresh bone marrow isolates 

between populations of cells with various levels of skeletal stem cell marker 

expression; 

 To assess the frequency of skeletal stem cell-rich populations and 

haematopoietic populations within fresh bone marrow isolates after transient Wnt 

stimulation; 

 To measure CFU potential of bone marrow isolates after transient Wnt 

stimulation; 

 To assess the osteogenic differentiation of bone marrow isolates after a 

transient and ongoing Wnt stimulation; 

 To characterise and optimise the formulation of liposomes; 

 To determine suitability of liposomes as delivery vesicles for Wnt3A protein; 

 To measure the uptake of liposomes in vitro and distribution in vivo. 
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2.1 Materials 

2.1.1 Cells 

Bone marrow mononuclear cells (BMMNCs) were isolated from femoral samples 

obtained from haematologically normal individuals undergoing hip replacement 

surgery, due to osteoporosis or osteoarthritis, at Southampton General Hospital or 

Spire Hospital Southampton, with the approval of the appropriate Local Research 

Ethics Committee (LREC 194/99/1). A list of isolates can be found in the Appendix, 

Table A.7.  

MG63 human osteosarcoma cell line, used as a positive control for STRO-1 antibody, 

was purchased from Sigma (St. Louis, USA). The human keratinocyte cell line HaCaT, 

used as a negative control for the STRO-1 antibody, was a gift from Professor Eugene 

Healy (Faculty of Medicine, University of Southampton). The 3T3 murine fibroblast 

Wnt reporter cell line was purchased from Enzo Life Sciences (Farmingdale, USA).   

2.1.2 Cell Culture Medium, Buffers, Reagents 

Chemicals and reagents used in the experiments are listed in the Appendix, Table A.1 - 

Table A.5. FBS was batch tested in the Bone and Joint Research Group.   

2.1.3 Equipment 

Equipment used in experiments is listed in the Appendix, Table A.6. 

  

2.2 Methods  

2.2.1 BMMNC isolation 

BMMNCs were isolated from bone marrow samples aspirated from patients’ femurs, 

often containing small pieces of trabecular bone and traces of fat. The donated tissue 

usually comprised of ~1 - 2 ml of bone marrow aspirate and varying volumes of 

trabecular bone. When the trabecular bone volume was low in the donated sample, 

additional trabecular bone fragments were extracted from the neck of the femoral head 

as trabecular bone samples have been shown to contain similar numbers of nucleated 

cells as bone marrow (Sakaguchi et al. 2004). This standardised the amount of tissue 
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from which cells could be subsequently extracted, and increased cell yield. Samples 

were washed thoroughly with medium A (Minimum Essential Medium alpha, αMEM, 

containing 100 U/ml penicillin and 100 μg/ml streptomycin; see Appendix Table A.1 

for detailed media contents), through repeated vigorous shaking with ~10 ml of 

medium, and transferral of each 10 ml portion to a 50 ml Falcon tube, until the bone 

appeared to be white (cell-deprived). This mechanical process assisted in the release of 

cells from the marrow. The remains of the sample were discarded into Virkon 

(DuPont, Wilmington, USA). The cell suspension was then supplemented with 

medium A up to 50 ml and centrifuged for 5 minutes at 18°C, 240x g. After decanting 

fat and most of the medium into Virkon, 10 ml of fresh medium A was used to 

resuspend the cell pellet thoroughly before straining through a 40 µm filter into a new 

50 ml Falcon tube to remove residual bone chips and other unwanted tissue. The 

filtered cell suspension was then diluted in total of 50 ml medium A. The sample was 

divided into two 25 ml samples, each of which was transferred delicately with a 

Pasteur pipette onto 25 ml of density gradient medium, LymphoprepTM (Axis-Shield, 

Dundee, UK), in a 50:50 ratio and centrifuged for 40 minutes at 18°C, 800x g. This 

density gradient separation enables the isolation of BMMNCs and the removal of the 

majority of red blood cells from the sample, although blood clots sometimes remain in 

the interphase (Boyum 1968). Figure 2.1 shows the phase separation of cells after 

centrifugation. 

 

 

Figure 2.1 Lymphoprep separation of bone marrow samples. 

 

After transferring the interphase between αMEM and LymphoprepTM, containing 

BMMNCs, into a new 50 ml Falcon tube, cells were washed twice in 20 ml of medium 
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A, by centrifuging at 240x g, for 5 minutes at 18°C. Finally, cells were resuspended in 

medium B (αMEM containing 5 % FBS and 100 U/ml penicillin and 100 μg/ml 

streptomycin) and counted. The total number of viable cells was counted using the 

trypan blue dye exclusion assay (Sigma). To exclude remaining red blood cells from the 

count, Easy Lyse Erythrocyte Lysing Reagent (Dako, Glostrup, Denmark) was used, 

according to the manufacturer’s protocol. Briefly, cells were incubated in 20x diluted 

lysing reagent, for 5 minutes at room temperature.  

2.2.2 STRO-1-enrichment of BMMNCs - MACS isolation 

STRO-1 MACS isolation was carried out on a subset of BMMNCs isolated previously 

by LymphoprepTM or, in the case of assessment of intrinsic Wnt signalling level, on 

BMMNCs which were in culture and provided sufficient cell number. These 

previously cultured cells were digested with collagenase and trypsin (see Section 2.2.4), 

MACS-selected, and their RNA was subsequently extracted. Generally, for STRO-1-

enrichment, the cell pellet was first deprived of erythrocytes with Easy Lyse 

Erythrocyte Lysing Reagent (see above) in the case of fresh BMMNCs, or directly 

resuspended in 2 ml of blocking buffer (see Appendix for ingredients of all buffers, 

Table A.2) and incubated for 30 minutes at 4°C, with agitation every 10 minutes. The 

suspension was then centrifuged at 240x g for 5 minutes at 4°C and washed with 10 ml 

of chilled MACS buffer. 1 ml of STRO-1 primary antibody in the form of unpurified 

hybridoma supernatant (see Appendix for antibody details, Table A.5 ) was then added 

for 30 minutes and incubated at 4°C, with agitation every 10 minutes. Next, cells were 

washed three times with 20 ml of MACS buffer and finally resuspended in 800 µl of 

this buffer. After the addition of 200 µl of MACS rat anti-mouse IgM microbeads and 

30 minute incubation at 4°C, with agitation every 10 minutes, cells were again washed 

three times with 20 ml of MACS buffer and resuspended in 2 ml MACS buffer. 

Magnetic separation of the sample was performed using the LS separation column and 

QuadroMACS magnetic field (Miltynei Biotec, Bergisch Gladbach, Germany). The 

column was equilibrated by a 3 ml wash with MACS buffer. 2 ml of the 

immunolabelled cell suspension was then separated on the column, the negative 

(unlabelled) fraction passing through to a collection tube and the STRO-1+ fraction 

remaining magnetically bound. After three 3 ml washes with MACS buffer to ensure 

removal of the unbound cells, the positive fraction was eluted. By removing the 
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column from the magnetic stand, adding 5 ml of MACS buffer, and pressing a plunger 

through the column, STRO-1+ cells were flushed out of the column and collected in a 

separate collection tube. After washing twice in PBS, the cell pellet was suspended in 

cell lysis buffer and further processed for RNA extraction or, if the cells were to be 

cultured, the washes were performed in medium A before final resuspension at the 

required seeding density and media for each experiment.  

2.2.3 Wnt3A protein treatment 

For each short-term Wnt exposure experiment, different numbers of BMMNCs were 

incubated for 24 hours with Wnt3A protein (R&D Systems, or solvent only as control) 

in suspension on a MACSmixTM tube rotator (Miltenyi Biotec), rotating at 8 rpm to 

avoid aggregation of cells at the bottom of the tubes (Figure 2.2). For every 106 cells, 

2 ml of medium B was used. The concentration of Wnt3A protein was 100 ng/ml. 

Following treatment, cells were either assayed immediately or plated on tissue culture 

plastic in basal culture medium or osteogenic medium. 5 days post isolation, adherent 

cells (BMMNCs or STRO-1-enriched BMMNCs), both containing skeletal stem cells 

(SSCs), attached to the tissue culture dish, and the remaining non-adherent cells (most 

haematopoietic cells) were disposed of by washing twice with PBS before media 

change.  

 

 

Figure 2.2 Wnt induction during rotation culture. 

BMMNCs incubated for 24 hours in suspension on a MACSmixTM tube rotator to avoid cell aggregation 
at the bottom of the tubes. 

 

For long-term Wnt exposure experiments, cells were seeded onto tissue culture plastic 

immediately after isolation, and Wnt3A protein at 100 ng/ml (unless stated otherwise) 
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was added after 5 days (from the initial adherence to tissue culture plastic), as part of 

the first media change.  

In short- and long-term Wnt exposure experiments, BMMNCs and STRO-1-enriched 

BMMNCs were cultured for a total of 14 days in basal or osteogenic media after tissue 

culture plastic adherence. Both basal and osteogenic media, with or without Wnt, were 

changed three times a week. The time-frames for short- and long-term exposure to 

Wnt3A are shown in Figure 2.3. 

 

 

Figure 2.3 Experimental protocol for short- and long-term exposure of cells to Wnt3A.  

2.2.4 Cell culture 

The majority of research presented in this thesis was conducted using BMMNCs or 

STRO-1-enriched BMMNCs from primary (P0) passage culture. However, a subset of 

nanoparticle uptake assays was carried out using BMMNCs at P1, including flow 

cytometry and confocal imaging, to examine a population with a greater degree of 

homogeneity. For subculture, cells at 80 % confluence were detached with the use of 

1 mg/ml collagenase IV (Sigma) for 45 minutes at 37°C and then trypsinised (Lonza, 

Basel, Switzerland) with 0.5 mg/ml trypsin. The ratio for passaging was 1:3 – 1:6.   
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HaCaT and MG63 cells used as a negative and positive control, respectively, for the 

STRO-1 antibody, were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10 % FBS and 100 U/ml penicillin and 100 μg/ml streptomycin. 

Passaging was carried out at a 1:3 – 1:8 ratio when the cells reached 60 % confluence. 

Cells were centrifuged at 300x g for 5 minutes. 

The 3T3 murine fibroblast Wnt reporter cell line was cultured in DMEM 

supplemented with 10 % FBS and 100 μg/ml penicillin/streptomycin and maintained 

at 10 – 60 % confluence. Passaging was carried out at a 1:8 ratio every 3 days. The 

seeding density was 3.5 x 103 - 1.5 x 104 cells/cm2 and cells were centrifuged at 800x g 

for 5 minutes.  

All cells were maintained at 37°C in a humidified 5% CO2 atmosphere. 

2.2.5 Experimental analyses 

Pictorial summaries of the experimental methods used are shown in the introduction 

to each results chapter. Detailed below are the procedures for assays carried out 

throughout this thesis.  

2.2.5.1 Immunostaining of cells in suspension for flow cytometry, Image 

Stream cytometry and FACS 

Prior to staining, BMMNCs were treated with Easy Lyse Erythrocyte Lysing Reagent 

(DAKO). For flow cytometry analysis, 106 - 107 cells were stained, each sample having 

an isotype-matched control. All cells gated as positive showed a fluorescence intensity 

greater than that detected on 99 % of the cells labelled with the isotype-matched 

control. Non-specific antibody binding was reduced by a 30 minute incubation at 

room temperature with flow cytometry blocking buffer (see Appendix, Table A.2). 

Staining was performed with the relevant antibodies (listed in the Appendix, Table 

A.5) in 100 μl of flow cytometry buffer at 4°C for 30 minutes, followed by two washes 

with flow cytometry buffer. When required, a secondary antibody staining was 

conducted in 100 μl of flow cytometry buffer at 4°C for 30 minutes, followed by two 

washes with the buffer and subsequent analysis on a flow cytometer (sometimes with a 

prior 20 minute fixation of the samples in 2 % PFA in flow cytometry buffer). The 

same staining procedure was applied to HaCaT cells used as a negative control for the 

STRO-1 antibody, and MG63 cells used as a positive control. 
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For phenotyping, the Human Mesenchymal Stem Cell Multi-Color Flow Kit (R&D 

Systems, Minneapolis, USA) and the Human Haematopoietic Stem Cell Flow Kit 

(R&D Systems) were used, following the same staining procedure. For analysis of 

proliferation, a Click-iT® EdU Alexa Fluor® 488 Flow Cytometry Assay was used 

(Life Technologies, Carlsbad, USA). The test was conducted according to the 

manufacturer’s protocol, with 6 hours of incubation with EdU. For apoptosis/necrosis 

detection, Annexin V Apoptosis Detection Kit eFluor® 450 (eBioscience, San Diego, 

USA) was used. Single-stained positive controls for apoptosis and necrosis were 

acquired by incubating cells for 15 minutes at 70°C. Where possible, compensation 

controls for the fluorophores were prepared with OneComp eBeads (eBioscience) 

according to the manufacturer’s protocol. Briefly, 5 μl of antibody was added to a drop 

of beads, vortexed, and incubated for 30 minutes in the dark at 4°C. Following this, 

the beads were washed with flow cytometry buffer, with centrifugation at 400x g for 5 

minutes. Samples were assayed on a FACS Calibur/Canto II cytometer (BD 

Biosciences, San Jose, USA) or Guava (Merck Millipore, Billerica, USA) and analysed 

using FlowJo v10 software (Ashland, USA). 

 

Image Stream cytometry was used for analysis of the morphology and frequency of 

CD45-/GPA-/STRO-1+ cells, as well as for analysis of STRO-1 expression after Wnt 

stimulation, as a confirmation of conventional flow cytometry observations. Samples 

were stained according to the procedures described previously. Data was acquired 

using a dual camera ImageStream X MkII (Merck Millipore). Data was collected using 

a 60x objective lens with a numerical aperture of 0.9 and image resolution of 

~0.33 μm/pixel. Data capture was performed with INSPIRE® software v.2 (Merck 

Millipore), with a minimum of 1.2 x 105 and maximum of 6 x 105 in-focus and 

nucleated cells captured for each sample, leading to a minimum of 500 cells possessing 

the phenotypes of interest. Single stained controls were run for each fluorophore used, 

and a compensation matrix was created to calculate spectral overlap. All image display 

properties were adjusted linearly on representative cell population images for each 

channel based on the pixel range of the signal, and then applied to the entire data file. 

The gating and analysis strategy, where relevant, is shown in the respective Figures. 

The Aspect Ratio Intensity for STRO-1 assesses the distribution of the staining on 

cells and weights it accordingly. Therefore, cells with an even distribution will have a 
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value approaching 1, whereas those without an even distribution have a value nearer 0. 

A data analysis template was generated from the established settings and selected gates, 

and used for all subsequent analyses.  

 

For fluorescent sorting of different cell populations based on the level of expression of 

the STRO-1 antigen, MACS STRO-1 isolation was performed using the protocol 

described in Section 2.2.2, with two additional steps incorporated after the incubation 

with rat anti-mouse IgM Microbeads. Briefly, cells were incubated with an AF488-

conjugated secondary antibody for 20 minutes at 4°C. After two subsequent washes 

with MACS buffer, samples were separated on magnetic columns.   

Sorting based on STRO-1 expression resulted in three different cell populations: 

STRO-1bright, STRO-1+ and STRO-1- fractions as well as the control BMMNC fraction. 

Granulocytes were gated out of all of these populations. Samples were then used 

directly for RNA extraction and measurement of Wnt target gene expression.   

2.2.5.2 Immunostaining of adherent cells for fluorescence microscopy 

Adherent cells were stained for the STRO-1 antigen to assess expression of this 

marker in BMMNCs straight after adhering in 24-well plates, as well as in positive and 

negative control cells (MG63 and HaCaT, respectively). Osteopontin staining was 

conducted on cells subjected to short- and long-term Wnt exposure and cultured in 

24-well plates for 14 days. Briefly, prior to staining, the cells were washed twice with 

PBS and fixed in 4 % PFA for 20 minutes at room temperature, followed by 2 washes 

in PBS. Non-specific antibody binding was blocked by incubation with 300 μl of 

blocking buffer for 30 minutes at 4°C. Wells were then incubated with 300 μl of 

primary antibody: neat STRO-1 hybridoma supernatant per well, containing the anti-

STRO-1 antibody, or the Osteopontin antibody at a 1/50 dilution in 1 % BSA in PBS, 

or 1 % BSA in PBS alone (negative, secondary antibody only control), overnight at 

4°C on the rocker. The next day, after 3 washes with 0.5 % Tween/PBS, 300 μl of 

relevant secondary antibody was added per well (1/100 dilution in 1 % BSA in PBS). 

Plates were incubated on the rocker in the dark, for 1 hour at room temperature. After 

washing again twice with 0.5 % Tween/PBS, the nuclei of cells were stained with 4′,6-

diamidino-2-phenylindole (DAPI, Life Technologies) at 50 μg/ml for 5 minutes. Cells 
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were kept under PBS and images were taken on a Zeiss Axiovert microscope using 

AxioVision imaging software (Zeiss, Jena, Germany).  

2.2.5.3 CFU-F/CFU-O assays and alkaline phosphatase (ALP) staining  

The CFU-F and CFU-O (cultured in basal and osteogenic media, respectively, see 

Appendix for media composition, Table A.1) potential of SSCs from transiently 

stimulated BMMNCs was determined by plating cells in different densities in T75 

culture flasks or 6-well tissue culture plates. Three different cell seeding densities for 

each donor were used, due to high inter-donor variability in colony forming potential 

(5 x 104 cells/cm2, 1 x 104 cells/cm2, 5 x 103 cells/cm2). After 7 days of culture, cells 

were washed twice with PBS and media were changed. Following another 7 days of 

culture, cells were washed with PBS and fixed with 95 % ethanol for 10 minutes. 

Subsequently, after washing fixed cells with dH2O, cells were stained for alkaline 

phosphatase (ALP). All reagents were supplied by Sigma. 600 µl of ALP staining 

solution (400 µl of Napthol AS-MX Phosphate Alkaline Solution and 2.4 mg of Fast 

Violet B Salts in 9.6 ml of dH2O) was added to each well. Plates were then incubated 

for 45 minutes at 37°C. The reaction was stopped by rinsing wells with dH2O. 

Colonies which comprised of more than 50 cells with more than 50 % of their area 

histologically stained (bright purple) were counted as positive. Next, counterstaining 

was performed, by addition of 600 µl of Gill no.3 hematoxylin for 10 minutes at room 

temperature, which stains nuclei blue. After rinsing the wells with dH2O, negative 

colonies were counted. CFU results are presented as the number of colonies per 104 

seeded cells, and their ALP expression is shown as proportion of positive colonies of 

the total number of colonies. Images were taken both before and after counterstaining 

on a Zeiss Axiovert microscope with the use of AxioVision imaging software (Zeiss) 

or Zeiss Stemi 2000 microscope with Canon Power Shot G10 digital camera.  

2.2.5.4 Alkaline phosphatase (ALP) activity measurement  

Measurement of alkaline phosphatase activity was carried out on BMMNCs and 

STRO-1 selected cells, either after transient exposure to 100 ng/ml Wnt3A (short-

term) or continuously subjected to 100 ng/ml Wnt3A for a period of 14 days (long-

term) in both basal and osteogenic media. Cells were seeded in 24-well plates, at 2 x 

105 cells/cm2 for BMMNCs and 8 x 104 cells/cm2 for STRO-1-enriched cells. Briefly, 
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after the exposure period, cells were digested with collagenase and trypsin, and the 

pellets resuspended in 600 µl of 0.05 % of Triton-X to lyse cells. After a series of 3 

freeze-thaw cycles, lysates were pressed through a syringe with a 0.5 mm needle in 

order to attain homogeneity of the samples. The colorimetric assay was performed 

using 10 µl of each sample and 90 µl of substrate solution (0.04g phosphatase substrate 

(p-nitrophenyl phosphate, PNPP), 10ml 1.5M alkaline buffer solution and 20 ml 

distilled water). Standards (100 µl/well) were prepared from known p-nitrophenol (end 

product of ALP enzymatic reaction) concentrations. All reagents were purchased from 

Sigma. Plates were placed in an incubator at 37°C and protected from light. The 

incubation time for samples from different patients ranged between 15 - 60 minutes, 

and was stopped by the addition of 1M NaOH (100 µl/well) before any sample 

reached a greater intensity of yellow than the highest standard. The colour intensity 

was measured using an ELx800 microplate reader (Biotek, Winooski, USA) with the 

absorbance wavelength set to 415nm. Absorbance values were converted into 

concentrations using the calibration curve from the standards. Results were adjusted 

for DNA content measured by the PicoGreen assay.  

2.2.5.5 dsDNA quantification assay – PicoGreen assay 

A dsDNA quantification assay was performed on cell lysates from the above ALP 

activity assay to control for cell number. The concentration of dsDNA was quantified 

with the use of Quant-iT™ PicoGreen® dsDNA Reagent (Thermo Fisher, Waltham, 

USA) according to manufacturer’s protocol. Briefly, 10 µl of lysate per well was 

pipetted into a black 96-well plate, and diluted with 90 µl of TE buffer (Tris/EDTA). 

A standard curve of known DNA concentration (0, 50, 100, 250, 500, 750 and 1000 

ng/ml; 100 µl per well) was prepared from 2 µg/ml stock solution of Lambda DNA 

standard (Thermo Fisher). Next, 100 µl of 0.5 % PicoGreen in TE buffer was added 

to all wells, and the plates were incubated in the dark for 5 minutes at room 

temperature. Fluorescence was measured on an FLx800 fluorescence microplate 

reader (Biotek) with the excitation/emission wavelength set to 480/520nm, 

respectively. Results were converted into DNA concentrations using the standard 

curve.  
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2.2.5.6 Calcium deposition quantification - Alizarin red S staining 

Alizarin red S is a dye which binds selectively to calcium salts and is widely used for 

calcium histochemistry. It binds ~2 mol of Ca2+ per mol of dye in solution (Puchtler et 

al. 1969). Cells cultured in 24-well plates and fixed with 95 % ethanol were stained 

with a 40 mM (2 %) solution of Alizarin red S at pH = 4.2, for 20 minutes on a rocker.  

When calcium deposits appeared orange-red, plates were rinsed delicately but 

thoroughly with dH2O, and imaged. Next, Alizarin Red was extracted by dissolving in 

300 μl of 10 % cetypyridinium chloride solution (in 10mM sodium phosphate 

Na2HPO4, pH = 7.0) per well, with incubation at 37°C for 2 hours to solubilise the 

stain (Stanford et al. 1995). 100 μl of the product was transferred into a clear 96-well 

plate in duplicates and sample absorbance was measured on a Varioscan Flash 

microplate reader (Thermo Scientific) at 540nm alongside a standard curve (2 mM, 1 

mM, 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM, 0.0313 mM, 0 mM, all in 10 % 

cetylpyridinium chloride solution). The absorbance values were converted into 

concentrations using the calibration curve from the standards. The values from each 

condition were normalised to the corresponding cellular DNA concentration, and the 

data were presented as μM Alizarin Red S/μg DNA. 

2.2.5.7 RT-qPCR 

RNA extraction 

For the short-term and long-term Wnt exposure experiments followed by qPCR for 

osteogenic gene expression, BMMNCs were seeded in both basal and osteogenic 

media onto tissue culture plastic at 105 cells/cm2. Subsequent media changes (with or 

without Wnt) were carried out three times a week after initial tissue culture plastic 

adherence of the cells, for up to 14 days. Total RNA was extracted using an RNeasy 

Mini Kit (Qiagen, Venlo, Netherlands). Briefly, cell samples were lysed in 350 µl of 

buffer RLT. 350 µl of 70 % ethanol was added, and mixed lysates were transferred 

onto spin columns and centrifuged at 8000x g for 15 seconds. Flow-through was 

discarded, and the columns were washed with 700 µl of buffer RW1 and centrifuged at 

8000x g for 15 seconds. After discarding the flow-through, the columns were washed 

twice in 500 µl of RPE, with the final wash centrifuged for 2 minutes at 8000x g. The 

columns were then placed into fresh collection tubes and RNA was released by 
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addition of 30 µl of RNAse-free water followed by centrifugation at 8000x g for 

1 minute.  

For measurement of Wnt target gene expression in cultured samples, total RNA was 

extracted using the same procedure, from the same donor BMMNCs, and donor-

matched MACS STRO-1-enriched cells (after ~2 weeks of culture).    

For measuring the Wnt target gene expression in fresh samples, the PicoPure RNA 

Isolation Kit (Thermo Fisher) was used, suitable for small cell samples. RNA was 

extracted from cells after sorting by FACS into STRO-1bright, STRO-1+, STRO-1- and 

BMMNC populations, not containing granulocytes. Briefly, cell pellets were incubated 

with 100 µl of Extraction Buffer for 30 minutes at 42°C. After centrifugation for 2 

minutes at 3000x g, the supernatant was transferred to an equal volume of 70 % 

ethanol and subsequently onto a pre-conditioned purification column. The samples 

were centrifuged for 2 minutes at 100x g to bind the RNA, immediately followed by 

centrifugation at 16000x g for 30 seconds. The columns were then washed with 100 µl 

of Wash Buffer 1 and Wash Buffer 2, respectively, with 1 minute centrifugations at 

8000x g. Another wash with 100 µl of Wash Buffer 2 was followed by a 4 minute 

centrifugation at 16000x g. The columns were then placed into fresh collection tubes 

and RNA was released by the addition of 11 µl of RNAse-free water and centrifuging 

at 1000x g for 1 minute, followed by 16000x g for 1 minute. 

RNA concentrations and quality were determined using a NanoDrop ND-1000 

spectrophotometer (Thermo Fisher). Samples with a 260nm/280nm absorbance ratio 

of ~2.0 were considered to be pure RNA.  

Reverse transcription  

500 ng of RNA from cultured cells was reverse transcribed using the SuperScript® 

VILO™ cDNA Synthesis Kit, according to the manufacturer’s instructions, with the 

reaction conditions listed in the Appendix, Table A.9. For fresh uncultured cells, 300 

ng of RNA was used for reverse transcription. After reverse transcription, each sample 

was diluted 5x in upH2O. 

Primer design and validation  

All Wnt target gene primers were designed to amplify specifically the gene of interest, 

verified by the BLAST database (http://blast.ncbi.nlm.nih.gov), and checked for 
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possible secondary structure formation, such as hairpins or primer-dimers, by Primer 

Analyzer and NetPrimer tools (premierbiosoft.com/netprimer, 

primerdigital.com/tools/PrimerAnalyser). Primers were designed to span an exon-

exon junction and amplify fragments of 65-130 bp. A detailed list of primers 

(synthesised by Sigma) can be found in the Appendix, Table A.10.    

Before RT-qPCR experiments, primers were validated for use in the ∆∆Ct method of 

data interpretation. RT-qPCR was run on a series of dilutions of a cDNA sample from 

STRO-1+ cells, and the efficiency of the new primers was assessed and compared with 

the efficiency of ACTB primers. The Ct values for each dilution were used to produce 

a linear graph, from which the slope of standard curve value (of the linear equation) 

was used to calculate the efficiency of the primer pair:  

efficiency [%]=(101/slope-1)*100 % 

The recommended efficiency for RT-qPCR primers is 80 % - 120 %. Primer 

efficiencies were then compared to the efficiency of ACTB primers on another graph, 

with a slope value below 0.1 (<10 %) indicating that the ∆∆Ct method could be used 

for data interpretation (see Appendix, Figure A.6 - Figure A.12). 

Osteogenic marker primers had been designed previously in-house, at the Bone and 

Joint Research group (listed in the Appendix, Table A.10). 

RT-qPCR  

The ∆∆Ct method of relative quantification of real-time qPCR was performed using 

Applied Biosystems reagents and the 7500 Real Time PCR detecting system (Applied 

Biosystems, Foster City, USA). Each 25 µl sample contained 1 µl of cDNA from the 

reverse transcription reaction mixture, 5 µM of each primer, and 50 % (vol:vol) of 

SYBRGreen Master Mix. The cycling conditions used were: 50°C for 2 minutes, 95°C 

for 10 minutes, 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. All reactions 

were performed in duplicate and the specificity of products was evaluated with the use 

of melting curves. Amplification products with Ct values >35 were considered 

artefactual, and the transcript absent. Expression of two housekeeping genes was 

tested (ACTB and GAPDH), and finally relative gene expression levels were 

normalized using ACTB as a reference gene.  
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Agarose gel electrophoresis 

Primer amplification products were visualised by running standard agarose (Sigma) gel 

electrophoresis (4 % agarose gel in 1X TAE buffer) with 7 µl (per 100 ml of gel ) of 

Gel Red Nucleic Acid Stain (Biotium, Hayward, USA), at 80V for 3 hours, and imaged 

on an InGenius transilluminator (Syngene, Cambridge, UK). The size of the amplicons 

was verified as compared to the 50 bp GeneRuler DNA ladder (ThermoFisher; see 

Appendix, Figure A.7 and Figure A.13).  

2.2.5.8 ELISA 

ELISA assay (Figure 2.4) was performed in order to quantify the STRO-1 IgM 

antibody produced in the hybridoma supernatant.  

Briefly, 96-well Nunc Maxisorp plates were coated overnight at 4°C with 100 µl of 

goat anti-mouse IgM antibody in PBS as a capture antibody (see Appendix, Table A.5, 

for list of antibodies and dilutions used). After three subsequent washes with washing 

buffer (0.05 % Tween in PBS), the plates were incubated with 300 µl of blocking 

solution (1 % BSA in PBS) on a rocker for 1 hour at room temperature. After removal 

of the blocking solution and three further washes in washing buffer, 50 µl of 

appropriate controls, standards and samples were added. The control was hybridoma 

culture media at a dilution parallel to sample and PBS. The standards used for the 

dilution curve comprised of an isotype control antibody to mouse IgM from murine 

myeloma and commercially available purified STRO-1 antibody. For the standard 

curves, 5x dilutions starting at 10 ng/ml were used. The hybridoma supernatant was 

added at 2x dilutions starting from 1 in 20 000. All dilutions were made in 1 % BSA in 

PBS. Plates were incubated for 2 hours at room temperature on a rocker. After three 

washes with washing buffer, 50 µl of anti-mouse IgM peroxidase-conjugated antibody 

was added and incubated for 2 hours at room temperature on a rocker. After another 

three washes, 50 µl 3,3′ tetramethylbenzidine (TMB) ELISA Substrate Solution 

(eBioscience) was added and incubated for 20 minutes in the dark. The reaction was 

stopped by the addition of 25 µl of 2M HCl. Colour intensity was measured using an 

ELx800 microplate reader (Biotek) with the absorbance parameters set to 450nm with 

540nm plate correction. The absorbance values were converted into concentrations 

using the calibration curves.   
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Figure 2.4 STRO-1 antibody ELISA.  

One well representation of antibody reactions. a) or b) or c) represent different tested options – either 
the IgM content of the hybridoma supernatant (a) or isotype (b) or purified (c) controls for acquiring 
standard curves. pAb, polyclonal antibody.     

 

2.2.5.9 Liposome preparation 

Liposomes were prepared using the extrusion method (see Figure 2.5). Briefly, 

depending on the composition of liposomes, a combined total of 14 µM of different 

lipids were dissolved in 1 ml chloroform:methanol (3:1) in a 10 ml round-bottomed 

flask, and dried to a thin film under a nitrogen gas stream for 5 minutes, with further 

evaporation overnight at room temperature in a vacuum cabinet. Several different lipid 

compositions were attempted and a detailed list of molar ratios can be found in the 

Appendix, Table A.12 and Table A.13. Lipids with different carbon chain lengths and 

saturation were tested. PEGylation was achieved by adding 5 molar % DSPE/PEG 

lipid. For lipid composition optimisation experiments, the thin lipid layer was hydrated 

the next day with 1 ml PBS, placed in a water bath for 1 hour at 37°C (or 56°C for 

DSPC lipid), ensuring it was above the gel to liquid phase transition temperature (Tc) 

of the main lipid in the composition. The lipid solutions were vortexed every 10 

minutes. Extrusion was carried out on a heating block (Avanti Polar Lipids, Alabaster, 

USA) at 37°C (or 56°C for DSPC lipid), 41 times through a 100 nm membrane (GE 

Healthcare/Whatman, Little Chalfont, UK). In order to minimise the contamination 

of the liposome samples with free lipids, the solutions were ultracentrifuged at 

100 000x g for 60 minutes at 4°C. The liposome pellet was then resuspended in 1 ml 

PBS and liposomes were subsequently stored at 4°C until used, for up to three weeks.    
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Figure 2.5 Liposome preparation.  

 

When Wnt3A protein was to be incorporated into the liposome preparations, two 

approaches were adopted. Firstly, loading was carried out during the lipid cake 

resuspension step, with 2 μg/ml of Wnt3A (50 nM total) being dissolved in PBS at 

37°C used for hydration. Therefore, Wnt3A protein was encapsulated/incorporated 

within the liposomes while they were forming. Another approach involved incubating 

the already-formed liposomes with 2 μg/ml Wnt3A protein at room temperature. 

The highest possible liposome concentration was used for Wnt3A incorporation 

(~1014 particles/ml), to allow for the maximum possible loading efficiency of the 

protein. Assuming the protein associated with the membrane, due to its 

hydrophobicity, 1014 liposome particles, each with surface area ~30 000 nm2, were 

sufficient to accommodate 3 x 1016 Wnt3A protein molecules of approximate diameter 

of 3 nm; approximated for ~40kDA proteins (Erickson 2009). After Wnt 

incorporation, the liposomes were ultracentrifuged at 100 000x g for 60 minutes at 4°C 

to get rid of the unbound protein, and resuspended in PBS at the initial volume.  
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For visualisation of liposomes for uptake studies, the particles were stained with 

lipophilic dyes (3,3′-dioctadecyloxacarbocyanine perchlorate, DiO or 1,1'-dioctadecyl-

3,3,3',3'-tetramethylindocarbocyanine perchlorate, DiI, Life Technologies) after 

preparation, by incubation with 3 μl of 1 mM dye solution per 1 ml of liposomes. 

Subsequently, to get rid of unbound dye, particles were ultracentrifuged at 100 000x g 

for 60 minutes at 4°C, and liposomes were resuspended at the initial volume with PBS. 

To monitor the uptake of liposomes in fresh bone marrow isolates or their distribution 

in vivo, lipophilic dyes (100 μM DiO or 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindotricarbocyanine iodide, DiR) were incorporated into the liposomes 

during their preparation, where they were mixed with lipids before the freeze-drying 

step. Visualisation of liposomes was also possible when a biotinylated lipid (DSPE-

PEG Biotin, 2 molar %) was incorporated into the preparation, and after formation, 

the liposomes were incubated with 30 μl of 0.5 mg/ml streptavidin-AF647 conjugate 

per 1 ml of liposomes (~1:1 biotin to streptavidin ratio) for 20 minutes at room 

temperature. Next, liposomes were ultracentrifuged at 100 000x g for 60 minutes at 4° 

to get rid of the unbound protein, and resuspended to their initial volume with PBS. 

Liposomes were also stained by incorporating 100 mM sodium fluorescein, during the 

lipid cake resuspension step, where this dye was dissolved in PBS used for hydration. 

This hydrophilic dye self-quenches at high concentrations when encapsulated in the 

core of nanoparticles, but upon uptake of nanoparticles by cells, the dye is released 

into the cytoplasm, resulting in fluorescence (Weinstein et al. 1977).       

2.2.5.10 Liposome characterisation 

Transmission electron microscopy (TEM) 

Liposomes were examined for unilamellarity and an approximation of size under 

TEM. An aliquot of the sample was diluted 1000x in PBS and fixed for 5 minutes. 

2.5 % glutaraldehyde was chosen as a fixative, as it reacts with phospholipids 

containing free amino groups (i.e. phosphatidylserine or phosphatidylethanolamine), 

and such lipids were used for the liposome preparations. 5 µl of fixed liposome sample 

was applied to carbon-coated electron microscope grids coated with formvar. Grids 

were immediately negatively stained with 1 % ammonium molybdate solution (with 1 

% ammonium acetate and 1 % of sucrose) for 10 seconds. The grids were examined 



Methodology 

- 62 - 

 

using a H7000 Transmission Electron Microscope (Hitachi, Tokyo, Japan) at an 

accelerating voltage of 75kV at 20 000-100 000x magnification. 

Dynamic light scattering (DLS) analysis 

Size distribution of all liposome preparations was examined by dynamic light scattering 

(DLS, also called photon correlation spectroscopy) on a Beckman Coulter N4 PLUS 

Particle Size Analyzer (Beckman Coulter, Brea, USA). This technique is based on the 

fact that differentially sized particles scatter light and undergo Brownian motion in a 

different manner (principle in Figure 2.6; further description in Section 5.1). Each 

sample was placed in a cuvette at a concentration giving between 5 x 104 – 1 x 106 

counts/s (standard cuvette: 1ml of upH2O + 50 µl of sample; narrow cuvette: 300 µl 

of upH2O + 15 µl of sample). The samples were subjected to laser light at 90° and 23° 

angles twice for 300 seconds. Data analysis resulted in a mean size distribution for 

particles in each sample tested.     

 

 

Figure 2.6 Dynamic light scattering.  

Hypothetical DLS of large and small particles, and fluctuations of scattering over time due to the fact 

that molecules in solution are undergoing Brownian motion. 

 

Nanoparticle tracking analysis (NTA) 

The size distribution and concentration of a subset of liposome preparations was 

analysed by nanoparticle tracking analysis (NTA) on a NanoSight LM10 (Malvern 

Instruments, Malvern, UK) using NTA3.0 software. This technique is similar to DLS, 

but because the particle paths are recorded under a microscope, it allows analysis of 
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particles on individual basis, as well as the analysis of particle concentration when a 

microfluidics setup is used (Figure 2.7; see Section 5.1 for further description). Before 

analysis, samples were diluted 250 000x in PBS and videos were recorded at 25 

frames/second, with 1500 frames analysed.  

  

 

Figure 2.7 Nanoparticle tracking analysis.  

Due to the presence of a CCD camera and a microfluidic system, nanoparticle size is assessed on a 

particle by particle basis and concentration of the particles can be determined. 

  

Scanning ion occlusion sensing (SIOS) 

The size distribution and concentration of liposomes upon prolonged storage (>1.5 

months at 4°C) was assessed by scanning ion occlusion sensing (SIOS) on a qNano 

benchtop device (further description in Section 5.1), as it offers higher resolution than 

the DLS and NTA techniques. Before analysis, samples were diluted 100x in PBS. An 

NP100 pore size was used for analysis.    

Gas chromatography (GC) 

Liposome formation efficiency and the degree of PEGylation of liposome 

preparations were assessed by GC. Separation of fatty acids by GC is based on the 

difference in temperatures at which they become volatile, which in turn is dependent 

upon carbon chain length and number and position of double bonds. Separation also 

depends on the interaction between fatty acids and the lining of the GC column. The 



Methodology 

- 64 - 

 

method used for processing the samples for GC involved the addition of a methyl 

group to the carboxylic end of the fatty acid to form a fatty acid methyl ester (FAME) 

by reaction with a methyl donor in the presence of the catalyst. This allowed for 

separation at moderate temperatures and released the fatty acids from phospholipids. 

A lipid with known concentration, different from the lipids used in the liposomes 

(15:0), was added to each sample and used as a standard for subsequent lipid 

concentration calculations. A 150 μl aliquot of each sample in a glass tube was diluted 

up to 1 ml and 50 μl of 2 mg/ml standard was added to each sample, followed by the 

addition of 5 ml of chloroform:methanol (2:1), containing 50 μg/ml 

butyratedhydroxytoluene (BHT) antioxidant. Next, 1 ml of 1M NaCl was added, 

followed by vortexing and centrifugation at 680x g for 10 minutes at room 

temperature, with low brakes. The lower phase was subsequently collected with a glass 

Pasteur pipette, transferred to a fresh glass tube, and dried under a nitrogen gas stream 

at 40°C for 20 minutes. Next, 0.5 ml of dried toluene was added and vortexed, before 

addition of 1 ml of methylation reagent (methanol containing 2 % (v/v) H2SO4), and 

gentle mixing by inversion. The capped tubes were heated for 2 hours at 50°C, after 

which they were allowed to cool. Next, 1 ml of neutralising solution (0.25M KHCO3, 

0.5M K2CO3) and 1 ml of dry hexane was added and the solution was vortexed, and 

centrifuged at 200x g, for 2 minutes at room temperature, with low brakes. 

Subsequently, the upper phase was collected into a new glass vial, and dried under 

nitrogen gas stream at 40°C, and dissolved in 75 μl of hexane. The sample was then 

transferred into a GC autosampler vial, and any remaining lipid in the previous vial 

was again extracted with 75 μl of hexane, added to the GC vial. Samples were stored in 

-20°C before being analysed on the Agilent G1530A 6890 series chromatograph. 

Peaks on the chromatogram were identified automatically using ChemStation software 

(Agilent Technologies, Santa Clara, USA), based on their retention times, set manually 

by running defined standards beforehand, and the area of the peaks was used for 

concentration calculations, based on the following equation: 

 

𝐹𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (μg/ml) = (
𝐴𝑝

𝐴𝑖
) ×  𝑚𝑖 ×  𝑉 
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where: 

Ap – area of peak of interest, 

Ai – area of peak of internal standard, 

mi – mass of internal standard added, 

V – volume of sample extracted. 

 

2.2.5.11 Luciferase assay – liposomal and neat Wnt3A activity 

The luciferase assay was performed on a 3T3 mouse embryonic fibroblast cell line 

(Enzo Life Sciences), which was modified to expresses the firefly luciferase reporter 

gene under the control of Wnt-responsive promoters (TCF/LEF). The change in 

chemiluminescence measured after the addition of luciferase substrate acts as an 

indicator of active Wnt signalling. Cells were used for the assay between passages 2-5 

after defrosting, and no later than passage 11 overall, as the responsiveness of the cell 

line diminishes at higher passages. Briefly, cells were seeded onto white, clear-

bottomed, 96-well plates, at 1.5 x 104 cells/well in 50 µl assay medium (Enzo Life 

Sciences or made in house, see Appendix, Table A.1) and incubated overnight at 37°C. 

Next, agonists (BIO, LiCl or Wnt3A protein) or liposomal Wnt3A preparations were 

added at a total volume of 50 µl/well in DMEM, in duplicate. In the case of tested 

liposomes, the volume added was 5, 10 or 15 µl/well. Plates were again incubated 

overnight at 37°C for ~18 hours, unless stated otherwise, before addition of 100 

µl/well of luciferase substrate diluted in luciferase buffer (Steady-Glo, Promega, 

Madison, USA). After 10 minutes of reaction and cell lysis, the chemiluminescence 

signal was read (0.1 second/well) on a Varioscan Flash microplate reader (Thermo 

Scientific). To control for cell count, cell lysates were analysed for dsDNA content, as 

described previously (Section 2.2.5.5). 

2.2.5.12 Protein quantification within lipids – liposomal Wnt3A incorporation 

Quantification of Wnt3A protein in liposomal preparations was carried out using a 

fluorescent CBQCA Protein Quantitation Kit (Molecular Probes, Eugene, USA), 

according to the manufacturer’s protocol. Briefly, Wnt3A protein standards (10, 20, 

50, 100, 200 ng) and liposomal Wnt3A (150 μl) were dissolved in 0.1 M sodium borate 

at pH = 9.3, to achieve a final volume of 270 μl. Next, 10 μl of 20 mM of KCN was 

added to each sample and vortexed. Following this, 20 μl of 5 mM ATTO-TAG 

CBQCA solution was added, and samples were incubated protected from light for 3 
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hours at room temperature. After the incubation period, each sample had fluorescence 

read in duplicate in a black 96-well plate, with excitation wavelength of 465 nm and an 

emission wavelength of 550 nm, using a Varioscan Flash microplate reader (Thermo 

Scientific). The values were converted into concentrations using the calibration curve 

from the neat Wnt3A protein.      

2.2.5.13 Western blotting – liposomal Wnt3A release 

Gel electrophoresis for Western blotting was performed using Bio-Rad equipment. 

10 % resolving gels were made (all recipes in Appendix, Table A.3) with 10 wells in a 

stacking gel (ProtoGel, National Diagnostics, Atlanta, USA). 10 µl of molecular weight 

marker (Precision Plus Protein All Blue Standards, Bio-Rad, Hercules, USA) was used 

to allow visualisation of movement of the proteins down the gel during electrophoresis 

and as an evaluation of Western blot transfer efficiency. Liposome and protein 

samples were prepared at a 1:1 ratio with SDS Blue Loading Buffer (New England 

BioLabs, Ipswich, USA) with 10 % dithiothreitol (DTT, BioLabs) and were heated at 

95°C for 5 minutes. In total 50 µl of liposome samples and 20 µl of Wnt3A protein as 

standards (5, 10, 50 ng) were pipetted into wells and 10 µl of loading buffer was 

pipetted into empty wells. Electrophoresis was performed at 150V for ~80 minutes. 

Next, methanol-activated polyvinylidene fluoride (PVDF) membranes (Immobilon-P, 

Merck Millipore) were used for protein transfer, which was run at 100V for 60 minutes 

at 4°C. Membranes were then incubated with the primary anti-Wnt3A antibody, 

diluted at 1/10000 in 10 ml 5 % milk for 2 hours at room temperature on a shaker. 

Next, membranes were washed three times for 5 minutes each in washing buffer 

(0.05 % Tween in PBS), before being incubated with the secondary antibody 

conjugated with horseradish peroxidase (HRP), diluted at 1/3000 in 5 % milk for 1 

hour at room temperature. Membranes were then washed again with washing buffer 

before treatment with ImmobilonTM Western Chemiluminescent HRP Substrate 

(Merck Millipore). Membranes were imaged within 5 minutes using Versadoc (Bio-

Rad) and quantified using Quantity One Software Version 4.6.8 (Bio-Rad).  
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2.2.5.14 Association of Wnt3A with liposomes – single molecule spectroscopy 

Protein tagging for single molecule spectroscopy 

To assess whether Wnt3A protein was associating with the liposomes, single-molecule 

spectroscopy experiments were carried out. However, to enable visualisation, both 

liposomes and Wnt3A protein required a fluorescent label. Liposomes were stained by 

incubation with DiO (see 2.2.5.9), but a “carrier-free” version of the Wnt3A protein 

(R&D Systems) was conjugated with a fluorescent tag. This process required a high 

degree of optimisation, and initially 3 different dyes were tested: Atto680-maleimide 

(Sigma), AF647-maleimide (Molecular Probes) and Atto680-NHS (Sigma) at 3:1 or 

10:1 dye:protein ratios, in PBS, or NaHCO3 buffers with pH = 8.3 or 9. This was 

initially performed on BSA protein and subsequently on Wnt3A. Finally, a protocol 

was created where 75 μl (4 μg/1 μM) of Wnt3A protein was tagged or 75 μl (6.5 μg, 1 

μM) BSA as control with 10 μM dye, for 2 hours at room temperature with gentle 

agitation (50 rpm). Following this, the protein was purified from the unbound dye on 

Micro Bio-Spin Chromatography Columns (BioRad). The buffer in the columns was 

exchanged with 0.5 % CHAPS, 0.1 mM EDTA, to match the Wnt3A solvent used by 

the supplier prior to protein lyophilisation. Briefly, 500 μl aliquots were applied to the 

columns and centrifuged for 1 minute at 1000x g, and this process was repeated 4 

times. Next, 75 μl of samples was applied directly to the centre of the columns, and 

centrifuged for 4 minutes at 1000x g. Purified, tagged protein was stored at 4°C for up 

to 1 month.     

The fluorescent tag was visualised using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and a far red fluorescent scanner (described below) and 

the activity of the tagged protein was tested on the luciferase reporter cell line (see 

2.2.5.11).    

SDS-PAGE 

Gel electrophoresis and sample preparation was carried out as described in Section 

2.2.5.13, but ~30 µl of tagged-protein sample (50-500 ng protein) was pipetted into 

wells. The fluorescent tag on the protein within the gel was imaged on the LI-COR 

Odyssey system (LI-COR, Lincoln, USA), using the 700nm channel. The quantity of 

loaded protein was assessed by subsequent staining of the gel with a Proteo Silver 
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Stain Kit (Sigma). All procedures were carried out at room temperature with gentle 

agitation. Briefly, the gel was fixed in 50 ml of fixing solution (50 % ethanol, 10 % 

acetic acid) for 1 hour, followed by a 10 minute wash in 50 ml of 30 % ethanol and a 

10 minute wash in 100 ml of upH2O. Next, the gel was incubated with 20 ml of the 

sensitizer solution (1 % ProteoSilver Sensitizer) for 10 minutes, washed twice with 100 

ml of upH2O, and incubated with 20 ml of silver solution (1 % ProteoSilver Solution) 

for 10 minutes. The gel was then washed with 100 ml of upH2O for 1 minute and the 

developer solution (5 % ProteoSilver Developer 1, 0.1 % ProteoSilver Developer 2) 

was added for 4 - 12 minutes until bands were clearly visible, at which point the 

reaction was stopped by adding 1 ml of the ProteoSilver Stop Solution for 5 minutes. 

Finally, the gel was washed with 100 ml of upH2O and imaged on an HP G4010 

Scanjet Photo Scanner.         

Single molecule spectroscopy - Total internal reflection fluorescence 

microscopy (TIRFM) measurements 

Firstly, glass slides for single molecule analysis by TIRFM were prepared. Borosilicate 

glass coverslips (VWR, Radnor, USA) were cleaned using an argon plasma cleaner 

(PDC-002, Harrick Plasma) for 1 hour to remove any fluorescent residues. 9 x 9 mm 

Frame-Seal Incubation Chambers (Bio-Rad) were affixed to the glass coverslips, and 

75 µl of 0.01 % poly-L-lysine solution (Sigma) was added on the inside of the chamber 

and incubated for at least 30 minutes, before being washed twice with filtered PBS. 

Next, 100 µl of 100x diluted liposome sample was placed on each slide immediately 

prior to imaging, and 1 µl of 4000x diluted protein was added to the slide and mixed 

by pipetting. As a negative control, 0.1 % of Triton-X in PBS was added to destroy the 

liposomes. Imaging was performed using a total internal reflection fluorescence 

microscope constructed “in house” (Figure 2.8). This imaging technique restricts the 

detectable fluorescence signal to within 200 nm from the sample slide. For each 

dataset, 3 x 3 image grids were measured in three different regions of the cover slide. 

The distance between the 9 images measured in each grid was set to 100 µm, and was 

automated to prevent user bias. Images were recorded at 33 frames per second for 100 

frames, firstly from the red channel (AF647 emission) with 641 nm illumination, 

followed by 100 frames in the green channel (DiO emission) with 488 nm illumination. 
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Figure 2.8 Total internal reflection fluorescence microscopy.  

A schematic of TIRF microscope setup (A) and a side-view of the excitation volume (B), showing that 

the illumination is limited to a region close to the coverslip surface. 

 

Single molecule spectroscopy - Two-colour coincidence detection (TCCD) 

measurements 

Samples were diluted to concentrations of approximately 100 pM, before being 

immediately added to a gel-loading tip attached to the inlet of a simple one-channel 

polydimethylsiloxane (PDMS) microfluidic device measuring 25 µm high and 100 µm 

wide, mounted onto the single-molecule confocal microscope (Figure 2.9). The 

confocal volume was focused into the centre of the channel, and the sample was 

passed through the channel by withdrawing it from the device at the outlet channel at 

a flow rate of 100 µL/hour, achieved by attaching the outlet to a syringe pump 

(Harvard Apparatus, Holliston, USA). Laser wavelengths were 488 nm and 633 nm, 

and their intensities at the back-port of the instrument were 2 mW. Data were 

collected for 400 seconds (photons counted in time-bins of 50 µs). As a negative 

control, 0.025 % solution of CHAPS was added to destroy the liposomes. 
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Figure 2.9 Two-colour coincidence detection. 

A schematic of the confocal microscope setup (A) and side-view of the confocal volume (B), showing 

that the excitation is restricted to a small volume (~1 um diameter, ~0.5 fL); by working at 

subnanomolar concentrations, less than one fluorophore on average will be excited at any given time. 

 

Data from TIRFM and TCCD was analysed using custom-written procedures in Igor 

Pro (Wavemetrics, Portland, USA). The coincidence (Q) for both methods was 

calculated according to the following equation:  

𝑄 =
𝐶 − 𝐸

𝐴 − 𝐸
 

Where : 

Q – association quotient, 

C – number of coincident events in  both red and green channels, 

E – estimated rate at which coincident events occur by chance, 

A – events rate in the green channel.  

 

2.2.5.15 Liposome cytotoxicity - cell viability assay 

To test for potential cytotoxicity of the liposomes on adherent BMMNCs, a RealTime-

Glo™ MT Cell Viability Assay (Promega) was performed, according to the 

manufacturer’s protocol. This method allows for real-time determination of cell 

viability, by measuring their reducing potential and therefore their metabolism. Viable 

cells reduce the cell-permeant pro-NanoLuc® substrate, and generate a substrate for 

NanoLuc® luciferase, both of which are added to culture. The bioluminescent signal 

correlates with the number of viable cells. Briefly, BMMNCs at P1 were seeded onto 
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white, clear-bottomed, 96-well plates, at 1.5 x 103 cells/well in 50 µl of αMEM 

supplemented with 5 % FBS and antibiotics (100 U/ml penicillin and 100 μg/ml 

streptomycin) and maintained at 37°C. After 1 hour, 50 μl of 2x concentrated reaction 

compound (substrate and enzyme) was added to each well, followed by luminescence 

signal readout (0.1 second/well) on a Varioscan Flash microplate reader (Thermo 

Scientific). Next, 5 μl of liposomes (~107 particles/cell; or PBS as a control) and 5 μl 

of 2x concentrated reaction compound were added in triplicate wells, followed by 

luminescence signal readout at 1, 3, 6, 18, 24 and 48 hours of culture at 37°C.   

2.2.5.16 In vitro liposome uptake – cytometry and confocal microscopy 

Flow cytometry 

Uptake of liposomes, double-labelled with sodium fluorescein and DiI, by adherent 

BMMNCs at P1 was studied by flow cytometry. Cells were seeded into 6-well plates at 

4 x 104 cells/well, allowed to adhere overnight, and serum starved (2 ml αMEM 

supplemented with 0.5 % FBS and 100 U/ml penicillin and 100 μg/ml streptomycin 

per well) for 24 hours. Next, 10 μl of liposomes were added per well (~107 

particles/cell). After 1, 3, 6, and 24 hours cells were trypsinised and assayed by flow 

cytometry on a Guava Easycyte Mini Flow Cytometer (Merck Millipore). 

Next, uptake of DiO-labelled or AF647-labelled liposomes was studied by flow 

cytometry on both adherent BMMNCs at P1 and fresh bone marrow isolates after 3 

hours of incubation with ~106 liposomes/cell. For the cultured cells, the setup was as 

above, but with 10x lower seeding density. For fresh bone marrow isolates, 100 μl 

liposomes were added to 107 cells in suspension rotation culture. Following the 3 hour 

incubation at 37°C, cells were assayed by flow cytometry on a FACS Canto II 

cytometer (BD Biosciences, San Jose, USA). All flow cytometry experiments were 

analysed using FlowJo v10 software (Ashland, USA).    

Image Stream cytometry 

Uptake of DiO-labelled or AF647-labelled liposomes was studied by Image Stream 

cytometry. Fresh bone marrow isolates (107 cells) were incubated for 3 hours with 

100 μl liposomes (~106 liposomes/cell) in suspension rotation culture. Following this, 

immunostaining for CD14, STRO-1 and GPA was carried out as described previously 

(Section 2.2.5.1). Depending on whether the cells were incubated with DiO-labelled or 
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AF647-labelled liposomes, a secondary antibody against STRO-1 was used conjugated 

with AF647 or AF488, respectively. Data were acquired and analysed as described 

previously (Section 2.2.5.1).      

Confocal microscopy 

Uptake of liposomes by cells, and colocalisation of liposomes with endosomes or 

lysosomes, were studied by confocal microscopy. BMMNCs at P1 were seeded onto 

glass coverslips (105 per coverslip) in a 6-well plate, and allowed to adhere for 6 hours 

in culture medium (1.5 ml of αMEM supplemented with 10 % FBS and 100 U/ml 

penicillin and 100 μg/ml streptomycin per well), followed by overnight culture in 

starving medium (1.5 ml αMEM supplemented with 0.5 % FBS and 100 U/ml 

penicillin and 100 μg/ml streptomycin per well). Next, 50 μl of DiO-labelled 

liposomes (~107 particles/cell) were added to each well in fresh medium (1.5 ml 

αMEM supplemented with 5 % FBS and 100 U/ml penicillin and 100 μg/ml 

streptomycin per well), and cultured for 1, 3 or 24 hours. Subsequently, the cells were 

washed twice with PBS and fixed in 4 % PFA for 20 minutes at room temperature, 

followed by two washes in PBS. Staining was then carried out at room temperature. 

Briefly, cells were incubated for 1 hour in blocking and permeabilisation buffer (see 

Appendix, Table A.2), followed by 3 hours of incubation with anti-LAMP1 or anti-

EEA1 antibodies (Appendix, Table A.5). After washing twice with 0.5 % Tween/PBS, 

appropriate secondary antibodies, conjugated with AF594, were added. After washing 

again twice with 0.5 % Tween/PBS, nuclei of cells were stained with DAPI at 2 μg/ml 

for 20 minutes. Next, cells were washed twice with PBS and coverslips were mounted 

with Fluoromount™ Aqueous Mounting Medium on a glass slide. Images were taken 

at 63x magnification on a Leica DMi8 confocal microscope.  

2.2.5.17 In vivo liposome distribution 

Animal work was carried out under the project license 30/2880, with personal licence 

number of the operator I1211ECA0, on 7.5 week old MF1 male mice (n = 3). Mice 

were anaesthetised by intraperitoneal injection of 250 μl of 1:1 Hypnorm/Hypnovel, 

and a 5 mm incision was made and the left femur surface was exposed while carefully 

preserving the periosteum. Next, a 1mm drill bone defect was created in the femur of 

the animals (Figure 2.10). Within 1 hour of the procedure, 200 μl of liposomes in PBS 
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were injected systemically via the tail vein, and the animals were imaged on IVIS 

Lumnia series III, with the Living Image Software 4.3.1 (PerkinElmer, Waltham, 

USA), using a 0.5 second exposure, directly after the injection (0 hours), and 24 and 48 

hours after the injection. After 48 hours, the animals were euthanised and their organs 

(liver, spleen, lung, kidney, femurs) were imaged, before preservation in 4 % PFA 

fixative. Two mice received an injection of DiR-labelled liposomes, and one was 

treated as a control, with injection of non-labelled liposomes.       

 

 

Figure 2.10 Drill bone defect in murine femur.  

The defect was created by drilling a whole in the murine left femur (A) and is clearly visible (B). X-ray 

picture (C) of the drill defect courtesy of Dr Janos Kanczler, Bone and Joint Research Group, 

University of Southampton.  

 

2.2.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad, La 

Jolla, USA) and Sigmaplot 13 software (Systat Software, San Jose, USA). Differences 

in all the assays were analysed first by testing for the normality of data distribution 

with Shapiro-Wilk’s test. For data not normally distributed, nonparametric tests were 

used. For the same donor samples exposed to Wnt protein or to control, paired 

analysis was conducted. The significance threshold was set at p < 0.05. Details about 

data presentation (mean vs. median) and statistical tests used can be found in figure 

legends.  
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3.1 Introduction 

The aim of this chapter was to develop flow cytometric techniques for the study of 

freshly isolated human bone marrow, to determine the cellular composition of human 

bone marrow related to age or sex, to identify putative stem cells based on previous 

published surface marker characteristics, and to measure intrinsic levels of Wnt 

signalling in these populations, for future studies to address how therapeutic 

interventions may influence the behaviour of human skeletal stem cells.    

 

Bone marrow is soft tissue residing in the cavities of bones, and contains blood cell 

lineage and stromal components, which provide the niche for haematopoietic and 

skeletal stem cells (SSCs; see Section 1.1.3 for details on the bone marrow niche). The 

bone marrow is known to contribute substantially to the tissue that forms after 

fracture, probably because it is rich in the stem cell/progenitor cell populations. It is 

therefore a very suitable model tissue for studying how therapeutic molecules may 

affect these stem cell populations and how they may be developed to enhance fracture 

healing clinically. Human bone marrow is often surplus material after hip replacement 

surgery and so is a particularly convenient cell source for the studies described in this 

thesis. However, before this can be done, it is necessary to have a fast and convenient 

technique for studying the phenotypic and functional characteristics of these cells. 

Several methodologies fit for this purpose have been developed to date, the most 

prominent of which is flow cytometry. 

 

Flow cytometry is a technique developed by Wallace Coulter in the 1950s, when he 

designed the “Coulter counter” to count red blood cells in suspension (Coulter 1956). 

The device allowed cell sizing to take place based on a detectable change in the 

electrical characteristics of the path whenever a cell passed through it, and the 

technology was called the “Coulter principle”. The first fluorescence-based flow 

cytometry was developed by Wolfgang Göhde from University of Münster in 1968, to 

measure cellular DNA content stained with fluorescent dyes (Dittrich and Gohde 

1969). The first fluorescence-activated cell sorting (FACS) machine, designed by Len 

Herzenberg at Stanford University (Herzenberg et al. 1976), which combined 

fluorescent flow cytometry and subsequent cell sorting, was commercialised by 

Beckton Dickinson in 1974. Since then, with the discovery of new fluorescent dyes 
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and the development of monoclonal antibodies in 1975 by Georges Köhler and César 

Milstein (Kohler and Milstein 1975), the field has evolved very rapidly to become one 

of the main analytical methods in cell biology.  

 

In flow cytometry, cells labelled with fluorescent dyes or dye-conjugated antibodies 

flow in a single file stream past a series of lasers, causing the dyes to be excited and 

detected specifically according to their individual excitation and emission wavelengths. 

Therefore, it is possible to measure the intensity for each fluorescent parameter and 

extrapolate it to the expression level of the antibody-targeted antigen of interest, for 

every cell. Flow cytometry also measures the light scattering properties of cells. The 

forward scatter (FSC) enables assessment of the relative size of the cell, as large cells 

refract more light than smaller ones leading to high forward scatter signals (and vice 

versa). Conversely, the side scatter (SSC) provides information about the granularity of 

a cell or the smoothness of a cell’s membrane. It can be inferred that a rough 

apoptotic cell or an eosinophil with many granules would have high side scatter 

signals. A correlated measurement of FSC vs. SSC can allow for cell type 

differentiation within heterogeneous populations, such as in the case of blood analysis, 

where lymphocytes, monocytes and granulocytes can be easily distinguished without 

the need for fluorescent labels. For sorting, a charge is placed on each droplet 

containing a cell, after its fluorescence or light scatter intensity measurement, and the 

droplets are diverted into containers based on their charge (Figure 3.1). Nowadays, a 

state-of-the art flow cytometer supports up to 10 lasers and theoretical detection of up 

to 24 parameters although, due to limitations such as spectral overlap of fluorescent 

dyes, the maximum number of detectable parameters is 18. 
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Figure 3.1 Flow cytometry and FACS schematic. 

A: When particles pass in the fluid stream through the laser intercept, they scatter laser light. Any 

fluorescent molecules present on the particle fluoresce. The scattered and fluorescent light is then 

focused by appropriately positioned lenses. A combination of beam splitters and filters steers the 

scattered and fluorescent light to the appropriate detectors. The detectors produce electronic signals 

proportional to the optical signals striking them. FACS provides a method for sorting a heterogeneous 

mixture of biological cells, one cell at a time, based upon the specific light scattering and fluorescent 

characteristics of each cell. A charge is placed on the liquid droplets containing the cells, and the 

electrostatic deflection system directs the droplet accordingly into two or more containers.  

B: Data can be displayed as a single parameter on the histogram, where the horizontal axis represents 

the parameter’s signal value in channel numbers and the vertical axis represents the number of events 

per channel number. Alternatively, two parameters can be displayed simultaneously on a plot, with one 

parameter on the x-axis and another on y-axis. FSC vs. SSC dot plot presents lysed whole blood and its 

distinguishable populations of granulocytes, monocytes and lymphocytes, as indicated, and the 

histogram shows low CD45 blood antigen expression (black line) in freshly adherent murine bone 

marrow isolates, as calculated with regards to the matched-isotype control (grey line). Graphs 

reproduced by permission from Jon Wiley and Sons: Cytometry Part A (Bossuyt et al. 1997), copyright 

(1998) and The American Physiological Society (Wong et al. 2007), copyright (2007). 

 

 

Since its introduction in 1989 (Bertoncello et al. 1989), the magnetic-activated cell 

sorting (MACS) technology has also been used extensively for cell separation in 

immunology and stem cell research, most often in clinical applications for quick 

enrichment of haematopoietic stem and progenitor cells for transplantations (Gaipa et 

al. 2003). It uses non-toxic, biodegradable, 50 nm superparamagnetic particles that are 
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conjugated to highly specific antibodies against a particular antigen on the cell surface, 

and a magnet stand to enable positive or negative selection of cells. 

 

Another technology, the Image Stream (George et al. 2004), overcomes the limitation 

posed by flow cytometry, in that flow cytometry only provides information on a whole 

cell basis. Instead of measuring the light/fluorescence intensity from the entire cell, 

Image Stream enables visualisation of the fluorescently tagged molecule within or on 

the cell surface, by combining flow cytometry and microscopy. By producing multiple 

high-resolution images of every cell directly in flow, including brightfield and darkfield 

(SSC), it also enables visualisation of cellular morphology. Currently, Image Stream can 

be equipped with up to 5 lasers and up to 12 channels of detection. 

 

As discussed in Section 1.1.3, skeletal stem cells are cells found in BMMNCs that are 

capable of multilineage differentiation into osteoblasts, adipocytes and chondrocytes, 

and thus apart from providing the niche for haematopoietic stem cells, they have the 

potential to regenerate bone tissue. Therefore, they are a very useful source of cells for 

tissue engineering applications and so over several decades researchers have sought to 

find ways of purifying them. Research published so far has focused on prospective 

selection of putative SSCs with a set of non-specific markers, which especially when 

used in combination, enrich the BMMNCs for colony forming unit-fibroblastic cells 

(CFU-Fs). Markers used for selection of SSCs include STRO-1 (Simmons and Torok-

Storb 1991), CD106 (Gronthos et al. 2003), CD146 (Tormin et al. 2011) and CD271 

(Quirici et al. 2002). STRO-1 is a particularly attractive marker, as it is known to enrich 

BMMNCs for CFU-Fs, and it selects approximately 10 % of BMMNCs, but these 

include glycophorin A+ (GPA+) erythroid progenitors and a subset of stromal cells. 

For this reason, a negative selection with an antibody to GPA has been investigated 

and it was found that >95 % of STRO-1+ cells are nucleated erythroid cells (Simmons 

and Torok-Storb 1991). Sorting the STRO-1+ fraction for a subpopulation with the 

highest expression of this antigen, the so called STRO-1bright, resulted in substantial 

CFU-F enrichment (Gronthos et al. 2003), in the same manner as a combination of 

STRO-1bright with GPA (Zannettino et al. 2007). Panels of antibodies used for 

characterisation of putative skeletal stem cells isolated with all these different markers 

often comprise CD90 (also expressed in most fibroblasts and myofibroblasts), CD105 
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(also a marker for endothelial and smooth muscle cells), and CD146 (also a marker for 

cells that are components of the blood vessel wall, including vascular endothelial cells, 

smooth muscle cells and pericytes). 

 

Although the aforementioned selection markers were used for prospective isolation or 

immunophenotyping of cells which have already been cultured, to date there is no 

evidence in the literature of flow cytometry being used for assessing the skeletal stem 

cell population within fresh bone marrow isolates after response to treatment or other 

stimuli. This kind of research could be a useful tool for investigating the influence of 

potential drugs on the heterogeneous population of BMMNCs and the stem cells 

within it. MACS and flow cytometry/FACS, as well as Image Stream, were used in this 

chapter to characterise the fresh bone marrow isolates and the SSC population within, 

focusing mostly on analysis within cell suspensions, as opposed to cells cultured on 

plastic. These data were generated to assess the possibility of studying these stem cells 

by flow cytometry, and to apply appropriate gating strategies, within the populations 

they are normally surrounded by in the bone marrow niche. Additionally, the MACS 

technology in this chapter was used to enrich heterogeneous bone marrow isolates for 

putative skeletal stem cells, to enable the assessment of this population and its purity 

for further studies described in the next chapter, where it was used to delineate the 

directness of the Wnt effects after exposure.   

 

Furthermore, given the evidence that several elements of the Wnt signalling pathway 

have been identified as being expressed by SSCs, such as Wnt ligands, various Wnt 

receptors, co-receptors and inhibitors (Etheridge et al. 2004), this chapter aimed to 

assess intrinsic Wnt signalling levels in STRO-1+, believed to be the putative stem cells, 

vs. unsorted BMMNCs. Therefore, qPCR analysis of Wnt target genes, such as CMYC 

(Hiyama et al. 2011), CCND1 (Shtutman et al. 1999), AXIN2 (Jho et al. 2002), and LEF 

and TCF4 (Hovanes et al. 2001) were conducted to compare their expression levels in 

tissue culture plastic adherent cells (cultured for ~2 weeks) as well as in freshly isolated 

cells, between populations containing various levels of the STRO-1 marker. 

Additionally, as Osterix-expressing cells (Osx+) within the murine bone marrow have 

recently been identified as a population both producing Wnts and responsive to Wnt 

signals (Tan et al. 2014), expression of this gene in the STRO-1+ cells was tested. 



Identification and analysis of putative skeletal stem cell populations in human bone marrow 

- 82 - 

 

The assessment of intrinsic Wnt signalling levels laid ground for the following chapter 

where external Wnt cues and their effects were studied. 

 

In summary, the aim of the work in this chapter was to: 

 isolate human bone marrow mononuclear cells and identify the putative skeletal 

stem cell population in fresh non-cultured samples; 

 enrich for this population and characterise the purity of this enrichment; 

 measure intrinsic Wnt signalling levels in skeletal stem cells. 

These studies were performed to test the hypothesis that skeletal stem cells can be 

studied in fresh bone marrow isolates after application of appropriate gating strategies, 

and these stem cells can be characterised by elevated levels of Wnt signalling.     

A pictorial summary of the experimental protocols is shown in Figure 3.2. 
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Figure 3.2 Overview of methodologies used and described in this chapter for characterisation of 

bone marrow isolates. 

BMMNCs were isolated from bone marrow aspirates by LymphoprepTM, and a subset of samples was 

further enriched by MACS selection for the STRO-1 antigen. Flow cytometry was the main method 

used in this chapter, which enabled comparison between BMMNCs and STRO-1-enriched samples, 

with regards to their composition, as well as allowing for sorting of populations assayed for intrinsic 

Wnt signalling levels. BMMNCs, bone marrow mononuclear cells; MACS, magnetic activated cell 

sorting; FACS, fluorescence-activated cell sorting; SSCs, skeletal stem cells.   
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3.2 Results 

3.2.1 Cell isolation 

Bone marrow mononuclear cells (BMMNCs) were isolated from bone marrow 

samples donated by patients undergoing hip replacement surgery at local hospitals (see 

Methods Section 2.2.1, and Appendix for a detailed list, Table A.7). BMMNCs used in 

the experiments throughout this thesis came from a total of 74 donors (mean age 73 ± 

11, range 53 - 97), of which 43 were females (mean age 75 ± 12, range 54 – 97) and 31 

males (mean age 70 ± 10, range 53 – 91), as depicted in Figure 3.3A. The age 

distribution between female and male donors was not statistically different, nor was 

the number of cells extracted from female and male donors (mean 145 ± 151 x 106 vs. 

142 ± 158 x 106 cells, respectively; Figure 3.3B). However, a negative correlation 

between females’ age and the number of cells isolated from bone marrow samples 

from female donors was observed, whereas for male donors only a trend was 

noticeable (Figure 3.3C). 
 

 

Figure 3.3 Comparison between donor age and sex and the number of isolated BMMNCs. 

After isolation of BMMNCs, cell numbers from samples from female and male donors were counted to 
assess the variation. A: Female and male donor age distributions for the acquired samples were not 
significantly different. Data analysed by t-test, presented as mean ± SD. B: Number of cells isolated 
from female and male donor samples were not significantly different. Data analysed by Mann-Whitney 
test, presented as median ± range. C: A negative correlation was observed between female donor age 
and cell numbers isolated from their bone marrow (n = 43, p<0.05), whereas for male donors only a 
trend was observed (n = 31, ns). Data analysed by Spearman's rank correlation. 
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3.2.2 Characterisation of bone marrow isolates by flow cytometry 

To characterise the composition of the bone marrow isolates, flow cytometry was 

used. This allowed for a closer analysis of the extracted tissue, based on blood lineage 

marker expression, haematopoietic cell marker expression and expression of markers 

of stromal/mesenchymal cell types, described in the following paragraphs.   

3.2.2.1 Blood lineage markers 

The bone marrow is the haematopoietic microenvironment, and thus blood cell rich; 

hence blood cell population distribution was examined first. Figure 3.4A depicts a 

typical flow cytometry FSC vs. SSC dot plot of bone marrow cell populations in the 

tissue isolates. In order to gate out the platelets, any remaining red blood cells and 

most of all dead cells and cell debris, propidium iodide (PI) staining was conducted 

(Figure 3.4B and C). The overlay in C shows the contaminating cells on the left side of 

the FSC vs. SSC dot plot gated out from any subsequent flow cytometry analyses. 

   

 

 

Figure 3.4 Localisation of dead cells within BMMNC isolates.  

A: A representative flow cytometry dot plot depicting bone marrow cell populations based on their FSC 

vs. SSC properties, showing possible platelet, red blood cell, dead cell and cell debris contamination, as 

pointed out. B and C: PI staining for dead cell exclusion from analyses, with the PI+ population overlaid 

on FSC vs. SSC, and localising, as expected, in the low FSC region. FSC, forward side scatter; PI, 

propidium iodide; SSC, side scatter. 

 
 

As expected, different populations (granulocytes, monocytes and lymphocytes) are 

distinguishable based solely on their scatter properties. To confirm this distribution, a 

general panel of antibodies against common markers of granulocytes (CD66b), 

monocytes (CD14) and lymphocytes (CD56 for NK cells, CD3 for T cells, CD19 for 

B cells) was used, and the populations were subsequently overlaid on the FSC vs. SSC 
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dot plot (Figure 3.5A and B). The staining colocalised with the expected light scatter 

properties of each of these fractions, therefore the gating strategy for further 

experiments in which blood lineage markers were not used (depicted in Figure 3.5C) 

refers to the granulocytic, monocytic and lymphocytic light scatter parameters of these 

populations. Figure 3.5D shows quantification of granulocyte, monocyte and 

lymphocyte marker expression in the bone marrow isolates. Although bone marrow 

was layered onto LymphoprepTM media for mononuclear cell separation, there was still 

a high percentage of granulocytes (65 ± 6.5 %) contaminating all preparations. 

However, for the purpose of consistency and simplicity in this thesis, these isolates will 

retain the designation of BMMNCs. Blood cell lineages comprised 85 ± 3.2 % of 

BMMNC isolates (detected with the aforementioned set of markers) in total, with 

coverage >90 % when analysing only the granulocyte and lymphocyte gate, but >70 % 

for the monocyte gate. This indicated a greater presence of unlabelled cells within the 

monocyte gate compared to the granulocyte and lymphocyte gates. 
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Figure 3.5 Blood cell lineages in the BMMNC isolates. 

A: A representative flow cytometry dot plot depicting bone marrow cell populations based on their FSC 

vs. SSC properties, with cell debris gated out. B: Overlay of positively stained bone marrow cell 

populations on the FSC vs. SSC dot plot. Antibodies against markers of granulocytes (CD66b), 

monocytes (CD14) and lymphocytes (CD56 for NK cells, CD3 for T cells and CD19 for B cells) were 

used. Gating strategy is detailed in the Appendix, Figure A.1. C: A representative dot plot depicting 

gating strategy based on FSC vs. SSC with polygon gates set for granulocytic, monocytic and 

lymphocytic cells, used in further experiments where staining for specific bone marrow cell populations 

was not applied, but the populations were sufficiently distinguishable to allow gates to be set manually. 

D: Percentages of granulocytes, monocytes and lymphocytes within the bone marrow, based on staining 

with specific antibodies, expressed as a proportion of all BMMNCs, or of events within specific 

granulocyte/monocyte/lymphocyte gates; n = 3 donors. 

 

3.2.2.2 Haematopoietic stem cells 

A commercial marker panel (see Methods, 2.2.5.1) was employed to detect 

haematopoietic stem cells in the bone marrow isolates. Quantification of populations 

of cells with the proposed haematopoietic phenotypes of CD11b-/CD38-

/CD34+/SCF+ and CD11b-/CD38-/CD34+/CD90- was carried out (Figure 3.6). Due 

to insufficient numbers of the populations of interest in the analysed isolates, data is 

represented by quadrant density plots to aid interpretation. On average, 0.7 ± 0.31 

CD11b-/CD38-/CD34+/SCF+ cells out of 10 000 BMMNCs (n = 3) were 

haematopoietic stem cells, as defined by the markers used in the staining panel. 

However, it is worth noting that the inter-donor variability was high with regards to 

putative HSC numbers, and the staining pattern for CD34 varied between samples as 

well, with donor 2 and 3 representing a CD34dim population in comparison to donor 1. 
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Figure 3.6 Analysis of haematopoietic stem cell numbers present in bone marrow isolates. 

Samples from 3 donors were analysed with the haematopoietic stem cell marker panel. A: Flow 

cytometry FSC vs. SSC dot plots of BMMNCs. B: Gating on the CD11b-/CD38- fraction of the 

BMMNCs in a quadrant density plot. C: Quantification of the CD34+/SCF+ events in the gated CD11b-

/CD38- fraction. For each donor the number of CD11b-/CD38-/CD34+/SCF+ cells was 12 in ~105, 40 

in ~2 x 106 and 51 in ~1.5 x 106 analysed cells, respectively. D: Quantification of the CD34+/CD90- 

events from the gated CD11b-/CD38- fraction. The vertical and horizontal lines in the quadrant graphs 

were set to the reactivity levels obtained with the isotype-matched control antibodies, and all cells gated 

as positive showed a fluorescence intensity greater than that detected on 99 % of the cells labelled with 

the isotype-matched control. See Appendix Figure A.2 for isotype controls. 

 

3.2.2.3 Stromal cell and stem cell populations 

To identify skeletal stem cells in BMMNCs, the CD45 marker was used to distinguish 

between blood cells and other cell types, as the stromal/skeletal cells lack the 



Identification and analysis of putative skeletal stem cell populations in human bone marrow 

- 89 - 

 

expression of this marker. On average, 7.8 ± 1.7 % of the analysed BMMNCs (n = 3) 

were CD45-. Next, in this fraction, the expression of CD90, CD105 and CD146 was 

examined. A combination of these markers is proposed to distinguish 

mesenchymal/skeletal stem cell populations, and the antibodies were included in a 

commercial marker panel (see Methods, 2.2.5.1). The CD45- fraction colocalised with 

the lymphocytic and monocytic cells on a flow cytometry FSC vs. SSC plot (Figure 

3.7A), whereas the stromal/skeletal cell populations in the CD45- fraction localised 

mostly where the monocytic cells would be, based on their light scattering properties 

only (Figure 3.7B). 

 

 

Figure 3.7 Stromal cell populations in the BMMNC isolates. 

BMMNCs were stained with CD45 and markers of stromal populations: CD90, CD105 and CD146. A: 

A flow cytometry FSC vs. SSC dot plot depicting cell populations negative for the blood cell marker 

CD45 (black) overlaid on all BMMNCs (yellow). B: Expression of markers of stromal cells/skeletal 

stem cells within the CD45 negative fraction: CD90 for fibroblasts and myofibroblasts, CD105 for 

endothelial and smooth muscle cells, and CD146 for cells that are components of the blood vessel wall, 

including vascular endothelial cells, smooth muscle cells and pericytes. Populations positive for these 

markers are overlaid in bulk in black (due to overall low expression in fresh marrows, <1 %) on all 

BMMNCs (yellow), for ease of visualising their localisation within the “monocytic/stromal” region 

based on light scattering on the FSC vs. SSC dot plots.     

 

Next, staining for the more broadly expressed STRO-1 marker, known to enrich 

BMMNCs for putative skeletal stem cells, was conducted. This marker is thought to be 

expressed by stem cells, but may also be present on other cells. STRO-1 expression in 
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the BMMNCs was 8.85 ± 4.66 % (n = 7; representative histogram of the antibody 

staining depicted in Figure 3.8A). Negative and positive controls for the antibody can 

be found in the Appendix, Figure A.4. Although positively stained cells were found 

throughout the entire marrow, they colocalised predominantly within the monocyte 

gate based on their light scattering properties. However, the STRO-1+ population was 

distinct from the monocyte population identifiable by CD14 expression, as the 

colocalisation of both markers was <1 % (Figure 3.8A, Q2). Furthermore, STRO-1 

expression on other blood cell lineages was also negligible (Figure 3.8B, Q2). 

   

 

Figure 3.8 Staining for the STRO-1 marker within the BMMNCs. 

Staining for the STRO-1 marker was conducted on BMMNCs in conjunction with haematopoietic cell 

lineage markers. A: Histogram showing STRO-1 expression within the BMMNCs (blue line) vs. isotype 

control (filled grey), and overlay of these STRO-1+ cells (black) within all BMMNCs (yellow) on the 

following flow cytometry FSC vs. SSC dot plot. Polygonal gate shows “monocytic” localisation of the 

majority of STRO-1+ events, however only a small subset of cells (0.98 %, Quadrant 2, following dot 

plot) is positive for both STRO-1 and the CD14 monocyte marker. B: Quadrant dot plots depicting 

negligible colocalisation (Q2) of STRO-1 with CD66b, CD56, CD3 and CD19 markers. The vertical and 

horizontal lines in the quadrant graphs were set to the reactivity levels obtained with the isotype-

matched control antibodies (see Appendix Figure A.3), and all cells gated as positive showed a 

fluorescence intensity greater than that detected on 99 % of the cells labelled with the isotype-matched 

control. 

 

3.2.3 STRO-1-enriched cell isolation 

The MACS technique was used to enrich the BMMNC samples, from a subset of the 

aforementioned donors, for cells expressing the STRO-1 marker (see Methods, 

Section 2.2.2). The reason for this was to study a population with higher content of the 
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putative skeletal stem cells and less blood lineage cells. These STRO-1-enriched 

BMMNC samples used in the experiments came from a total of 39 donors (mean age 

73 ± 11, range 53 – 97), of which 23 were females (mean age 75 ± 13, range 57 – 97) 

and 16 males (mean age 71 ± 9, range 53 – 84), as depicted in Figure 3.9A. The age 

distribution between female and male donors was not significantly different, neither 

was the number of cells extracted from female and male donors (means 6.2 ± 4.8 x 106 

vs. 7.3 ± 5.8 x 106; Figure 3.9B). No correlation was observed between the age of 

female and male donors and the number of cells isolated from bone marrow samples, 

or percentages of STRO-1-enriched cells out of all BMMNCs (Figure 3.9C and D). 

 

 

Figure 3.9 Comparison between donor age and sex and the number of isolated STRO-1-

enriched BMMNCs. 

After MACS isolation, cell numbers from samples from female and male donors were counted to assess 
the variation. A: Female and male donor age distribution was not statistically different. Data analysed by 
t-test, presented as mean ± SD. B: Number of cells isolated from female and male donor samples was 
not statistically different. Data analysed by t-test, presented as mean ± SD. C: No correlation was 
observed between female and male donor age and STRO-1+ cell numbers isolated from bone marrow. 
Data analysed by Pearson’s correlation. D: No correlation was observed between female and male 
donor age and percentage of STRO-1+ cell numbers out of all BMMNC numbers. Data analysed by 
Spearman's rank correlation. 

 

STRO-1-enriched cells comprised 6.35 ± 4.58 % of the general BMMNC isolates, 

which was not statistically different from the measured expression of the STRO-1 

marker in BMMNCs described in Section 3.2.2.3. However, it was observed that the 
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range of stained STRO-1+ cells was between 2.93 - 14.90 %, whereas the MACS 

selection for STRO-1 resulted in enrichment with a range of 2.00 - 21.28 %. The 

maximum value seen with the MACS selection might suggest that the hybridoma 

antibody used for MACS selection may be less specific than the commercially available 

antibody used for staining. Therefore, a characterisation similar to that conducted on 

BMMNC isolates was carried out on the STRO-1-enriched fraction.  

3.2.4 Characterisation of STRO-1-enriched bone marrow isolates by 

flow cytometry 

In order to determine what cell populations might be present in the STRO-1-enriched 

fraction of the BMMNCs, and to assess the purity of the fraction obtained using this 

selection method, blood cell lineage staining and staining for the stromal cells and stem 

cell markers was conducted.   

3.2.4.1 Blood lineage markers 

Figure 3.10A depicts typical flow cytometry FSC vs. SSC dot plots of bone marrow cell 

populations in the BMMNCs and STRO-1-enriched isolates, visualising an equivalent 

number of cells. Different populations (granulocytes, monocytes and lymphocytes) are 

distinguishable based solely on their scatter properties, but a decrease in the 

granulocytic fraction and enrichment of the monocytic and lymphocytic fractions is 

visible in the STRO-1-enriched sample vs. BMMNCs. To confirm this distribution, a 

general panel of antibodies against common markers of granulocytes (CD66b), 

monocytes (CD14) and lymphocytes (CD56 for NK cells, CD3 for T cells, CD19 for 

B cells) was used as previously, and the populations were subsequently overlaid on the 

flow cytometry FSC vs. SSC dot plot (Figure 3.10B, C). The staining colocalised with 

the expected light scatter properties of each of these fractions, therefore the gating 

strategy for further experiments in which blood lineage markers were not used 

(depicted in Figure 3.10D) refers to the granulocytic, monocytic and lymphocytic light 

scatter parameters of these populations. Figure 3.10E shows granulocyte, monocyte 

and lymphocyte markers expression in bone marrow isolates.  
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Figure 3.10 Blood cell lineages in the MACS STRO-1 enriched cell isolates. 

A: Flow cytometry dot plots depicting the same overall cell number of BMMNCs and STRO-1-enriched 

cells. A decrease in the granulocytic fraction and enrichment of the monocytic and lymphocytic 

fractions is visible. B: A representative dot plot depicting cell populations within the STRO-1-enriched 

fraction of the bone marrow based on their FSC vs. SSC properties. C: Overlay of positively stained 

bone marrow cell populations on the FSC vs. SSC dot plot. Antibodies against markers of granulocytes 

(CD66b), monocytes (CD14) and lymphocytes (CD56 for NK cells, CD3 for T cells and CD19 for B 

cells) were used. These cell types were all still present after the STRO-1-enrichment. Gating strategy can 

be found in the Appendix, Figure A.1. D: A representative flow cytometry dot plot depicting gating 

strategy based on FSC vs. SSC with polygon gates set for granulocytic, monocytic and lymphocytic cells 

based on settings for unenriched BMMNCs, used in further experiments where staining for specific 

bone marrow cell populations was not performed. E: Percentages of granulocytes, monocytes and 

lymphocytes within the MACS STRO-1-enriched fraction of the bone marrow, based on staining with 

specific antibodies, expressed as a proportion of all STRO-1-enriched events, or of events within 

specific granulocyte/monocyte/lymphocyte gates; n = 1, mean ± SD of 3 technical replicates. 

 

57 ± 3.2 % of STRO-1-enriched bone marrow isolates were accounted for by blood 

cell lineages detected with the aforementioned set of markers, indicating that MACS 

selection method and the use of the hybridoma-produced unpurified antibody allowed 

for the extraction of blood cells, mostly from the lymphocytic lineage, although the 
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colocalisation of STRO-1 marker expression on blood cells was negligible based on 

staining conducted with the commercially-sourced STRO-1 antibody (Figure 3.8). The 

blood lineage marker coverage reached >78 % for the granulocyte and lymphocyte 

gate, and >36 % for the monocyte gate, indicating presence of other non-blood cell 

populations mostly within the monocyte gate. 

3.2.4.2 Stromal cell and stem cell populations 

The blood lineage marker panel stained 57 ± 3.8 % of STRO-1-selected BMMNCs. 

Therefore staining with markers for stromal cells and putative skeletal stem cells was 

conducted. The CD45 marker was selected again to distinguish between blood cells 

and other cell types, as stromal/skeletal cells lack the expression of this marker. On 

average, 41.5 ± 3.9 % of the analysed STRO-1 enriched samples (n = 3) were CD45-, 

indicating an increase as compared to non-selected BMMNCs, where 7.8 % was seen 

(Figure 3.11A and B). In this CD45- fraction, the expression of CD90, CD105 and 

CD146 was examined as with BMMNCs before. The CD45- fraction colocalised with 

the lymphocytic and monocytic cells as judged by scattering properties (Figure 3.11A), 

whereas the stromal/skeletal cell populations in the CD45- fraction localised with the 

monocytic cells (Figure 3.11C). Figure 3.11D depicts histograms comparing the 

expression of all these markers in BMMNCs vs. STRO-1-enriched isolates, showing 

that there were no differences in their expression of CD90, CD105 and CD146 

between the two populations. 
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Figure 3.11 Stromal cell populations in the STRO-1-enriched bone marrow isolates. 

STRO-1 MACS-enriched cells were stained with CD45 and markers of stromal populations: CD90, 

CD105 and CD146. A: A flow cytometry dot plot depicting cells populations negative for the blood cell 

marker CD45 (black) overlaid on all STRO-1-enriched bone marrow cells (yellow). B: Expression of 

markers of stromal cells / mesenchymal stem cells within the CD45 negative fraction: CD90 for 

fibroblasts and myofibroblasts, CD105 for endothelial and smooth muscle cells, and CD146 for cells 

that are components of the blood vessel wall, including vascular endothelial cells, smooth muscle cells 

and pericytes. Populations positive for these markers are overlaid in bulk in black (due to overall low 

expression in fresh marrows, <1 %) on all STRO-1-enriched bone marrow cells (yellow), for ease of 

visualising their localisation within the “monocytic” region of light scattering on the FSC vs. SSC dot 

plots. C: A histogram comparing CD45 expression in BMMNCs (purple line; MFI: 111) and in STRO-

1-enriched bone marrow isolates (orange line; MFI: 46.6). Grey filled histogram represents staining with 

matched isotype control (MFI: 1.47). STRO-1 selection clearly enriched the CD45- population. D: 

Histogram comparing CD90, CD105 and CD146 expression in BMMNCs (purple line) and in STRO-1-

enriched bone marrow isolates (orange line). Grey filled histograms represent staining with matched 

isotype controls. Expression of all these markers is low and no different in BMMNCs vs. STRO-1-

enriched isolates. MFI, mean fluorescence intensity.  

 

As previously noted, STRO-1 staining with the antibody produced by the hybridoma 

and the MACS selection process might result in a lower purity of population for 

subsequent analysis in comparison to staining with the commercially available STRO-1 

antibody. By staining with a fluorescently-labelled secondary antibody in conjunction 

with a magnetic bead-labelled antibody during the MACS protocol, subsequent flow 

cytometry analysis allowed the determination of the impurity introduced by the 

magnetic separation process itself. 

 

Figure 3.12A shows overlaid STRO-1+ cells stained with the fluorescent secondary 

antibody (black), out of all STRO-1-enriched cells after the MACS protocol (yellow). 
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Unfortunately, due to economic reasons (antibody volume and cost), the MACS 

selection and STRO-1 staining on these isolates could only be conducted with the 

hybridoma antibody. Therefore, direct comparison of the STRO-1 stain pattern 

between the hybridoma and commercially available antibody is not possible. However, 

the acquired data suggest that the hybridoma antibody might be marking some 

populations non-specifically (Figure 3.12A vs. Figure 3.8A; see Appendix for 

hybridoma antibody concentration assessment by ELISA, Figure A.5 and Table A.8), 

indicating that the MACS selection is less stringent for STRO-1 selection than flow 

cytometry, with only 62.53 ± 9.06 % (n = 3) in MACS samples staining positively for 

STRO-1 by flow cytometry.  

 

The GPA marker has previously been used with success for negative selection of the 

STRO-1-expressing erythroid precursors in the STRO-1 MACS-selected samples, and 

accompanied sorting of cells which are brightest for STRO-1 (see Section 3.1). 

Therefore, STRO-1 staining for the MACS-enriched samples was conducted in 

conjugation with GPA staining, to purify the skeletal stem cell population further. As a 

result, the majority of the STRO-1+ population were GPA+ (89.33 ± 4.39 %; Figure 

3.12B, Q2 and E). Gating on the GPA-/STRO-1+ subset (Figure 3.12B, Q3) and its 

subsequent overlay (Figure 3.12C), as well as gating on the GPA-/STRO-1bright subset 

(Figure 3.12B, R1) and its subsequent overlay (Figure 3.12D) resulted in gradual 

purification of the stromal cells, as evidenced by the enrichment in the region where 

stromal cell populations were previously shown to localise (marked by polygonal 

gates). Quantification of this staining within specific gates conducted on 3 donor 

samples is depicted in Figure 3.12E.   
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Figure 3.12 STRO-1-enrichment efficiency and further skeletal stem cell characterisation.  

STRO-1 and GPA staining was conducted on STRO-1 MACS-enriched populations. A: A flow 

cytometry FSC vs. SSC dot plot depicting stained STRO-1+ cells (black), out of all STRO-1-enriched 

cells after the MACS protocol (yellow). B: Colocalisation of STRO-1 and GPA marker, showing that the 

majority of the STRO-1+ fraction is also GPA+ (Q2). Q3 is the GPA-/STRO-1+ gate and R1 (marked in 

red) is the top 10 % of cells within that gate used for further overlays in C and D. E: Quantification of 

the STRO-1 staining, also in conjunction with GPA, in the entire MACS-selected sample and within 

specific “monocytic/stromal” gate set based on light scattering properties; n = 3 donor samples. GPA, 

glycophorin A.    

 

3.2.5 Characterisation of bone marrow isolates by Image Stream 

Because the different light scattering properties of GPA-/STRO-1+ skeletal 

stem/progenitor cells and GPA+/STRO-1+ erythroid precursors would indicate the 

presence of morphological differences within the STRO-1+ cell populations, a general 

analysis of morphology and phenotype of bone marrow cells was conducted using 

Image Stream. This involved distinguishing blood cell populations and cells expressing 

the STRO-1 marker. The protocol can be found in Methods, Section 2.2.5.1. 
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Firstly, as cells for Image Stream need to be acquired from highly concentrated 

solutions, a gating strategy was applied to distinguish between single cells and possible 

clumps/doublets formed due to this high concentration (Figure 3.13). Only single cells 

in focus were analysed. 

  

 
 

Figure 3.13 Focusing and gating procedure on Image Stream. 

The Image Stream technology requires highly concentrated samples during sample acquirement, 

therefore settings were adjusted so only the “in focus” events would be analysed, based on Gradient 

RMS gating. Gradient RMS is the root mean square of the rate of change of the image intensity profile. 

Of these in focus events, only single cells would be analysed, as gated based on the Aspect Ratio vs. Cell 

Area dot plot. RMS, root mean square.   

    

 

The bone marrow sample was stained with the CD45 marker to characterise the blood 

cell lineages. The intensity of the SSC and CD45 dot plot shows a clear distinction 

between the CD45- population and the three blood cell lineage populations 

(granulocytes, monocytes and lymphocytes), based on their SSC properties (Figure 

3.14A). In this sample, other markers were also used in conjunction with CD45: either 

CD14 and STRO-1, or GPA and STRO-1, to better distinguish the monocytes and 

skeletal stem cells. The blood cell lineages were negative for both GPA and STRO-1 

and the images for the CD45+ populations are shown in Figure 3.14B and C.    
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Figure 3.14 Blood cell lineage morphology pictured by Image Stream. 

BMMNCs were stained with CD45, STRO-1 and either CD14 or GPA markers, to distinguish between 

the various blood cell populations. A: Dot plot of Intensity SSC vs. CD45, dividing the bone marrow 

into distinctive blood cell lineages (R4 – granulocytes, R5 – monocytes, R6 – lymphocytes) and a CD45- 

subset. B: Representative images of granulocytes, monocytes and lymphocytes in the subset of bone 

marrow co-stained with CD14. C: Representative images of granulocytes, monocytes and lymphocytes 

in the subset of bone marrow co-stained with GPA. GPA is not expressed on blood cell lineages. BF, 

brightfield; GPA, glycophorin A; SSC, side scatter. 

 

The CD45- population was then examined for subpopulations expressing STRO-1 and 

GPA (Figure 3.15A). The dot plot of STRO-1 intensity vs. GPA intensity shows the 

gating strategy applied for distinguishing between erythroid precursors and putative 

skeletal stem cells, representative images of which are shown in Figure 3.15B.    
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Figure 3.15 Skeletal stem cell vs. erythroid cell phenotype on Image Stream.  

A: Analysis of the CD45- subset of the bone marrow for populations expressing STRO-1 and GPA. R7 

– GPA+/STRO-1+ erythroid cells; R8 – GPA-/STRO-1+ putative skeletal stem cells; R9 – GPA-

/STRO-1- cells. B: Representative images of erythroid cells and putative skeletal stem cells, included in 

the R7 and R8 gate, respectively. BF, brightfield; GPA, glycophorin A; SSC, side scatter (top) or skeletal 

stem cell (left). 

 

 

Previous flow cytometry data indicated that skeletal stem cell populations were 

localised within the “monocytic/stromal” region based on the FSC vs. SSC, as opposed 

to erythroid precursors, which had lower FSC properties. A similar comparison was 

performed on Image Stream, where the intensity of SSC vs. area of these cells was 

plotted (Figure 3.16A). Further analysis of these subsets confirmed that the CD45-

/GPA-/STRO-1+ skeletal stem cells were bigger (median area: 124.67 vs. 82.78 μm2) 

and less round (median aspect ratio: 0.55 vs. 0.88) than erythroid cells (Figure 3.16B). 

The R9 gate, of cells double-negative for GPA and STRO-1, which may comprise of 

other stromal subsets, spans across both R7 and R8 characteristics.  

 



Identification and analysis of putative skeletal stem cell populations in human bone marrow 

- 101 - 

 

 
 

Figure 3.16 Skeletal stem cell vs. erythroid cell morphology on Image Stream. 

A comparison between the Intensity SSC vs. Area of cells stained with GPA and STRO-1 within the 

CD45- fraction, revealing the morphological differences between skeletal stem cells and erythroid cells. 

A: Intensity SSC vs. Area dot plots of cells within the three CD45- populations. Clear differences 

between GPA+/STRO-1+ erythroid cells and GPA-/STRO-1+ putative skeletal stem cells are 

noticeable, whereas the double-negative cells for GPA and STRO-1 within the R9 gate encompass both 

R7 and R8 populations. B: Mean and median cell areas and aspect ratios for the three populations. A 

minimum of 500 cells of the listed phenotype was analysed. ASR, aspect ratio.   

 

The Image Stream technology therefore allowed for similar analysis to flow cytometry 

with regards to distinguishing between the population containing skeletal stem cells 

and erythroid cells based on marker expression, but also in addition it provided data 

on the morphological differences between the cell types of interest and possibility to 

distinguish between them without the requirement of staining. 

3.2.6 Intrinsic Wnt signalling in skeletal stem cells 

Since STRO-1+ cells contain a multipotent population of stem cells, and data suggests 

that Wnt signalling controls the self-renewal of stem cells, RT-qPCR analysis for Wnt 

target genes was conducted to test whether the intrinsic Wnt signalling level differed 

between unsorted BMMNCs and STRO-1-expressing populations.  

3.2.6.1 Wnt signalling in cultured cells 

Firstly, adherent BMMNC cultures with subsequent MACS selection were assessed. 

Cells from different donors differed in their proliferation capacities and it was difficult 

to culture them for ~14 days to obtain adequate amounts of cells for magnetic 

separation, while maintaining them at a low confluence (max. 60 %) in order to ensure 

they will still be expressing a sufficient level of STRO-1 antigen, and at the lowest 
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possible passage. A flow cytometry staining test was conducted on cells at passage 2, 

cultured for 14 days at 60 % confluency, in order to measure their STRO-1 expression 

levels. Approximately 15 % of cells were positive after staining (Figure 3.17). RNA was 

extracted from five suitable samples, which were first divided into 2 groups: yielding a 

small subset of BMMNCs and 6 x mores cells subsequently processed for selection 

based on the expression of STRO-1 antigen (Table 3.1). RNA samples were free from 

DNA contamination as assessed using NanoDrop spectrophotometer (260nm/280nm 

absorbance ratio >2.0), and the concentrations were sufficient to conduct reverse 

transcription of 500 ng of RNA. All cDNA samples were assessed together by qPCR 

for the expression of Wnt target genes.  

 

Figure 3.17 STRO-1 expression in cultured BMMNCs.  

Example of STRO-1 expression, passage 2 cells, 14 days in culture after isolation. A: Flow cytometry 
FSC vs. SSC dot plot showing the BMMNC population after adherent culture; B: A histogram showing 
the level of STRO-1 expression (blue line), overlaid on the matched isotype control (grey filled). 

 

Table 3.1 Percentages of STRO-1+ cells after MACS selection of cultured cells.  

Differences in the percentages of STRO-1+ cells between different cultured samples and variability of 
the number of cells for RNA extraction. 
 

Donor 

number 

Sample Passage Cell 

count 

% STRO-1+ cells 

after MACS selection 

Days in 

culture 

1 1 BMMNCs P1  1 300 000  15 

1 2 STRO-1
+
 P1 450 000 5.6 15 

2 3 BMMNCs P2 785 000  15 

2 4 STRO-1
+
 P2 925 000 16.8 15 

3 5 BMMNCs P2 636 000  16 

3 6 STRO-1
+
 P2 250 000 5.5 16 

4 7 BMMNCs P1 1 680 000  13 

4 8 STRO-1
+
 P1 1 770 000 15.0 13 

5 9 BMMNCs P1 1 200 000  16 

5 10 STRO-1
+
 P1 150 000 2.1 16 
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Relative gene expression levels of CMYC, CCND1, AXIN2, LEF1 and TCF4 in cDNA 

samples from matching BMMNCs and STRO-1+ cell samples, calculated by the ∆∆Ct 

method, after normalisation to ACTB housekeeping gene and then to normalised 

expression in BMMNCs, are shown in Figure 3.18. The efficiencies for these newly 

designed primers are detailed in the Appendix, Figure A.8 - Figure A.12. There were no 

statistically significant differences in gene expression levels between unsorted BMMNCs 

and matching STRO-1-enriched cells. Considering previous results engaging the STRO-

1 hybridoma antibody for MACS selection, and also the fact that these cells have been 

in culture, an alternative method of assessing the intrinsic Wnt signalling was sought.   

 

 

Figure 3.18 Wnt target gene expression in cultured BMMNC vs. STRO-1+ cells.   

BMMNCs were in  culture for ~14 days and subsequently divided into BMMNCs and a subset 

processed for MACS STRO-1-enrichment, followed by RNA extraction. mRNA expression of CMYC, 

CCND1, AXIN2, LEF1 and TCF4 in STRO-1+ cells as relative to BMMNCs is shown. Gene 

expression was normalised to ACTB and then to normalised expression in BMMNCs in the same donor 

sample; n = 5, same colour data points represent same donor sample, data presented as median ± range. 

No statistical significance between groups has been observed, as assesed by Kruskal-Wallis test wth 

Dunn’s correction. REU, relative expression units.  
 

3.2.6.2 Wnt signalling in freshly isolated cells 

Because there were no differences in Wnt target gene expression in cultured cells 

between unselected and STRO-1-enriched populations, FACS was employed on fresh 

samples to more accurately sort between populations with different levels of STRO-1 
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expression. This was made possible by the acquisition of an RNA extraction kit which 

allows isolation from small numbers of cells.  

 

RNA was extracted from STRO-1bright, STRO-1+ (without the STRO-1bright), STRO-1- 

and BMMNCs populations, with the large contaminating granulocyte population gated 

out. The cells came from four different donor bone marrow samples (Table 3.2). The 

STRO-1bright fraction constituted the top 10 % of the STRO-1+ population, after 

magnetic sorting and confirmation by fluorescent sorting. Figure 3.19A illustrates the 

procedure of sorting cells into the aforementioned populations based on the intensity 

of STRO-1 expression. RNA samples were free from DNA contamination as assessed 

via NanoDrop (260nm/280nm absorbance ratio >2.0), and the concentrations were 

sufficient to conduct reverse transcription of 300 ng of RNA. All cDNA samples were 

assessed together by qPCR for the expression of Wnt target genes. 

 

Table 3.2 Cell numbers after FACS sorting for populations with different expression of STRO-1.  

Numbers of BMMNCs and various populations divided according to STRO-1 expression levels after 

MACS selection and FACS of freshly isolated cells for subsequent RNA extraction. The STRO-1+ 

population does not contain the STRO-1bright fraction. 

 

Donor 

number 

Sample Cell count % STRO-1+ cells 

after MACS 

selection 

Estimated cell 

count after 

FACS 

1 1 BMMNCs 86 000 000     

1 2 STRO-1
-
       

1 3 STRO-1
+
 4 500 000  5.3 1 500 000 

1 4 STRO-1
bright

     170 000 

2 5 BMMNCs 70 000 000     

2 6 STRO-1
-
       

2 7 STRO-1
+
 3 000 000 4.2 1 370 000 

2 8 STRO-1
bright

     115 000 

3 9 BMMNCs 125 000 000     

3 10 STRO-1
-
       

3 11 STRO-1
+
 7 700 000 5.6 1 800 000 

3 12 STRO-1
bright

     250 000 

4 13 BMMNCs 100 000 000     

4 14 STRO-1
-
       

4 15 STRO-1
+
 2 600 000 2.6 830 000 

4 16 STRO-1
bright

     55 000 
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Relative gene expression levels of CMYC, CCND1, AXIN2, LEF1 and TCF4 in 

cDNA samples from matching BMMNCs, STRO-1- and STRO-1+ cell populations, 

calculated by the ∆∆Ct method, after normalisation to ACTB housekeeping gene and 

to 1 for cDNA from BMMNCs, are shown in Figure 3.19B and C. Statistically 

significant differences were observed in CMYC transcription between the STRO-1 

expressing cells and non-selected BMMNC populations and in CCND1 between the 

STRO-1bright cells specifically and STRO-1- and non-selected BMMNC populations. 

For AXIN2, a non-significant trend was observed. 

As it has recently been shown that Osterix/SP7-expressing cells can produce Wnts 

and respond to Wnt signalling to control bone homeostasis, the expression of SP7 was 

tested in the STRO-1-expressing cells as well. The results showed that STRO-1bright 

cells expressed higher levels of SP7 than unsorted BMMNCs (Figure 3.19D). 
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Figure 3.19 Wnt target gene expression in freshly isolated BMMNCs vs. cells with different 

degrees of STRO-1 antigen expression. 

MACS and FACS were conducted in order to obtain various enrichments of fresh BMMNCs for 

STRO-1+ subsets. A: Overlay of flow cytometry histograms showing various fractions of the bone 

marrow with regards to their STRO-1 expression and the procedure of sorting into STRO-1+ and 

STRO-1bright populations based on FACS. The STRO-1bright fraction constituted the top 10 % of the 

STRO-1+ population according to FACS. The STRO-1 MACS-selected fraction had a high degree of 

STRO-1- cells and hence was not analysed, but used solely for enrichment before FACS staining to 

provide sufficient numbers of STRO-1+ cells for subsequent RNA extraction. B: mRNA expression of 

CMYC and CCND1 in STRO-1-, STRO-1+ and STRO-1bright cells as relative to BMMNCs. C: mRNA 

expression of AXIN2, LEF1 and TCF4 in STRO-1-, STRO-1+ and STRO-1bright cells as relative to 

BMMNCs. D: mRNA expression of SP7 in STRO-1-, STRO-1+ and STRO-1bright cells as relative to 

BMMNCs. Gene expression was normalised to ACTB and then to normalised expression in BMMNCs 

in the same donor sample. n = 4, same colour data points represent same donor sample, data presented 

as median ± range. Statistical significance assessed by Kruskal-Wallis test with Dunn’s correction, 

*p<0.05. 
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3.2.7 Comparison between cultured BMMNCs and STRO-1-

enriched bone marrow isolates  

When the BMMNC isolates and the STRO-1-enriched isolates were seeded onto tissue 

culture plastic, their morphology was mostly fibroblast-like, typical for stromal cell / 

skeletal stem cell populations (Figure 3.20). There were no apparent differences in 

adherent cell types between the two BMMNC and STRO-1-enriched isolates, as 

contaminating macrophage-like cells (round, fried egg-like) were apparent in both 

cultures. For the purpose of this thesis, the nomenclature “BMMNCs” and “STRO-1-

enriched/selected cells” will be used to differentiate between the two isolates, even after 

seeding onto tissue culture plastic, in order to maintain consistency. 

  

 

Figure 3.20 Morphology of adherent cultures of BMMNCs and STRO-1-enriched cell isolates at 

passage 0. 

After isolation, both BMMNCs and STRO-1-enriched cells were seeded onto tissue culture plastic. Images 

were taken 7 days of adherent culture after the initial attachment and media change (total 12 days in 

culture). A: BMMNCs at increasing magnifications; B: STRO-1-enriched cells at increasing 

magnifications. Scale bars = 100 μm.  

 

After passaging, all cultures contained only the stromal cell lineages. When plated at low 

density, clonal growth of the fibroblastic cells could be observed (Figure 3.21).   
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Figure 3.21 Morphology of adherent cultures of BMMNCs and STRO-1-enriched cell isolates 

after passaging. 

A: BMMNC colony edge and cells at the edge at a higher magnification; B: STRO-1-enriched cell colony 

edge and cells at the edge at a higher magnification. Scale bars = 100 μm.  

 

Because no apparent differences in the morphology of the BMMNCs vs. STRO-1-

enriched BMMNCs were found, STRO-1 staining using a hybridoma antibody (used for 

MACS STRO-1-enrichment) was conducted following plastic adherence of isolated 

non-selected BMMNCs (5 days of culture, Figure 3.22). All cells that adhered to plastic 

were STRO-1+, as marked by the hybridoma antibody staining. 

 

Therefore the STRO-1 hybridoma antibody selected for all stromal lineages capable of 

plastic adherence even without the MACS enrichment step. To assess whether there 

were differences in the numbers of different stromal cell types between BMMNCs and 

the STRO-1-enriched fraction of BMMNCs, quantification of CD90, CD105 and 

CD146 markers expression was conducted by flow cytometry on cells cultured until 

60 % confluent after adherence. Figure 3.23 shows that there were no apparent 

differences in expression of the stromal markers between these two fractions, apart 

from a slight difference in expression of the CD146 marker, which was higher in the 

STRO-1-enriched fraction. When stained with the commercially available STRO-1 

antibody, STRO-1-enriched cells had a higher expression of STRO-1 than BMMNCs 

(Figure 3.23D).    



Identification and analysis of putative skeletal stem cell populations in human bone marrow 

- 109 - 

 

 

Figure 3.22 STRO-1 staining on BMMNCs 5 days after seeding. 

BMMNC samples from 3 donors were stained with DAPI (nucleus) and the STRO-1 hybridoma 

antibody immediately after adhering to plastic (day 5). After this staining, all adherent cells were found 

to be positive for the STRO-1 antigen (merged). Isotype-matched antibody was used as a negative 

control. Scale bars = 100 μm. 
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Figure 3.23 Stromal cell populations in BMMNCs vs. STRO-1-enriched BMMNCs after 

adherent culture on plastic. 

A: Flow cytometry FSC vs. SSC dot plots of BMMNCs and STRO-1-enriched BMMNCs. B: All 

adherent cells were negative for CD45. C: There were no apparent differences in the expression of 

CD90 or CD105 between BMMNCs (purple line) and STRO-1-enriched BMMNCs (orange line). All 

cells gated as positive showed a fluorescence intensity greater than that detected on 99 % of the cells 

labelled with the isotype-matched control, presented as grey-filled histograms. According to these gates, 

for CD90 they were 97.4 % and 98.7 % cell positive, and for CD105 62.7 % and 62.8 %, respectively in 

the two populations compared. CD146 was expressed on 54.7 % of BMMNCs and 71 % of STRO-1-

enriched fraction. D: STRO-1 expression was notably higher in the STRO-1-enriched cells vs. 

BMMNCs when stained with the commercially available antibody (43.8 % vs. 14.1 %, respectively, when 

gated as described). n = 1.      
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3.3 Discussion 

All bone marrow samples used in this thesis came from osteoporotic or osteoarthritic 

patients undergoing hip replacement surgery, which was either scheduled or took place 

following a traumatic bone injury. During hip arthroplasty, the femoral head and neck 

is excised and the bone marrow is often aspirated to fit the prosthetic implant, 

therefore generating surplus biological material which would normally be discarded if 

not used for research. As the purpose of this thesis was to investigate a potential 

therapeutic treatment for bone fractures and its effects on skeletal stem cells, using 

samples from donors which could be the main targets of the potential therapy was 

considered advantageous.  

 

After attempts to normalise the tissue volume from which cells were extracted, the 

mean BMMNC yield from bone marrow samples was ~140 x 106 cells. For female 

donors this number decreased with age, whereas for male donors the decline was not 

significant. Notably, samples used in this thesis came from donors suffering from 

osteoporosis or osteoarthritis, and osteoporotic patients have higher contents of fat in 

their marrow (Yeung et al. 2005). Nevertheless, there was no gender difference in the 

distribution of both types of diseases in the donors selected for studies. There is a 

possibility that the situation is similar in diseased donors as in healthy individuals, in 

which case the difference between the sexes might be due to the fact that in older 

females (>60 years old), the bone marrow fat content has been reported to be 10 % 

higher than in males (Griffith et al. 2012). This might have led to the decreased 

numbers of BMMNCs from older female donors.  

 

As the STRO-1 antigen is known to enrich BMMNCs for putative stem cells, both 

MACS-selection for this marker and flow cytometry staining were used to assess the 

fraction of the bone marrow represented by STRO-1-expressing cells. The usual 

STRO-1-enriched BMMNC cell yield was ~6.66 x 106 cells, which constituted on 

average ~6.35 % of BMMNCs. This value was comparable to that reported in 

literature, with ~6.5 % incidence of STRO-1+ cells in the BMMNC samples from 

MACS selection (Gronthos et al. 2003). There was no significant correlation between 

donors’ sex and age, as seen for the BMMNCs. This might be due to the fact that 
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fewer samples were used for STRO-1-enrichment, and therefore the weak negative 

correlation was not reached.  

 

Both flow cytometry and Image Stream analysis revealed a high percentage of blood 

lineage cells in the bone marrow preparations, which was substantially lower in the 

STRO-1-enriched fraction of the BMMNCs compared to non-selected BMMNCs 

(~57 % vs. ~85 %). During staining, the STRO-1 antibody was previously 

demonstrated to bind to approximately 10 % of the BMMNCs from bone marrows of 

healthy donors (Simmons and Torok-Storb 1991), and this number was close to the 

STRO-1 expression in the BMMNCs from donors used in this thesis, assayed by flow 

cytometry (~8.85 %). It is worth noting that STRO-1+ cells colocalised with 

monocytes on the FSC vs. SSC, but constituted a distinct population (as they were 

negative for CD14), with only coincidental similarities to monocytes in their light 

scatter properties. Moreover, immunoselection by MACS yielded a population with 

~62.5 % STRO-1+ cells, which was similar to the figure of ~75.3 % previously 

reported for healthy donors (Gronthos et al. 2003). However, as expected, the majority 

of STRO-1+ cells (>95 %) were GPA+ erythroid cells (Simmons and Torok-Storb 

1991). To exclude erythroid cells, STRO-1 staining was conducted in combination 

with GPA staining. Moreover, because of the highly heterogeneous STRO-1 staining 

pattern due to the use of hybridoma antibody, in addition a subpopulation 

characterised by very high levels of STRO-1 staining (STRO-1bright, ~10 % of the 

STRO-1+) was assessed. These selection criteria have previously been reported to offer 

substantial enrichment for CFU-Fs (0.04 – 9 % of plated enriched cells), during 

prospective selection of BMMNCs by MACS and FACS (Gronthos et al. 2003, 

Zannettino et al. 2007). After selection and staining with the hybridoma antibody in 

combination with negative selection with GPA and selection of only the highest 10 % 

of cells expressing STRO-1, the staining pattern more closely resembled that of whole 

BMMNC staining with the commercially available STRO-1 antibody. The hybridoma 

antibody used at high concentrations and the MACS technique itself could have 

resulted to some degree in non-specific selection. The antibody produced by the 

hybridoma was used unpurified from the bioreactor media, and being an IgM 

antibody, no effective and cost efficient protocol could be applied for the in-house 

purification. Although attempts were made to use it for staining at the same 
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concentration as the commercially available purified STRO-1 IgM, for MACS the 

hybridoma antibody had to be used at high concentrations. Even 24 hours after 

MACS, the antibody was present on the cell surface, as perhaps the magnetic bead 

conjugated to the secondary antibody prevented it from internalising. For future 

research with the antibody produced by the hybridoma, it would be preferable to 

investigate the option of switching the class of the antibody from IgM to IgG and thus 

start incorporating a simpler purification process at the end of production. This could 

be done by selection of naturally occurring class switch variants or genetic engineering 

of desired variable region genes into specially designed vectors containing constant 

region genes (Morrison et al. 1984, Spira et al. 1984). However, due to the pentameric 

structure of the IgM antibody and hence its high avidity for the antigen, a monomeric 

IgM antibody should be tested first to assess whether the affinity of the individual 

antibody molecule is high enough, before switching to the monomeric IgG.  

  

Staining for other stromal/skeletal stem cell markers in fresh bone marrow samples, as 

well as STRO-1-enriched samples, resulted in the localisation of these cells similar to 

the monocytes based only on light scattering properties on FSC vs. SSC. Image Stream 

analysis of the CD45-/GPA-/STRO-1+ fraction confirmed these results as well, as the 

putative stem cells had the highest SSC and cell area out of CD45- populations. 

Therefore for analysing the skeletal stem cell population, gating on the 

“monocytic/stromal” fraction based on FSC vs. SSC was used in addition to antibody 

markers, in order to narrow down the analysis to putative stem cells.  

 

Although the STRO-1+ population is highly heterogeneous and the marker is 

expressed mostly on erythroid progenitor cells in the bone marrow, it offers some 

advantages while being used as a sole marker for analysis/selection. For example, as 

opposed to CD105 marker, which is also expressed on monocytes/macrophages 

(Pierelli et al. 2001), and hence should be used in conjunction with negative CD45 

selection, STRO-1 marker is generally not expressed by blood cell lineages. Also its 

expression on erythroid progenitor cells is not an issue when it comes to adherent cell 

culture, which efficiently negatively selects for suspension cells or when 

“monocytic/stromal” gating is applied for analysis of fresh isolates. For several years, 

investigations of human putative skeletal stem cells have mainly focused on sorting for 
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cells expressing different sets of suspected markers and assaying their CFU-F and 

differentiation capability in vitro and more rarely in vivo. In this chapter, the purpose of 

staining bone marrow populations with various markers was to localise the skeletal 

stem cell fraction within the fresh non-adherent bone marrow isolates for future 

studies. STRO-1 staining with the commercially available antibody in conjunction with 

appropriate “stromal” gating for the BMMNCs, as well as STRO-1 hybridoma staining 

in conjunction with GPA and “stromal” gating for MACS-enriched samples, was 

chosen as the methodology for future assessment of skeletal stem cells in fresh bone 

marrow isolates and in their stem cell enriched fractions, respectively. 

 

When cultured, the BMMNCs and STRO-1-enriched samples had a similar 

morphology and expressed CD90 and CD105 markers to the same extent. However, 

STRO-1 and CD146 expression were higher in the STRO-1-enriched subsets. CD146 

is an interesting marker, as its expression on MSCs has been linked to their pericyte 

topography and function, although it was also postulated that its expression on skeletal 

stem cell subsets is dependent on their in situ localisation (Crisan et al. 2008, Tormin et 

al. 2011). As STRO-1-selection enriched the bone marrow isolates for the CD146 

marker, and the use of this marker has been shown to enrich for MSC populations in 

the dentine, but only in combination with STRO-1 (Bakopoulou et al. 2013), a 

combination of these two markers might possibly be used for prospective isolation of 

highly purified putative skeletal stem cells. Selection for another marker, CD106, has 

been used previously for sorting in combination with STRO-1, yielding a cell fraction 

highly enriched for CFU-Fs (Gronthos et al. 2003). However, to study the putative 

skeletal stem cells in fresh bone marrow isolates, these markers would ideally have to 

be used in conjunction with negative selection markers, such as GPA or CD45. 

 

In order to see whether STRO-1+-enriched cells, comprising the putative stem cells, 

differ from unsorted BMMNCs in their intrinsic Wnt signalling levels, as one would 

expect from a true stem cell population, qPCR experiments for Wnt target genes, such 

as CMYC (Hiyama et al. 2011), CCND1 (Shtutman et al. 1999), AXIN2 (Jho et al. 

2002), LEF and TCF4 (Hovanes et al. 2001) were conducted. Their expression levels 

between populations containing STRO-1+ cells of varying purity were compared.  
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The results from cultured cells did not show any significant differences in the 

expression of tested genes between non-selected (BMMNCs) and STRO-1+ 

populations. This may be due to the fact that STRO-1 isolation was conducted on cells 

cultured for ~2 weeks, to ensure testing a more homogenous population with the 

ability to adhere to tissue culture plastic. The STRO-1+ cells were further down their 

developmental pathway and hence similar to unsorted populations. To clarify this, 

further studies are recommended to compare Wnt target gene expression in cells after 

plastic selection at P0, P1 and P2. It is well known that STRO-1 marker expression 

declines with prolonged culture (Simmons and Torok-Storb 1991). Also, it has been 

indicated previously that Wnt signalling is lower in fresh vs. cultured MSCs, because in 

tissue homeostasis low levels are sufficient and because in vitro expansion activates the 

pathway (Churchman et al. 2012, Qian et al. 2012). This could be another factor 

contributing to the fact that no difference between STRO-1+ cells and BMMNCs was 

seen. Therefore, further experiments focused on determination of intrinsic Wnt 

activity in freshly isolated and FACS-sorted cells.  

 

The significantly elevated levels of CMYC and CCND1 genes, cell cycle markers, and 

the similar but non-significant trend for AXIN2, targets of the Wnt signalling 

pathway, in cells brightly staining for STRO-1, suggests that this population has higher 

intrinsic Wnt signalling, and hence a higher stem cell content. Interestingly, TCF4 

followed a reverse trend, with lower TCF expression in STRO-1bright fraction vs. 

BMMNCs approaching significance (p = 0.053). It has been proposed that the 

expression of this transcription factor can be supressed in MSCs with high expression 

of β-catenin, and hence increased Wnt signalling (Kim et al. 2015). However, the 

experiments comparing the transcriptional profiles of low vs. high β-catenin-expressing 

MSCs were conducted on retrovirally transduced cells; hence the results may not be 

comparable to the naturally occurring Wnt signalling levels. 

As the STRO-1bright fraction has been shown to contain the majority (74 %) of CFU-Fs 

within the BMMNCs and offers a 950 fold enrichment over BMMNCs (Gronthos et 

al. 2003), a higher Wnt target gene expression in this stem cell-rich fraction vs. STRO-

1+ population (not containing the STRO-1bright fraction) was expected. However, 

possibly due to the purity of sorting (85 - 95 %) or due to high inter-donor variability, 

the differences between the expression of Wnt target genes in STRO-1bright vs. STRO-
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1+ populations were insignificant. As mentioned before, the STRO-1 staining 

histograms vary between the donors, and the “bright” cells are a small and 

incompletely resolved subpopulation. Therefore for the purpose of consistency, in this 

thesis it has been set on cells with the upper 10 % of fluorescence. It is possible that 

this somewhat arbitrary STRO-1bright gate is not strict enough to differentiate between 

the stem cell-rich fraction and the remaining fraction. Moreover, it is important to 

remember that the STRO-1 marker is expressed mostly on erythroid cells (Simmons 

and Torok-Storb 1991), hence all STRO-1+ fractions comprise of these cells as well, 

providing high background noise in the qPCR experiments. However, it would be 

futile to incorporate an additional negative selection marker for erythroid cells (for 

example GPA) in the current experimental setup, as RNA extraction from such small 

cell subsets would be inefficient. Even with prior enrichment of the fraction of 

interest, the cell numbers acquired are a limitation in this protocol, which also 

negatively affects the sample sorting time. To circumvent these issues, in the future, 

single cell qPCR could potentially be used for determining the genetic profile of GPA-

/STRO-1bright cells after FACS selection (Sanchez-Freire et al. 2012).  

 

It has recently been shown that Osterix/SP7-expressing cells can produce Wnts and 

respond to Wnt signalling to control bone homeostasis, as part of a comprehensive 

investigation into Wnt expression patterns, whereby they were colocalised with Osx-

expressing cells by RNA in situ hybridisation (Tan et al. 2014). Whereas the erythroid 

cells are still nucleated and can blur the assessment of Wnt target gene expression in 

putative stem cell populations, the expression of SP7 is specific for the osteoblastic 

lineage and multipotent mesenchymal progenitors (Mizoguchi et al. 2014, Nakashima et 

al. 2002). Therefore the expression of SP7 in STRO-1+ cells was examined, and the 

results showed that STRO-1bright cells expressed significantly higher levels of this gene 

than unsorted BMMNCs and the STRO-1- fraction.  

 

Alternatively, for future approaches aiming to determine the intrinsic Wnt signalling 

levels in specific cell populations within the heterogeneous BMMNCs, the Image 

Stream technology could be applied. Staining for β-catenin in conjunction with 

population specific markers and a nuclear stain would allow determination of cell 

subsets with various levels of active Wnt signalling, after assessment of nuclear 
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localisation of β-catenin. The STRO-1 marker in this setting could be used with the 

negative selection marker GPA and other putative skeletal stem cell markers, allowing 

for a more accurate identification of skeletal stem cells and assessment of their active 

β-catenin levels. Wnt signalling levels could be compared in this way in samples from 

scheduled surgeries with samples following trauma, to determine which populations 

are likely to be the most responsive. However, one must bear in mind that this 

technology requires very large sample volumes to accurately assess small populations 

and, due to inter-donor variability, would require a substantial number of samples to 

be tested.   

 

Nevertheless, these data indicate that BMMNCs expressing high levels of STRO-1 

antigen have higher Wnt signalling activity than those that do not. High levels of Wnt 

signalling have been linked to the adult stem and progenitor cell populations 

previously (Reya and Clevers 2005) and an increase in expression of genes involved in 

the Wnt signalling pathway was reported several times at the site of bone fracture 

(Chen et al. 2007, Hadjiargyrou et al. 2002, Kim et al. 2007). As the bone marrow 

samples used in these experiments were mostly from trauma surgeries, Wnt signalling 

was expected to be increased as well. Further work is required to establish the 

connection between skeletal stem cell marker expression and the level of Wnt 

signalling, possibly linking the best marker for these cells with highest Wnt activity 

following bone fracture. 

 

Unfortunately, no consensus has yet been reached with regards to what might be the 

best marker for skeletal stem cells, and there is confusing documentation of where this 

population is localised in vivo and how it contributes to maintenance of bone 

homeostasis (Bianco et al. 2013, Boxall and Jones 2012, Lv et al. 2014).    

In view of this knowledge gap, a considerable amount of study has been done in 

animal models, which have been employed to lineage trace rare cells that might be the 

putative skeletal stem cells, to then translate the findings into human biology (Mendez-

Ferrer et al. 2015). Despite extensive investigation, the studies were not transferable 

into the human system and the identity of skeletal stem cells and their progeny has 

remained elusive. 
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However, recent advances allowed for the introduction of a new technology, the next-

generation mass cytometry platform, Time of Flight Mass Cytometry (CyTOF) 

(Bandura et al. 2009), which has the potential to fill the knowledge gap surrounding 

skeletal stem cells. The dominance of fluorescence-based flow cytometry for analytical 

cellular biology may change, as measurement of multiple parameters of single cells by 

flow and mass cytometry combined in this new technique has more diverse uses in 

understanding cellular differentiation and intracellular signalling cascades, 

immunophenotyping, identifying rare stem cell populations and drug targeting using 

intracellular markers. This technique has been used to detect 38 surface and 

intracellular markers so far (Becher et al. 2014), and can theoretically detect up to 200, 

as it utilises transition element isotopes to label antibodies. The quantities of isotopes 

bound to each cell are then analysed by a time-of-flight mass spectrometer (Bendall et 

al. 2012). Therefore, there is no requirement for compensation and autofluorescence 

of cells is not an issue - common limitations of conventional flow cytometry. These 

technological advances in acquiring an increasing number of parameters per single cell, 

have led to discovery of novel methods for analysing multidimensional single-cell data, 

such as the spanning-tree progression analysis of density-normalised events (SPADE) 

algorithm (Qiu et al. 2011), which has allowed for accurate determination of 

haematopoietic cellular hierarchy, with automated non-user-biased gating and 

clustering. Therefore CyTOF has the potential to be the technique of choice in stem 

cell research, enabling study of the continuity of phenotypes, which is inherent in 

cellular differentiation. It could be the tool of choice for studying the human putative 

skeletal stem cells in bone marrow explants, enabling the use of the range of currently 

known positive and negative skeletal stem cell markers.  

3.4 Conclusion 

The aim of the research presented in this chapter was to characterise the bone marrow 

isolates and their stromal cell and skeletal stem cell content. The main findings showed 

that: 

 ~1 - 2 ml of fresh bone marrow isolates yielded ~140 x 106 mononuclear cells, 

of which ~8.85 % express the STRO-1 marker; 
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 to specifically analyse the skeletal stem cell population in STRO-1-enriched fresh 

bone marrow isolates, co-staining with a negative selection marker, GPA, is 

necessary;  

 mononuclear cell populations with the highest expression of the STRO-1 

antigen contain stem cells, with intrinsically elevated levels of Wnt signalling.  

These experiments provide a basis for further experiments which will aim to determine 

whether the STRO-1+ population might also be responsive to external Wnt cues and 

what the effects of this Wnt signalling induction might be. 
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4.1 Introduction 

The main purpose of this chapter was to test whether induction of the Wnt signalling 

pathway could stimulate skeletal stem cells in human bone marrow to subsequently 

form bone. In addition, the aim was to determine how differences in temporal 

stimulation might affect osteogenesis in SSCs. 

 

As discussed in Section 1.3, the Wnt signalling pathway plays a crucial role in 

developmental biology, stem cell fate and tissue patterning. It has also been shown to 

play a role in human skeletal stem cell fate, hence it has become an attractive 

therapeutic target in the fields of bone tissue engineering and regenerative medicine 

(Baron and Kneissel 2013, Kim et al. 2013). Preclinical and clinical trials using drugs 

that elevate Wnt signalling have showed promising results, augmenting bone 

formation in both animal models (Jin et al. 2015, Li et al. 2011, Ominsky et al. 2010) 

and in humans (Iyer et al. 2014, McClung et al. 2014, Padhi et al. 2011). However, the 

exact mechanism of their action is poorly understood, and the varying requirements 

for stimulation of the Wnt signalling pathway in osteoporotic patients or during 

different phases of fracture healing are not well known. From in vitro studies, there is 

data supporting the notion that Wnts can both stimulate or inhibit the differentiation 

and/or proliferation of SSCs (reviewed in Section 1.3.2), involved in sustaining bone 

homeostasis as well as in bone healing following trauma (Taguchi et al. 2005). 

However, these studies were performed mostly on adherent cultures of passaged SSCs. 

Thus, little is understood about the involvement of Wnts in supporting the 

maintenance, growth and maturation of SSCs in the bone marrow. Another 

shortcoming of in vitro studies conducted so far is the fact that Wnt signalling has often 

been induced with unpurified conditioned media, by transfection to overexpress either 

β-catenin or Wnts, or with the use of GSK3 inhibitors. All of these methods can result 

in non-specific effects, for example, overexpression can result in over-activation of the 

pathway far beyond natural levels. Therefore, in this thesis, activation of Wnt signalling 

was achieved with purified Wnt3A protein, known to activate the canonical pathway 

(Miller 2002). Furthermore, Wnt exposure experiments were conducted on freshly 

isolated BMMNCs, in suspension culture, to recapitulate the marrow cellular 

environment. To the best of the author’s knowledge, there appears to be only one 
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instance in the literature of this type of study in a bioreactor, however, in this paper, 

Wnt signalling activation was achieved with the use of unpurified Wnt-conditioned 

media of unknown concentration (Baksh and Tuan 2007). 

 

The STRO-1 marker is known to enrich heterogeneous bone marrow populations for 

SSCs (as mentioned in the Chapter 3 and discussed in Section 1.1.3) but little is known 

about the STRO-1 antigen itself, if it is indeed a protein, as the gene coding for STRO-

1 has not yet been identified. STRO-1 has originally been described as a cell surface 

trypsin-resistant antigen expressed by CFU-Fs (Gronthos et al. 1994). More recently, it 

has been suggested that it is a 75kDa endothelial antigen, with its presence on SSCs 

being an induced event during culture in endothelial growth media (Ning et al. 2011). 

STRO-1 protein expression was also subsequently found in a population of CD34 cells 

(initially used during the STRO-1 antibody production process, CD34 now being a 

negative marker for SSC selection), casting doubt on the use of STRO-1 as a true SSC 

marker (Lin et al. 2011). Although the identity of the STRO-1 antigen remains 

uncertain, the body of evidence regarding other potential markers effective in 

enriching the skeletal stem cell population is also incomplete. Nonetheless, STRO-1 

selection in combination with other markers identifies a population rich in CFU-F 

potential (Gronthos et al. 2003, Simmons and Torok-Storb 1991, Zannettino et al. 

2007). For this reason, STRO-1 was chosen as the most suitable marker to study the 

stromal/skeletal stem/precursor cells in fresh bone marrow isolates. To date, no 

studies have been published examining the effects of Wnt signalling induction 

specifically in skeletal stem cell populations, as characterised by expression of any of 

the proposed markers (see 1.1.3 for characterisation of SSCs). Therefore, flow 

cytometry was employed to examine any possible effects on STRO-1+ cells within 

BMMNCs after 24 hours of Wnt induction. To determine whether any observed 

effects were direct or indirect, MACS enrichment was used to examine STRO-1-

selected populations alone in the same experimental system. 

 

CFU-Fs are a common feature among different stem cell populations and are used to 

quantify functional SSCs and give information regarding their clonogenic potential. As 

mentioned in Section 1.2.3, CFU-Fs are rare, comprising 0.01 - 0.2 % of BMMNCs 

(Friedenstein et al. 1970, Gronthos and Simmons 1996), this number declining with 
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age (Stolzing et al. 2008). CFU-Fs may be important contributors to fracture repair, so 

finding a therapeutic intervention to augment them is of great importance from a 

regenerative medicine perspective. Therefore, the effect of Wnt on CFU efficiency was 

measured in cells which were stimulated transiently with Wnt, followed by plating at 

limited dilutions and culture for 14 days. 

 

Osteogenic differentiation (maturation of SSCs into osteoblasts) is pivotal in bone 

growth, the general bone turnover process as well as in fracture healing. The 

differentiation of osteoblasts from their progenitors and stem cells is regulated by a 

number of key factors and signalling pathways, one of the most important being the 

Wnt signalling pathway (Hayrapetyan et al. 2015); described in detail in Section 1.3.2. 

Some of these factors are also commonly used as markers of osteoblast differentiation, 

at both gene and protein level. For example, RUNX2, a transcription factor which 

plays a key role in skeletal development as it is a master gene for osteoblast 

differentiation, and SP7, which works downstream of RUNX2, are both necessary for 

skeletal formation, driving the early steps of SSC commitment toward the pre-

osteoblast phenotype (Deng et al. 2008, Ducy et al. 2000). Confirming the initiation of 

differentiation, ALP is responsible for the mineralisation of the ECM, and is often 

assessed both at the mRNA and protein level, when the activity of this enzyme is 

measured (Marom et al. 2005). Furthermore, osteonectin, osteopontin and osteocalcin 

are commonly used as late markers of osteogenic differentiation (Aubin 2001). 

Staining calcium deposits in the ECM is a histological technique also used for late 

osteogenic differentiation visualisation, involving the use of Alizarin Red S dye, which 

can subsequently be extracted and quantified (Gregory et al. 2004). Although these 

markers are commonly used as indicators of osteogenic differentiation, the majority of 

them cannot be considered purely as bone lineage-specific. Also, the described time-

dependent expression of these osteogenic markers (see Figure 1.3 for a schematic of 

SSC commitment) is somewhat an artificial classification. To date, no perfect marker 

panel exists, which in a similar way to that used for undifferentiated SSCs, can clearly 

define a population - in this case separate between various stages of commitment of 

progenitor cells differentiating towards the osteogenic lineage. However, it is 

advantageous that extensive knowledge of general markers of differentiation exists, 

allowing for tracking osteogenesis. In this chapter, the influence of Wnt signalling 
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induction on the osteogenic commitment of SSCs was therefore measured by assessing 

the presumed markers of early, medium and late stages of differentiation towards bone 

cells. 

 

In summary, the aim of the work in this chapter was to: 

• identify the effect of Wnt signalling induction on the putative skeletal stem cell 

population in fresh BMMNC samples; 

• enrich this population and determine whether the effects of Wnt signalling 

induction in SSCs occur directly, or are mediated by other cell populations 

within the bone marrow; 

• measure colony forming and osteogenic differentiation capabilities of bone 

marrow cells exposed to Wnt. 

These studies were performed to test the hypothesis that skeletal stem cells are 

responsive to external Wnt cues, and whether induction of Wnt signalling in fresh 

bone marrow isolates leads to increased proliferation and osteogenic differentiation of 

these stem cells. 

A pictorial summary of the experimental protocols is shown in Figure 4.1. 
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Figure 4.1 Overview of methodologies used and described in this chapter for measurement of 

the effects of exposure to Wnt protein on bone marrow isolates.  

BMMNCs were isolated from bone marrow aspirates by LymphoprepTM, and a subset of samples was 

further enriched by MACS selection for the STRO-1 antigen, before being exposed to Wnt protein 

either for 24 hours in suspension or for 14 days in adherent culture. Flow cytometry enabled 

comparison of STRO-1 expression between BMMNCs and STRO-1-enriched samples after the 24 hour 

exposure to Wnt. These populations were also assayed for Wnt pathway activation by measuring the 

expression of Wnt target genes. Adherent cell cultures allowed for quantification of CFU capacity as 

well as osteogenic differentiation of Wnt-exposed bone marrow isolates. BMMNCs, bone marrow 

mononuclear cells; MACS, magnetic activated cell sorting; FACS, fluorescence-activated cell sorting; 

SSCs, skeletal stem cells. 

 

 

 

 



Effects of Wnt signalling induction on putative skeletal stem cell populations of human bone marrow 

- 128 - 

 

4.2 Results 

4.2.1 Wnt protein activity 

For the experiments involving the use of Wnt3A protein, initially murine Wnt3A was 

used, subsequently exchanged for human Wnt3A upon availability. To compare the 

activity of murine vs. human Wnt3A protein in inducing Wnt signalling, a murine 3T3 

Wnt reporter cell line was used. The dose response curves from the luciferase assay are 

depicted in Figure 4.2A, and compare murine vs. human Wnt3A activity. A well-known 

non-specific Wnt pathway inducer, lithium chloride (LiCl), was also tested for 

comparison of maximum induction levels (Figure 4.2B). 

 

Figure 4.2 Wnt pathway activation by murine vs. human Wnt3A protein and LiCl. 

A: A comparison between murine and human Wnt3A protein activity, based on a luciferase assay 

conducted on a murine Wnt-responsive cell line. The EC50 for the human protein is ~2 fold higher than 

for the murine protein. B: Activation of Wnt pathway by LiCl. Maximum induction measured as fold 

increase in luciferase activity was lower for LiCl than for Wnt3A protein. All data points were 

normalised to controls without the addition of Wnt3A or for LiCl to NaCl, as well as to cell number. 

 

As the dose response was tested on a murine cell line, it was accepted that a murine 

Wnt3A could have a lower EC50. For consistency throughout the experiments on 
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human cells, 100 ng/ml of either murine or human Wnt3A protein was used, unless 

stated otherwise. 

4.2.2 Wnt pathway activation during short-term suspension culture 

To study the effects of Wnt signalling induction by the Wnt3A protein in fresh isolates 

of BMMNCs or in their STRO-1-enriched subset, a 24 hour suspension rotation 

culture was initially employed. To assess whether Wnt signalling was induced during 

this short-term incubation, expression of Wnt target genes was measured. For this 

purpose, both BMMNCs and STRO-1-enriched cells were cultured for 24 hours with 

the addition of Wnt3A, Dkk1 (Wnt signalling inhibitor) or a carrier control. 

Subsequently, the expression of AXIN2, CMYC and CCND1 was measured by qPCR 

(Figure 4.3). 

 

 

 

Figure 4.3 Wnt target gene expression after a 24 hour suspension culture of BMMNCs and 

STRO-1-enriched BMMNCs.  

A: mRNA expression of AXIN2, CMYC and CCND1 in BMMNCs. No statistical significance between 

the groups was observed. B: mRNA expression of AXIN2, CMYC and CCND1 in STRO-1-enriched 

BMMNCs. AXIN2 and CCND1 expression levels were significantly upregulated compared to controls. 

Gene expression was normalised to ACTB and then normalised to expression in BMMNCs or STRO-1-

enriched BMMNCs in the same donor sample. n = 3, data presented as median ± range, statistical 

significance assessed by Kruskal-Wallis test with Dunn’s correction, *p<0.05. REU, relative expression 

units. 

 

No differences were found in Wnt target gene expression within the BMMNC 

populations, but AXIN2 and CCND1 expression were significantly upregulated after a 

24 hour incubation with Wnt3A in the STRO-1-enriched fraction of BMMNCs, 

indicating that the STRO-1+ cells are responsive to stimulation with Wnt. This short-
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term exposure to Wnt3A protein was used in further experiments to study the effects 

of Wnt signalling induction on skeletal stem cells in fresh bone marrow isolates.  

4.2.3 Effects of short-term Wnt exposure on cells in suspension 

4.2.3.1 Effects on skeletal stem cell marker expression 

As the STRO-1+ population was responsive to Wnt3A protein within 24 hours of 

suspension culture, an examination was carried out into whether this short, transient, 

canonical Wnt stimulus could induce an increase in the frequency of the SSC-containing 

STRO-1+ population. For this reason, flow cytometry was used to study the expression 

of this marker, following Wnt exposure. 11 different donor BMMNC samples were 

analysed (see Appendix, Table A.11), and cells were assayed immediately after the short-

term incubation in suspension with or without the Wnt3A protein. Figure 4.4 depicts 

gating applied during analysis, highlighting “monocytic/stromal” gating on the FSC vs. 

SSC dot plot (in order to limit the analysis as close as possible to SSCs, where this 

population localises (see Chapter 3, Figure 3.8)), and marker setting based on isotype 

control applied to the histogram showing STRO-1 expression, consistent between 

control and Wnt-induced samples.   
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Figure 4.4 Gating strategy for quantification of STRO-1 expression.   

BMMNCs were cultured with Wnt3A protein or vehicle control for 24 hours in a suspension rotation 

culture, after which staining for STRO-1 and flow cytometry were conducted. A: FSC vs. SSC dot plots 

of control and Wnt-induced samples of BMMNCs, with the region colocalising with the “monocytic” 

gate containing the putative skeletal stem cells highlighted. B: Representative histograms of STRO-1 

expression in control and Wnt-induced samples. Markers on histograms were set to the reactivity levels 

obtained with the isotype-matched control antibodies, and all cells gated as positive showed a 

fluorescence intensity greater than that detected on 99 % of the cells labelled with the isotype-matched 

control. FSC, forward scatter; SSC, side scatter. 

   

 

Short-term Wnt induction in BMMNCs significantly increased STRO-1 expression in 

the “monocytic/stromal” gate, as compared to a vehicle control (from 9.33 ± 4.59 % 

to 12.4 ± 6.12 %, Figure 4.5A and Appendix, Table A.11). STRO-1 is a non-specific 

marker of SSCs, and its expression can be found in other regions of the FSC vs. SSC 

dot plot depicting all BMMNCs in addition to the “monocytic/stromal” gate. 

However, the differences between the Wnt-induced samples and controls were non-

significant when compared within the lymphocytic and granulocytic gates (Figure 4.5B 

and C). A significant increase in STRO-1 expression in the Wnt-induced samples was 

also observed when the BMMNC population was analysed as a whole, albeit to a lower 

degree (Figure 4.5D), suggesting that the effects of Wnt on the increase in STRO-1 
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frequency was confined to cells with light scattering properties comparable to 

monocytes, which include stromal cells and putative SSCs.    

 

 

Figure 4.5 STRO-1 expression in BMMNCs after short-term Wnt induction.  

BMMNCs were cultured with Wnt3A protein or vehicle control for 24 hours in a suspension rotation 

culture, after which staining for STRO-1 and flow cytometry were conducted. A: An increase in the 

expression of STRO-1 in Wnt-induced samples vs. control was observed within the 

“monocytic/stromal” gate based on light scattering. Gating on this region allowed for a more accurate 

analysis of the STRO-1 expression on skeletal stem cells. B and C: No differences in the expression of 

STRO-1 were observed within the lymphocytic (contains STRO-1+ erythroid cells) and granulocytic 

regions. D: An increase in the expression of STRO-1 in Wnt-induced samples vs. control was also 

observed when the entire BMMNC population was analysed. Statistical significance was assessed by 

paired t-test, n = 11, *p<0.05, **p<0.01. 

 

Next, to try and exclude a possible indirect role for Wnt3A, for example, inducing a 

paracrine signal in another non-stromal cell population, STRO-1 expression was 

assessed on STRO-1 MACS-selected samples (with reduced haematopoietic lineage 

cells) from 3 donors, immediately after short-term incubation with Wnt in suspension. 

When stained solely with the STRO-1 antibody (Figure 4.6A), no difference could be 

seen between the Wnt-induced and control samples, as reasoned in the previous chapter, 

possibly due to the low specificity of the hybridoma antibody. As shown in the previous 

chapter, in order to assess the putative skeletal stem cell population accurately in MACS-
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selected samples, the STRO-1 marker is best used in conjunction with the negative 

selection marker for erythroid cells, GPA (Figure 4.6B and C). A 5.63 ± 1.15 % increase 

in the GPA-/STRO-1+ cells was seen and a 0.91 ± 0.09 % increase in the GPA-/STRO-

1bright cells was seen in the “monocytic/stromal” fraction (based on light scattering 

properties) of the STRO-1-enriched BMMNC population. 

 

 

Figure 4.6 STRO-1 expression in STRO-1-enriched BMMNCs after short-term Wnt induction. 

MACS STRO-1-enriched cells were cultured with Wnt3A protein or vehicle control for 24 hours in a 

suspension rotation culture, after which staining for STRO-1 and GPA and flow cytometry were 

conducted. A: There was no difference in the percentages of STRO-1+ cells within the MACS STRO-1-

enriched BMMNCs between the control and the Wnt-induced samples when staining was conducted 

with the STRO-1 hybridoma antibody alone. B: Addition of the negative selection marker GPA allowed 

for more accurate analysis of the the skeletal stem cell population. An increase in STRO-1 expression 

was noted within the “monocytic/stromal” gate after Wnt induction. C: An increase in STRO-1 

expression after Wnt induction was noted within the entire population and also the 

“monocytic/stromal” subset, when the GPA-/STRO-1bright cells were analysed. Statistical significance 

was assessed by paired t-test, but for ease of interpretation is presented in grouped graphs, n = 3, 

*p<0.05, **p<0.01.  
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Together, these results showed that the STRO-1-expressing putative skeletal stem cell 

population increases after short-term stimulation with Wnt3A, both within the entire 

BMMNC population, and within its STRO-1-enriched subset. 

 

Next, Image Stream cytometry was used to confirm that the increased STRO-1 

expression observed by flow cytometry was due to a higher percentage of cells 

expressing this marker as well as its increased expression. By implementing an 

algorithm differentiating between whole cell expression and specific cell surface 

expression, Image Stream offers a substantial advantage in analysis of STRO-1 

expression (Figure 4.7A). The distribution of the marker within a cell was also 

calculated (Figure 4.7B), to see whether the response to Wnt signalling might have 

polarised STRO-1 expression, as little is known about this marker itself and how it is 

expressed. The results confirmed previous observations of an increased number of 

STRO-1+ events after Wnt stimulation, and also showed an increased total and surface 

intensity of the STRO-1 staining, with no difference in its distribution (Figure 4.7C). 
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Figure 4.7 Image Stream analysis of STRO-1 expression in BMMNCs after short-term Wnt 

induction. 

BMMNCs were cultured with Wnt3A protein or vehicle control for 24 hours in a suspension rotation 

culture, after which staining for CD45, STRO-1 and GPA and Image Stream analysis were conducted. 

A: A schematic illustrating the default mask setting and derivation of the membrane mask, allowing for 

the measurement of the STRO-1 expression intensity in the entire cell or only on its surface, 

respectively, using Image Stream. B: A histogram showing the distribution of STRO-1 staining on Wnt-

stimulated (green) vs. control cells (red). Cells with an even distribution will have a value near 1, and 

those that have more of the stain on one side will be nearer 0. C: Table summarising the Image Stream 

analysis, showing an increased number of CD45-/GPA-/STRO-1+ events in the Wnt-induced group, as 

well as an increase in the STRO-1 intensity, both in the entire cell as well as the membrane mask. 

However, Wnt induction did not have an effect on the distribution of STRO-1 expression. A minimum 

of 600 events of interest were analysed. BF, brightfield. 

      

4.2.3.2 Effects on skeletal stem cell viability and proliferation 

Since the increase in STRO-1+ cells after Wnt stimulation was consistent, and 

considering that Wnt3A may exert its effect by providing mitogenic or cell survival 

signals for stem cell/stromal populations, work was performed to assess whether this 
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effect was due to increased viability or proliferation of STRO-1+ cells within BMMNC 

and STRO-1-enriched cells. 

 

Initially, cell numbers were counted using the trypan blue exclusion method following 

24 hour rotation suspension culture. Wnt3A caused no significant change in the 

number of viable BMMNCs (Figure 4.8A; 97.51 ± 33.13 % of starting population after 

24 hours) or in the total number of cells present after incubation. However, a 

widespread death of cells (62.78 ± 15.80 %) within the STRO-1-enriched fraction was 

observed (Figure 4.8B), although this was the case regardless of whether Wnt3A was 

present or not. 
 

 

Figure 4.8 Percent change in overall cell numbers after short-term Wnt induction.  

BMMNCs and STRO-1-enriched cells were cultured with Wnt3A protein or vehicle control for 24 

hours in a suspension rotation culture, after which cell numbers were counted using trypan blue 

exclusion, and compared to the number of cells before suspension culture. A: BMMNC number did not 

change significantly when cultured for 24 hours in suspension, and there were no differences observed 

between the control and the Wnt-induced samples. B: STRO-1-enriched cell number decreased 

significantly when cultured for 24 hours in suspension, but there were no differences observed between 

the control and the Wnt-induced samples. Statistical significance between the 0 hour and 24 hour 

controls and 24 hour comparison between control and Wnt-induced samples for BMMNCs (n = 10) 

and for STRO-1-enriched BMMNCs (n = 6) was assessed by repeated measures ANOVA with Sidak’s 

correction; **p<0.01. 
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To measure the effects on STRO-1+ cell viability specifically, BMMNCs and STRO-1-

enriched BMMNCs were exposed to Wnt3A or a vehicle control during short-term 24 

hour suspension culture and subsequently assayed by flow cytometry in conjunction 

with Annexin V and 7AAD staining. This allowed for detailed analysis of the 

proportions of viable, apoptotic and necrotic cells within these populations. As 

depicted in Figure 4.9A, within the STRO-1-enriched fraction vs. BMMNCs a smaller 

proportion of cells was viable, and a higher proportion was undergoing apoptosis, as 

marked by positive Annexin V staining, consistent with the previous finding with the 

trypan blue exclusion cell count. Thus, the analysis of STRO-1+ cell viability was 

restricted to the BMMNC population alone. After gating on cells with 

“monocytic/stromal” light scattering properties and subsequently on the STRO-1+ 

subset within that gate (Figure 4.9B), percentages of viable, apoptotic and necrotic 

cells were calculated, and are presented as a relative change from control (Figure 4.9C). 

A ~3-fold Wnt3A-dependent increase in the number of viable STRO-1+ cells was 

observed as well as decreases in the apoptotic and necrotic cells. 
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Figure 4.9 Cell viability after short-term Wnt induction. 

BMMNCs and STRO-1-enriched BMMNCs were exposed to Wnt3A or a vehicle control during short-

term 24 hour suspension culture and subsequently assayed by flow cytometry for STRO-1 staining in 

conjunction with Annexin V and 7AAD staining. A: Flow cytometry dot plots from BMMNCs and 

STRO-1-enriched BMMNCs depicting the distribution of viable (AnnexinV-/7AAD-, Q4), apoptotic 

(AnnexinV+/7AAD-, Q3), late apoptotic (AnnexinV+/7AAD+, Q2) and necrotic (AnnexinV-/7AAD+, 

Q1) cells within these populations. The STRO-1-enriched subset when cultured in suspension for 24 

hours had fewer viable cells than non-selected BMMNCs. B: Due to high cell death in the STRO-1-

enriched samples, only BMMNCs were analysed further. STRO-1+ cells were gated within the “stromal” 

fraction of BMMNCs. C: Within the STRO-1+ gate, percentages of viable, apoptotic (early and late) and 

necrotic cells were quantified and presented for the Wnt-induced samples as a relative change vs. 

control. n = 1, data from 3 technical replicates, presented as mean ± SD. 7AAD, 7-Aminoactinomycin 

D. 

 

 

Subsequently, EdU incorporation, indicative of cell proliferation, was assayed by flow 

cytometry in the STRO-1+ cells within the “stromal” gate of the BMMNC fraction 
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(Figure 4.10). A ~2.2 fold Wnt3A-dependent increase in the number of proliferating 

cells in the STRO-1+ population was observed. 

 

 

 
 

Figure 4.10 STRO-1+ cell proliferation after short-term Wnt induction.  

BMMNCs were exposed to Wnt3A or a vehicle control during short-term 24 hour suspension culture, 

where the EdU reagent was added to the cells for the last 6 hours of culture. The samples were 

subsequently assayed by flow cytometry for STRO-1 staining in conjunction with detention of the EdU 

reagent. Within the STRO-1+ cell gate (from the fraction of BMMNCs with “stromal” light scattering 

properties), the percentage of proliferating cells was quantified based on EdU incorporation, and 

presented for the Wnt-induced samples as relative change vs. control. n = 1, data from 3 technical 

replicates, presented as mean ± SD. 

 

Taken together, these results indicate that a short, transient exposure to a canonical 

Wnt ligand increases the frequency of cells expressing the STRO-1 surface marker 

which is known to enrich BMMNC populations for skeletal stem cells. This increase is 

likely due to both increased viability and proliferation of Wnt-exposed cells. 

 

4.2.3.3 Effects on blood cell lineages 

Next, to test whether Wnt3A stimulation had effects on white blood cell lineages, the 

effects of short-term, canonical Wnt stimulation were assessed on granulocytes, 

lymphocytes and monocytes within the BMMNC population. Wnt3A treatment did 

not induce changes in the relative numbers of haematopoietic lineages, assessed by 

flow cytometry measurements within gates of specific light scattering (Figure 4.11A). 

Furthermore, there was no indication of its effects when bone marrow isolates were 

assayed for viability and proliferation (Figure 4.11B and C), although no blood lineage-

specific markers were used for this analysis, only gating based on light scatter, and only 

one donor sample for each was analysed. 
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Figure 4.11 Viability and proliferation of blood lineage cells after short-term Wnt induction. 

BMMNCs were cultured with Wnt3A protein or vehicle control for 24 hours in a suspension rotation 

culture, after which the blood lineage fractions were assessed based on gating, Annexin V and 7AAD 

and EdU assays. A: 24 hour suspension culture stimulation with Wnt3A protein exerted no effect on the 

percentages of granulocytic, lymphocytic and monocytic fractions of BMMNCs, gated based on 

measurements of light scattering by flow cytometry (n = 11). B: Percentages of viable, apoptotic and 

necrotic cells were also similar between Wnt-induced and control samples, as assessed by flow 

cytometric staining for Annexin V and 7AAD and gating based on light scatter; n = 1, data from 3 

technical replicates, presented as mean ± SD. C: Percentages of proliferating cells, measured by EdU 

incorporation, were similar between Wnt-induced and control samples, with the exception of a small 

increase in the “monocytic/stromal” fraction, gated based on light scatter; n = 1, data from 3 technical 

replicates, presented as mean ± SD.       

 

Therefore, quantification of cells using markers for the blood lineages (CD3 for T 

cells, CD19 for B cells, CD56 for NK cells, CD14 for monocytes and CD66b for 

granulocytes) was conducted by flow cytometry. The expression patterns for these 

markers in the control and Wnt-induced samples were very similar (Figure 4.12), 

indicating no Wnt3A effect on blood cell lineages in this experimental system. 
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Figure 4.12 Expression of blood cell markers after short-term Wnt induction. 

BMMNCs were cultured with Wnt3A protein or vehicle control for 24 hours in a suspension rotation 

culture, after which flow cytometry staining was conducted for CD66b, CD3, CD56, CD19 and CD14. 

A: Overlays of positively stained bone marrow cell populations on the FSC vs. SSC dot plots of control 

and Wnt-induced samples. Antibodies against markers of granulocytes (CD66b), monocytes (CD14) and 

lymphocytes (CD56 for NK cells, CD3 for T cells and CD19 for B cells) were used. Gating strategy is 

detailed in the Appendix, Figure A.1. B: Percentages of granulocytes, monocytes and lymphocytes 

within the BMMNCs; n = 3, data presented as mean ± SD. A minor non-significant increase in 

expression of the NK cell marker and the distribution of the population on the FSC vs. SSC dot plot 

after Wnt stimulation were observed.   

 

4.2.4 Effects of short-term Wnt exposure on CFU efficiency 

Since STRO-1+ cells contain all of the multipotent CFU-F activity of BMMNCs and 

are enriched in Wnt-stimulated BMMNCs, assessment of CFU-F formation was 

carried out.  

After short-term suspension culture exposure to Wnt3A, unsorted BMMNCs were 

plated for 14 days in basal media and assayed for CFU-F with or without ALP 

(osteoblast precursor marker) staining (Figure 4.13). Purple ALP staining was more 

visible in colonies formed from cells incubated with Wnt, whereas colonies which 

arose from cells not treated with Wnt were mostly stained with the haematoxylin 
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counterstain (blue nuclei). Quantification of the CFU-F formation efficiency and ALP 

stain is presented in Figure 4.14. No increase in the frequency of CFU-Fs was 

observed. However, colonies that formed from Wnt3A-stimulated cells had 

significantly increased ALP activity under basal medium conditions. 

  

 

Figure 4.13 CFU-F assay with ALP staining 14 days after short-term Wnt induction. 

The CFU-F assay was conducted on 24 hour suspension culture of Wnt-induced samples and controls. 

Representative images of colonies stained with ALP (purple/magenta) in the first row, and with ALP 

and haematoxylin used as a counterstain (dark blue nuclei) in subsequent images. Scale bars = 200 μm.     

 

 



Effects of Wnt signalling induction on putative skeletal stem cell populations of human bone marrow 

- 143 - 

 

 
 

Figure 4.14 CFU-F formation efficiency and ALP staining in basal media.   

A: Number of colonies per 104 plated BMMNCs at 14 days arising from 24 hour Wnt-treated and 

control samples. B: Ratios of ALP+ CFU-Fs at 14 days arising from 24 hour Wnt-treated and control 

samples. Data from 3 donor samples, presented as median ± range on technical replicates. No 

statistically significant differences in CFU-F efficiency were observed between two experimental groups 

(control vs. Wnt-induced). However, an increase in ALP-expressing colonies was consistent among all 3 

donors after Wnt-induction. Due to high variability between donors, normalisation would be 

inappropriate, thus data is presented from each donor separately and was analysed separately by Mann-

Whitney test. *p<0.05; **p<0.01. CFU-F, colony-forming unit fibroblastic.    

 

Next, colony formation was assayed in the presence of osteogenic medium (CFU-O 

assay). Again, purple ALP staining was more visible in colonies formed from cells 

incubated with Wnt whereas colonies which arose from cells not treated with Wnt 

were mostly stained with the haematoxylin counterstain (blue nuclei, Figure 4.15). 

Colonies in the Wnt-induced group were bigger and denser. When quantified, a 

significant increase in the number of CFU-O and a greater proportion of ALP+ CFU-

Os was present in Wnt-induced samples compared to controls from 2 donors (Figure 

4.16). The third donor sample appeared to be highly osteogenic with an overall high 

colony number and nearly all colonies stained positive for ALP, with no significant 

difference between Wnt3A-treated or untreated groups. 
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Figure 4.15 CFU-O assay with ALP staining 14 days after short-term Wnt induction. 

The CFU-O assay was conducted on 24 hour suspension culture of Wnt-induced samples and controls. 

Representative images of colonies stained with ALP (purple/magenta) and haematoxylin used as a 

counterstain (dark blue nuclei) are presented. Scale bars = 200 μm.     
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Figure 4.16 CFU-O formation efficiency and ALP staining in osteogenic media. 

A: Number of colonies per 104 plated BMMNCs at 14 days arising from 24 hour Wnt-treated and 

control samples. B: Ratios of ALP+ CFU-Fs at 14 days arising from 24 hour Wnt-treated and control 

samples. Data from 3 donor samples, presented as median ± range on technical replicates. Statistically 

significant differences in CFU-O efficiency were observed in 2 donors between the two experimental 

groups (control vs. Wnt-induced). Furthermore, an increase in ALP-expressing colonies was consistent 

in these 2 donors after Wnt-induction. Due to high variability between donors, normalisation would be 

inappropriate, thus data is presented from each donor separately and was analysed separately by Mann-

Whitney test. *p<0.05; **p<0.01. CFU-O, colony-forming unit osteoblastic. 

 

Overall, these results suggest that Wnt3A stimulation does not increase the frequency 

of CFU-Fs recovered from BMMNC populations, but rather expands a subset of 

BMMNCs primed for osteogenesis. This subset, marked by STRO-1+, STRO-

1+/GPA- and STRO-1bright, may therefore consist of cells with osteoprogenitor 

potential.  

 

4.2.5 Osteogenic potential of cells after short and long-term Wnt 

exposure  

4.2.5.1 ALP activity and cell number 

The effects of short-term Wnt3A stimulation were measured on cells plated in high 

density in both basal and osteogenic media. For ease of visualisation, Figure 4.17 

presents data on ALP activity from 3 donors normalised to controls (detailed graphs 

for each donor can be found in the Appendix, Figure A.14). Transient, early 

stimulation of BMMNCs and STRO-1-enriched cells with Wnt3A resulted in 

significant increases in the expression of ALP in SSC cultures in osteogenic conditions 
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(Figure 4.17A). Due to donor-specific differences in the magnitude of the response, 

results in basal media conditions did not reach significance, however the trend was 

similar for all donors. Cell number quantification resulted in non-significant trends 

towards increases after Wnt stimulation, apart from the BMMNCs cultured in basal 

conditions, for which a significant increase in cell number was measured (Figure 

4.17B).  

 

 

Figure 4.17 ALP activity and cell number in BMMNCs and STRO-1-enriched BMMNCs after 

short-term Wnt induction. 

Cells were cultured in monolayer for 14 days in basal or osteogenic media following a 24 hour treatment 

with Wnt vs. control and assayed for ALP activity (A) and cell number (B). Data presented as median ± 

range from n = 3 donors, normalised to control. Statistical significance assessed by Friedman’s test with 

Dunn’s correction, *p<0.05.  

 

Secondly, as the length of Wnt-signalling induction in SSCs in the published literature 

varies between studies and hence might be the reason for different outcomes, the effects 

of long-term Wnt3A stimulation (ongoing for 14 days) were measured on cells plated 
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using the same setup as above (in high density in both basal and osteogenic media) and 

analysed accordingly. In contrast to the effects of short-term stimulation, ongoing 

stimulation of BMMNCs and STRO-1-enriched cells with Wnt3A resulted in a 

significant decrease in the expression of ALP in SSC cultures in both basal and 

osteogenic conditions (Figure 4.18A). Cell number quantification resulted in non-

significant trends towards increases after Wnt stimulation (Figure 4.18B). Detailed 

graphs for each donor can be found in the Appendix, Figure A.15. These results 

indicated a significant reduction in osteogenesis following long-term Wnt treatment. 

This observation was not due to the concentration of Wnt, as a concentration-

dependent inhibition was observed at lower Wnt3A concentrations (25 and 50 ng/ml; 

Appendix, Figure A.16). 

 

 

Figure 4.18 ALP activity and cell number in BMMNCs and STRO-1-enriched BMMNCs after 

long-term Wnt induction. 

Cells were cultured in monolayer for 14 days in basal or osteogenic media with Wnt vs. control and 

assayed for ALP activity (A) and cell number (B). Data presented as medina ± range from n = 3 donors, 

normalised to control. Statistical significance assessed by Friedman’s test with Dunn’s correction, 

***p<0.001. 
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4.2.5.2 Osteogenic gene expression 

Next, the effects of Wnt stimulation on the expression of osteogenic genes was 

measured. The effect of osteogenic media alone on the expression of early osteogenic 

markers (RUNX2 and SP7 transcription factors), early and medium (ALP) and markers 

expressed late in the differentiation process (osteonectin gene - SPARC and osteocalcin 

gene - BGLAP), as well as AXIN2 as a control for Wnt pathway induction in further 

experiments, are shown in Figure 4.19. As expected, osteogenic media stimulated the 

expression of osteogenic genes, and had no effect on AXIN2 expression. 
    

  
 

Figure 4.19 Expression of osteogenic genes in BMMNCs cultured in osteogenic media. 

A 14-day adherent cell culture in osteogenic media resulted in increased osteogenic gene expression 

(RUNX2, SP7, ALP, SPARC, BGLAP) compared to basal conditions. Expression of AXIN2 (a Wnt 

target gene), remained unaffected by culture conditions. n = 1, mean ± SD on 3 technical replicates.  Gene 

expression was normalised to ACTB and then normalised to expression in basal media. 

 

Next, the expression of these osteogenic genes was measured in BMMNCs exposed to 

Wnt for short- or long-term, and cultured as adherent cells for 14 days, in basal and 

osteogenic conditions. The results are normalised in each case to control, but failed to 

show a consistent pattern (Figure 4.20). Instead, only trends were observed, with ALP 

expression confirming previous findings, and RUNX2, SPARC and BGLAP showing a 

similar pattern of upregulation after short-term exposure and downregulation after long-

term exposure. AXIN2 expression, assayed as a control for Wnt pathway activation, 
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was upregulated by both short-term Wnt exposure and, to a greater extent, by long-term 

Wnt exposure. 

 

Figure 4.20 Expression of osteogenic genes in BMMNCs cultured in basal and osteogenic media 

after short- and long-term Wnt stimulation. 

Cells were cultured in monolayer for 14 days in basal or osteogenic media following a 24 hour or ongoing 

treatment with Wnt vs. control and assayed by qPCR for osteogenic gene expression (RUNX2, SP7, ALP, 

SPARC, BGLAP). Expression of AXIN2 (a Wnt target gene) was assayed as a control for Wnt pathway 

activation. n = 1, mean ± SD on 3 technical replicates. Gene expression was normalised to ACTB and 

then to normalised expression in control basal or osteogenic media. 
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4.2.5.3 Bone matrix deposition 

To test possible effects of Wnt stimulation on late/terminal osteogenic differentiation, 

as suggested by the gene expression data, Osteopontin expression was measured by 

immunocytochemistry and calcium deposition by histological Alizarin Red S stain. 

Osteopontin expression, indicative of matrix maturation and mineralisation by mature 

osteoblasts, in short- and long-term Wnt-stimulated BMMNCs followed the pattern 

previously seen for ALP activity (Figure 4.21).    

 

 

Figure 4.21 Osteopontin expression in BMMNCs cultured in basal and osteogenic media after 

short- and long-term Wnt stimulation. 

Immunocytochemistry staining for Osteopontin (green) and cell nuclei (DAPI, blue) was conducted on 

cells cultured in monolayer for 14 days in basal or osteogenic media following a 24 hour or ongoing 

treatment with Wnt vs. control. Scale bars = 100 μm. 

 

Alizarin Red S staining for calcium deposits, characteristic of bone matrix mineralisation, 

mirrored the data for ALP activity as well. Significantly increased Ca2+ deposition was 

seen in cultures stimulated transiently and decreased Ca2+ deposition was observed in 

cells stimulated long-term (Figure 4.22).  
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Figure 4.22 Calcium deposition in BMMNCs cultured in osteogenic media after short- and long-

term Wnt stimulation. 

A: Representative images of Alizarin Red S staining on cells cultured in monolayer for 14 days in 

osteogenic media following a 24 hour or ongoing treatment with Wnt vs. control. Cells in each well had 

the same level of confluency. Scale bars = 200 μm. B: Quantification of extracted Alizarin Red S dye was 

achieved by a spectrophotometric measurement. Calcium deposition in wells induced with Wnt for long-

term was below detection limit. n = 1, mean on 3 technical replicates, statistical significance assessed by 

ANOVA with Tukey’s correction, *p<0.05, ***p<0.001.  

 

These results indicate that transient, early Wnt stimulation augments the osteogenic 

potential of SSCs derived from bone marrow isolates. Sustained Wnt3A activation has 

the converse effect, markedly inhibiting osteogenesis. 
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4.3 Discussion 

Putative skeletal stem cell populations in murine marrow have recently been shown to 

express high levels of Wnt ligands and their cognate Frizzled receptors, providing 

evidence that skeletal stem cell niches may be modulated by Wnt growth factors (Chan 

et al. 2015). This modulation of the Wnt signalling pathway is an attractive target for 

therapies that augment bone formation, and preclinical and clinical trials on drugs 

which induce Wnt signalling have shown promising results in the treatment of chronic 

diseases, such as osteoporosis, and in acute bone injury (Iyer et al. 2014, Jin et al. 2015, 

Li et al. 2011, McClung et al. 2014, Ominsky et al. 2010, Padhi et al. 2011). However, the 

mechanism of action of these Wnt-inducing drugs on the biology of SSCs, which are 

involved in both sustaining bone homeostasis and bone healing following trauma, 

requires further comprehensive studies into the bone marrow niche, both in vivo but 

also in simplified in vitro settings. This chapter aimed to assess the effects of Wnt 

signalling induction via external Wnt cues on SSCs within fresh bone marrow isolates.  

 

As Wnt proteins are highly evolutionarily conserved in animals (Nusse and Varmus 

2012), with murine and human Wnt3A sharing 96 % homology according to the Basic 

Local Alignment Search Tool (BLAST) database, both murine and human Wnt3A 

were used in this work at 100 ng/ml (unless stated otherwise). This concentration was 

sufficient to induce an effect in the population of interest within 24 hours of 

incubation of fresh bone marrow isolates with Wnt3A, as evidenced by the 

upregulation of Wnt target genes AXIN2 and CCND1. However, it is important to 

note that the conventional “on” or “off” linear view of the Wnt signalling pathway 

underemphasises the fact that key outputs, such as the level of β-catenin/TCF-

dependent transcription, can be modulated by over four orders of magnitude, and the 

level of activity determines biological outcomes (Buchert et al. 2010). It is difficult to 

compare the 100 ng/ml concentration to the literature, as the great majority of 

publications use Wnt3A-conditioned media of unknown concentration (from a stably 

transfected murine L1 cell line) for between 4 to 28 days, on established human SSC 

cultures,  often after multiple passages (Baksh and Tuan 2007, Boland et al. 2004, de 

Boer et al. 2004, De Boer et al. 2004, Liu et al. 2009). Upregulation of CCND1 has been 

shown after 8 days of adherent culture with Wnt3A-conditioned medium, but no 

earlier time points have been tested (Baksh and Tuan 2007). There is one example 
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where 100 ng/ml of purified Wnt3A has been used on established human SSC cultures 

for ongoing 21 day exposure (Liu et al. 2009). As previously noted, there appears to be 

only one instance of fresh bone marrow isolate exposure in suspension, but that was 

conducted with Wnt3A-conditioned media, and the effects of exposure were measured  

at 7 days at earliest by plating cells for CFU-F assays (Baksh and Tuan 2007). As such, 

the present work is the first study of BMMNC exposure to purified Wnt3A (Miller 

2002), which activates the canonical signalling pathway, in a culture system which 

recapitulates the bone marrow cellular environment.  

 

In this system, Wnt stimulation resulted in expansion of the SSC-containing STRO-1+ 

fraction after only 24 hours of exposure, and this effect was attributable to increased 

cell proliferation and viability after Wnt treatment. While significant inter-donor 

variability in STRO-1 frequency was observed (range: 3.32 - 17.10 % in control vs. 5.43 

- 25.3 % after Wnt treatment), an increase in STRO-1 frequency was observed in every 

case. One of the study limitations was that the medication status of donors was 

unknown. Therefore, the high inter-donor variability of the responses to Wnt within 

the first 24 hours of treatment might be a result of medication use. On the other hand, 

working with samples from patients affected by bone diseases can increase the clinical 

relevance of the study, as bone diseases are frequently the underlying cause of failed 

bone fracture healing. However, in this study, positive effects of Wnt were observed 

regardless of the donor disease status. Future studies may seek to stratify the effects of 

drug intervention based on patient age, disease or medication status. 

 

Further experiments aiming to delineate whether the effect of Wnt on STRO-1+ cells 

was direct or indirect, showed significant increases in the GPA-/STRO-1+ and GPA-

/STRO-1bright cells, when the STRO-1-enriched population alone was examined. 

However, both BMMNC and STRO-1-enriched populations are heterogeneous, as 

MACS-selection is permissive to blood cell populations (although the number of 

granulocytes is reduced), so it cannot be definitively asserted that the effect of Wnt on 

putative SSCs is direct in nature. Implementing FACS for GPA-/STRO-1bright cells and 

their subsequent 24 hour exposure would be unfeasible due to the insufficient number 

of cells for suspension culture, limited due to the volume of donor sample available for 
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the research in this thesis. Therefore to study the directness of Wnt stimulus on sorted 

SSCs, larger sample volumes should ideally be obtained.  

 

In addition to the increase in the STRO-1+ cell numbers, the expression of this surface 

antigen was higher after Wnt induction solely on GPA-/STRO-1+ cells as assessed on 

a cell-by-cell basis on Image Stream. STRO-1 remains an enigmatic marker, a product 

of an unknown gene, with its expression shown on a variety of adherent cell types, and 

confirmed by a Western blot on primary skeletal stem cells from adipose tissue and on 

endothelial cells (Ning et al. 2011). The authors suggested that STRO-1 is an 

endothelial marker, however, it is also found to be expressed in various prostate and 

breast cancer cell lines, and these two types of cancer most commonly metastasise to 

bone (Li et al. 2012). The lack of evidence of other Western blot/immunoprecipitation 

of the STRO-1 antigen, despite recognition since 1991 (Simmons and Torok-Storb 

1991), highlights the challenge in studying it. Indeed, the antigen itself might be a 

glycoprotein, or present in lipid rafts, or the attempts may have been unsuccessful due 

to the pentameric structure of the IgM STRO-1 antibody itself. Therefore, the reason 

for the Wnt-induced increase in expression of the STRO-1 antigen remains unknown. 

Although the biological role of this marker is unidentified, as is the case with many 

stem cell markers, for example CD34 in haematopoietic stem cells (Sutherland et al. 

1989), STRO-1+/GPA- cells have the property of being enriched in cells with trilineage 

and CFU-F potential (Gronthos et al. 2003, Simmons and Torok-Storb 1991, 

Zannettino et al. 2007), and as such, STRO-1-expressing cells are interesting subjects 

to study.   

 

Overall, CFU-F efficiency was similar to that published previously (Friedenstein et al. 

1970, Gronthos and Simmons 1996), although these assays vary considerably in the 

literature, with different seeding densities, culture vessels, and media and supplements 

used. CFU assays on BMMNCs exposed to Wnt during 24 hour suspension culture 

showed that Wnt stimulation expands a subset of osteoprogenitors, as it increased the 

frequency of colony formation after 14 days in osteogenic media (CFU-O). No 

difference was seen in the frequency of CFU-F, hence under CFU-F culture 

conditions (in basal media), the growth of these cells primed for osteogenesis might 

not be promoted. However, all colonies from cells exposed to Wnt showed an increase 
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in ALP expression, marking osteogenic differentiation. These data, along with the 

augmented incidence of STRO-1+, GPA-/STRO-1+ and STRObright cells after 24 hours 

incubation with Wnt3A, and the measurements of elevated SP7 from the previous 

chapter, indicated that these cells (with increased STRO-1 expression and ALP+) truly 

represented an intermediate preosteoblastic stage of development (Gronthos et al. 

1999).  

 

These results are in contrast to those previously published on freshly plated human 

BMMNCs (Baksh and Tuan 2007). Those authors showed that induction with Wnt3A-

conditioned media rapidly and efficiently affected recruitment of CFU-F from bone 

marrow after just 2 days of exposure. However, experiments with conditioned media 

should be interpreted with caution, as the murine cell line producing Wnt3A might be 

reactive to it, and produce inhibitors of Wnt signalling if the pathway is over-activated. 

In this case, the use of conditioned medium from cells which do not stably express 

Wnt3A would only control for, as an example, depleted glucose, glutamine, serum, or 

secreted cytokines. 

 

Assays measuring ALP activity in high density adherent cultures showed that transient 

stimulation with Wnt3A increased the osteogenic differentiation of both BMMNCs 

and STRO-1-enriched fractions in osteogenic media, with a similar trend in basal 

conditions. It also influenced BMMNC proliferation in basal conditions with modest 

trends noticeable in other setups. Continuous Wnt exposure experiments conducted 

on both BMMNC heterogeneous populations and cells selected on the basis of STRO-

1 expression, showed inhibition of differentiation marked by a decrease in ALP 

activity, with non-significant trends observed towards an increase in proliferation. 

Therefore, long-term Wnt signalling induction prevents these cells from following the 

osteoblastic lineage of differentiation, in direct contrast to short-term Wnt exposure. 

Osteogenic gene expression data and staining for bone matrix deposition followed 

similar patterns to ALP, underlining the effects of transient vs. continuous Wnt 

exposure on SSCs. In the literature, an increase in ALP activity after 48 hour 

incubation with Wnt has been reported in the C2C12 cell line (Lu et al. 2008) and after 

72 hour incubation in ST2 and C3H10T1/2 cell lines (Gong et al. 2001). Furthermore, 

transfection of these cell lines with Wnt3A has yielded similar results (Rawadi et al. 
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2003). Exposure to Wnt conditioned media for 12 days has resulted in increased ALP 

expression in human SSCs but transfection with Wnt3A had the opposite effect, 

simultaneously increasing proliferation (Boland et al. 2004), similar to 5 day treatment 

with Wnt3A-conditioned media in another study (de Boer et al. 2004). When human 

adipose-derived stromal cells (hADSC) were exposed to Wnt3A conditioned media for 

14 days, osteogenic differentiation was inhibited in favour of cell proliferation (Cho et 

al. 2006). Other studies showed that short-term exposure to Wnt3A promotes 

osteogenesis, whereas long term exposure inhibits osteogenic differentiation (Eijken et 

al. 2008, Liu et al. 2009), although these results depended on the concentration of 

Wnt3A used, as well as which osteogenic markers were used as a readout. These 

discordant findings regarding Wnt signalling as either promoting SSC proliferation or 

differentiation might arise from the variety of cell lines used in the experiments, or the 

maturity of cells in the case of primary cells, as well as the duration of exposure to Wnt 

and concentrations used, and the use of conditioned media of unknown 

concentrations.  

 

From these listed variables, different requirements for Wnt stimulation during a 

lifecourse of an osteoprogenitor are perhaps most important as several studies have 

shown that the stimulatory effect of Wnt signalling is dependent on the stage of 

commitment of the progenitor cell/osteoblast (Cook et al. 2014, Liu et al. 2009, Quarto 

et al. 2010). In particular, Cook et al. have shown, with the use of ALP activity and 

mineralisation assays, that continuous induction of Wnt signalling by the small 

molecule AR28 inhibited ALP activity but had no effect on mineralisation, marked by 

Alizarin red stain. However, when osteogenic medium was used without the addition 

of dexamethasone, for assessment of early osteogenesis, enhancement of early 

osteogenesis and formation of precursor cells was detected when a low dose of the 

inducer was used. This was in contrast to a high dose, which led to a decrease in ALP 

activity. These results are in agreement with findings presented in this thesis, where 

induction of Wnt signalling in early progenitors, achieved by short-term stimulation, 

enhanced the osteoprogenitor pool and induced higher ALP expression and activity 

compared to control conditions, possibly accelerating the cells through the osteoblast 

precursor stage. However, as ALP levels decrease in later stages of differentiation, the 
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correlation of decreased expression of this marker with inhibition vs. acceleration of 

osteogenesis should also be performed using other differentiation markers.  

 

One of the study limitations was that a limited number of assays was used to 

determine osteogenic differentiation, with most of the assays relying on ALP. For 

further studies, additional assays could be used to evaluate osteogenic markers at the 

protein level as well as phosphate deposition using von Kossa staining. Moreover, 

examining differentiation also towards adipogenic lineage simultaneously with 

osteogenic lineage would be of great interest, considering the crosstalk between these 

commitment pathways (Takada et al. 2009). The lack of in vivo readout for bone 

formation is another limitation of the study presented here. Several studies have 

shown that the identified predictive markers in vitro often do not translate into in vivo 

bone formation (Kuznetsov et al. 1997, Mendes et al. 2004, Sacchetti et al. 2007, 

Satomura et al. 2000). The heterotopic ossicle formation assay dates back to seminal 

experiments that paved the way towards identifying SSCs, their bone forming 

potential, and role as a haematopoietic microenvironment (Bianco et al. 2013). 

Nowadays, subcutaneous transplantation of stem cells of varying purity, often with 

hydrogel-deposited growth factors, is the most commonly used readout for in vivo 

bone formation. These studies usually aim to evaluate the suitability of different 

transplanted cell populations for clinical applications. Therefore, comparison of the 

bone formation potential of the Wnt-exposed and non-exposed GPA-/STRO-1+ cells 

could be considered in the future. This model offers a simple readout, however it does 

not take into account the signalling in the bone marrow niche and the influence of 

inflammation present at the fracture site (Kolar et al. 2010), nor the fact that human vs. 

murine skeletal stem cell populations are identified by different markers, the murine 

model lacking the expression of STRO-1, which is a strictly human antigen. Therefore, 

the true potential of Wnt as a therapeutic should be examined in a murine bone 

fracture model, followed by a thorough analysis of affected cell populations, using 

markers reported for murine SSCs. For this study, however, a delivery technology for 

Wnt should be established, which would ensure its spatiotemporal actions.   

 

In summary, the results presented here showed that transient stimulation with Wnt-

primed SSCs towards the osteogenic differentiation pathway, whereas prolonged 
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overstimulation negatively affected the already committed progeny of SSCs. Hence, 

the timing of Wnt exposure is crucial in promoting osteogenic differentiation and this 

complexity of Wnt signalling requirements should be considered for therapeutic 

approaches, for successful differentiation of osteoblasts from progenitors present at 

injury sites. 

 

4.4 Conclusion 

The aim of the research presented in this chapter was to assess the effects of Wnt 

signalling induction via external Wnt cues on SSCs within fresh bone marrow isolates.  

This in vitro experimental system, although a simplification of the in vivo situation, 

provided results which aided understanding of what the effects might be when the 

Wnt signalling pathway is induced in the bone marrow niche, as the SSCs were 

exposed to Wnt while still surrounded by components of the niche. The main findings 

showed that: 

 transient, 24 hour Wnt3A stimulation activates Wnt signalling pathway activity in 

stromal/skeletal stem cell populations within bone marrow isolates, and 

promotes their expansion, by increasing their proliferation and protecting them 

from cell death; 

 transient Wnt exposure primes uncommitted stromal/skeletal stem cells in 

BMMNC isolates to an osteogenic fate and increases the frequency of CFU-Os; 

 osteogenic differentiation in BMMNCs and STRO-1-selected populations is 

promoted by early transient Wnt exposure but is abrogated by continuous Wnt 

stimulation. 

These data shed more light on the time-dependent responses to Wnt signalling within 

skeletal stem cells and how Wnts can alter the osteoprogenitor populations. Short, 

transient stimulation of bone marrow populations with Wnt protein might therefore 

positively influence bone repair upon injury, directing more stem cells towards the 

osteoblastic lineage. Therefore, further experiments presented in the following chapter 

aimed to investigate a suitable delivery method for the Wnt protein for therapeutic 

purposes. 
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Chapter 5 

5 Liposomes for Wnt3A protein 

delivery to bone fracture sites 

 



 

- 160 - 

 



Liposomes for Wnt3A protein delivery to bone fracture sites 

- 161 - 

 

5.1 Introduction 

In the previous chapter, Wnt protein was shown to increase the frequency and 

osteogenic differentiation of progenitor fractions, meaning that it could potentially be 

used for therapeutic purposes in bone fracture healing. As the timing of action of Wnt 

signalling is critical to its effect on osteoprogenitors/stem cells, there is a need to 

ensure that Wnt stimulation acts in a spatiotemporally-controlled manner. 

Nanoparticles, such as liposomes, can promote controlled drug release in a 

spatiotemporally defined manner. Therefore, the aim of this chapter was to assess the 

suitability of liposomes as a nanoparticle delivery system for Wnt3A protein. 

 

Due to the hydrophobic nature of Wnt proteins, attributable to their posttranslational 

modification with fatty acids, their extracellular transport requires the presence of 

other molecules. Wnts have been shown to associate with various lipid-rich vesicles 

for this purpose (see Section 1.3.4 for Wnt structure and biology). This makes 

liposomes an attractive delivery technology, and in in vitro situations it has already been 

suggested, though not proven, that Wnt proteins potentially associate with the lipid 

bilayer of the liposomes (Dhamdhere et al. 2014, Morrell et al. 2008). In this 

formulation, the Wnt3A protein has been shown to have extended activity, up to 72 

hours in comparison to free protein, which is only active for ~24 hours (Morrell et al. 

2008).   

 

Liposomes are used extensively by the pharmaceutical and cosmetics industry as 

delivery systems for hydrophobic agents. Liposomal drug formulations have been 

shown to offer considerable advantages, such as superior therapeutic efficacy and 

safety (see Section 1.4 for description of liposomes and their use in drug delivery). 

These particles can be designed to passively or actively localise to desired target areas 

or cell populations in vivo, and therefore are an attractive tool for delivering therapeutic 

agents to stem cells for regenerative medicine purposes. Lipid nanoparticles of 

~100 nm in size have the potential to extravasate from the vasculature at sites of 

increased permeability, such as during inflammation or from leaky blood vessels 

surrounding tumours (Jia et al. 2015, Yuan et al. 1994). Some liposome preparations 

have also been shown to localise to the bone marrow (Section 1.4.6; (Sou et al. 2011)). 

By modifying the lipid composition of the liposomal membrane, the fluidity, 
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permeability, surface characteristics and structural integrity (important for cargo 

release) of a liposome can be controlled. When liposomes are coated with 5 – 

10 molar % polyethylene glycol (PEG), the so called “stealth” or “sterically stabilised” 

preparations evade uptake by the reticuloendothelial system (RES), thus exhibiting 

longevity in circulation (Veronese and Pasut 2005). Therefore, the liposomes produced 

for the experiments in this thesis were initially composed of various lipids for 

optimisation purposes, were PEGylated, and designed to be ~100 nm in size.   

 

In general, within a broad range of industry sectors, the analysis of nanoparticles is a 

requirement, for both routine quality control and from a research and development 

standpoint. A variety of methods were also used within this thesis for assessment and 

characterisation of the liposome preparations, as they could potentially serve as a drug 

delivery method for regenerative medicine strategies.  

 

The formation efficiency and, most importantly, degree of PEGylation of liposome 

preparations was assessed here by gas chromatography (GC). The main principle 

underlying the separation of fatty acids by GC is that they differ in the temperature at 

which they become volatile. This depends upon carbon chain length, and the number 

and position of carbon-carbon double bonds. Increasing chain length increases the 

temperature at which fatty acids enter the vapour phase. Hence various peaks of the 

chromatogram and their area give information regarding the type and concentration of 

the fatty acid, as long as a suitable internal standard is used. Therefore, as PEG is 

attached to lipid, and GC provides information about the acyl portion of the 

compound, an indirect quantification was possible (Berenholz and Lasic 1995).  

Other techniques commonly used for liposome characterisation, include electron 

microscopy (EM), dynamic light scattering (DLS) and recently also scanning ion 

occlusion sensing (SIOS) and nanoparticle tracking analysis (NTA).  

 

EM is regularly used for assessment of size, morphology and lamellarity of liposome 

preparations. Resolution of the structure of vesicles ≤100 nm in size requires the use 

of transmission electron microscopy (TEM). However, negative stains used for 

visualisation and subsequent vacuum-forming processes can cause structural changes 

in the vesicles. More popular techniques, such as cryo-TEM and freeze-fracture TEM, 
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keep the sample at cryogenic temperatures without the need for staining, but the 

instrumentation is not easily accessible, the specimen preparation is time-consuming, 

and can nonetheless still interfere with the structure of the liposome. EM techniques 

do not meet the requirements of batch analysis, and a statistically representative profile 

of liposome populations cannot be generated (Bibi et al. 2011).     

 

DLS, also known as photon correlation spectroscopy, is used to determine the size 

distribution of particles in suspension, moving under Brownian motion and subject to 

light scattering (Selser et al. 1976). This technique measures fluctuations in scattered 

light intensity due to diffusing particles, and allows determination of the mean 

diameter of the particles or, in the case of a multi-angle instrument, the full particle 

size distribution. This measurement depends on the size of the particle core, the size 

of surface structures, particle concentration, and the ionic species in the medium. The 

main shortcomings of DLS include low resolution and “multiple” light scattering, 

where the scattered light from one particle is scattered by another before reaching the 

detector, compromising the accuracy of the readout for polydisperse samples. 

 

SIOS, commercialised by Izon Science, is a nanopore-based technology similar in 

principle to the conventional Coulter Counter, allowing for analysis of particles in 

solution on a particle-by-particle basis (Yang et al. 2012). Particles, passing through a 

tuneable (for size selectivity) nanopore, cause a reduction in electrical current as a 

result of an increase in electrical resistance. The magnitude of this reduction and the 

frequency of the pulses are then related to the particle size and concentration, 

respectively. This method offers a higher resolution than DLS, due to a lower 

contamination with large particles. However, the choice of a suitable elastic pore and 

adjustment of the pore diameter is problematic when a sample of particles is highly 

polydisperse, as ensuring complete detection and avoiding the detection of several 

particles at the same time is an issue.  

 

NTA, commercialised by Nanosight, is another technology which tracks and measures 

nanoparticles moving under Brownian motion in solution, on individual basis (Malloy 

and Carr 2006, Saveyn et al. 2010). The moving paths of nanoparticles are recorded 

under a microscope, using conventional CCD cameras, alongside the analysis of 
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scattered light, which together give information about the size distribution of particles 

and their type, if their size is equal but light scattering properties differ. The advantage 

of this system over DLS is the additional information on particle concentration, as the 

aperture allows for analysis in a microfluidic device with a syringe pump, without the 

drawbacks of SIOS. The potential shortcoming of this technique, however, is the 2D 

plane of the tracking, whereas naturally the particles move in three dimensions, which 

means the particles with a greater degree of movement in the z-plane relative to the x-

y plane will be misinterpreted as larger particles during a short detection period.  The 

microscope can also be fitted with different lasers, allowing for analysis of differently 

labelled particles, although it is not sensitive enough to detect differentially labelled 

compounds encapsulated or tethered to the nanoparticle surface.  

 

As it was important to study the interaction of the encapsulated Wnt with the 

liposome nanoparticles, spectroscopy methods were used to characterise this 

interaction at a single molecule level. The techniques employed for this purpose 

comprised of total internal reflection fluorescence microscopy (TIRFM), and two-

colour coincidence detection (TCCD). Both these techniques require the molecules 

under examination to be differentially fluorescently-labelled. TIRFM is a wide-field 

technique that uses expanded beams to excite fluorophore molecules, but it restricts 

the illumination volume to ~200 nm from the surface, enabling resolution of single 

molecule fluorescence. This technique is of particular use for studying proteins in the 

cellular membranes (James et al. 2007).  TCCD is a confocal microscopy technique, 

which uses two focused laser beams to illuminate the sample in a microfluidics 

chamber in a probe volume of <1fl, while working at picomolar concentrations. This 

technique is often used to study protein aggregation (Orte et al. 2008).    

 

Reporter cells have been used extensively in biology to provide a readout for specific 

gene activation, as a tool for screening drugs and their influence on intracellular 

pathways. In the case of the Wnt signalling pathway, reporter genes encoding 

fluorescent proteins or luciferase are usually transcribed under the control of 

TCF/LEF promoters, which are active in cells in which this pathway has been induced 

(Biechele et al. 2009). Therefore, to test whether the various liposomal Wnt 



Liposomes for Wnt3A protein delivery to bone fracture sites 

- 165 - 

 

preparations, whose design has been documented in this chapter, were biologically 

active, a reporter cell line expressing luciferase gene was used.  

 

Nanoparticles have been shown to enter the intracellular environment by a variety of 

different mechanisms, including phagocytosis, macropinocytosis, caveolar endocytosis 

or clathrin-mediated endocytosis (Canton and Battaglia 2012, Petros and DeSimone 

2010). These routes are highly dependent on the size of the nanoparticles as well as 

their composition and surface properties, and are an important consideration when 

designing liposomes whose uptake is undesirable, or which aim to target specifically 

various intracellular compartments (see Section 1.4.3). As the-time frame and 

mechanism of uptake of liposomal formulations designed to deliver Wnt is unknown, 

it was studied here in vitro on cultured BMMNCs by means of flow cytometry and 

confocal microscopy.  As a system recapitulating the bone marrow microenvironment, 

fresh BMMNCs, the target of therapeutic Wnt delivery, were exposed to the 

nanoparticles, and their localisation in phagocytic cells as well as skeletal stem cells was 

assessed.  

 

The ability of the nanoparticles to accumulate in the bone is of utmost importance, as 

they are aimed at influencing skeletal stem cell subsets within the bone marrow niche. 

Under normal circumstances, accumulation of nanoparticles occurs primarily in the 

liver, the spleen and the bone marrow (due to the involvement of RES in their 

clearance). However, because of their different characteristics, such as surface 

chemistry and size, their biodistribution can vary widely. In addition, as discussed 

earlier, inflammation present at injury sites can also influence nanoparticle localisation 

(see Section 1.4.6). An in vivo imaging system (IVIS) was used here to determine the 

biodistribution of liposomes over time following a systemic injection in a murine bone 

fracture model.  

 

In summary, the aim of the work in this chapter was to: 

• characterise the liposome formulations on the basis of their size, stability, 

concentration, and formation efficiency; 

• determine the optimal formulation for Wnt delivery; 

• measure the uptake of liposomes in vitro and assess their distribution in vivo. 
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These studies were performed to test the hypothesis that liposomes can be used as 

delivery vesicles for Wnt3A protein and that due to their formulation and size, they 

preferentially localise at the bone fracture site in vivo.  

 

A pictorial summary of the experimental protocols is shown in Figure 5.1. 

 

Figure 5.1 Overview of methodologies used and described in this chapter for assessment of 

liposomes as a delivery system for Wnt3A protein for therapeutic purposes. 

Liposomes were prepared via extrusion, and characterised by TEM, DLS, NTA, SIOS and GC. Wnt3A 

protein association with the liposomes was studied by protein assay, Western blot and at a single 

molecule spectroscopy level by TIRFM and TCCD. The activity of liposomal Wnt preparations was 

assayed on a Wnt reporter cell line. Flow cytometry, Image Stream, fluorescence microscopy and 

confocal microscopy allowed to study nanoparticle uptake in fresh or cultured BMMNCs, initially 

isolated from bone marrow aspirates by LymphoprepTM. In vivo localisation of the nanoparticles was 

studied by IVIS, in a murine bone fracture model after systemic injection. BMMNCs, bone marrow 

mononuclear cells; DLS, dynamic light scattering; GC, gas chromatography; IVIS, in vivo imaging 

system; NTA, nanoparticle tracking analysis; SIOS, scanning ion occlusion sensing; SSCs, skeletal stem 

cells; TCCD, two-colour coincidence detection; TEM, transmission electron microscopy; TIRFM, total 

internal reflection fluorescence microscopy.   
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5.2 Results 

5.2.1 Characterisation of liposome preparations 

Initially, different lipid compositions of the liposome preparations were tested, before 

the incorporation of Wnt3A. A list of the lipids used in the experiments and detailed 

molar % composition of the liposomes can be found in the Appendix, Table A.12 and 

Table A.13. Apart from cholesterol, all the lipids used for making liposomes were 

synthetic, to ensure increased stability and purity, as guaranteed by the manufacturer. 

Lipids chosen for liposome preparations varied in length and saturation of their fatty 

acid chains, which allowed for the study of liposomes composed of lipids with 

different properties. Characterisation of the liposome preparations with techniques 

such as TEM, DLS, NTA, SIOS and GC is described below. This allowed further 

studies to focus on the liposome preparation giving the desired properties for Wnt3A 

delivery to a bone fracture site.  

5.2.1.1 Size distribution, stability and concentration of liposomes 

Firstly, liposomes were produced via extrusion through a 100 nm filter membrane and 

imaged under TEM, to assess the lamellarity of the preparations and to obtain an 

approximation of their size. It was impossible to image the liposomes with this 

technique without prior fixation. After applying glutaraldehyde fixation, the procedure 

was still difficult, as the liposomes broke apart rapidly due to exposure to vacuum and 

high energy electron beam. Figure 5.2 depicts representative images of liposome 

preparations seen under TEM, confirming their unilamellarity. Suspected PEG 

polymer structures were observed under higher magnification in “stealth” 

preparations. 

 

As shown on the micrograph, the liposomes were <150 nm in size. However, due to 

the nature of this technique, the size of nanoparticles can only be an approximation. 

Therefore more accurate measurements were conducted with the use of DLS and 

NTA technologies. Figure 5.3A shows the that the liposome preparations were 100 ± 

20 nm in size according to DLS analysis. A more accurate measurement offered by the 

NTA technique (Figure 5.3B), provided information on the spread of the nanoparticle 

populations and their concentration, which was ~1014 particles/ml. This confirmed the 
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calculations made for estimation of liposome concentration (see Appendix, Figure 

A.17), based on lipid concentrations and approximation of particle size. 

 

  
 

Figure 5.2 Liposomes under TEM. 

TEM micrograph showing fixed and negatively stained liposome preparations. A: Representative image 

of DMPC/DSPE-PEG liposomes at 20 000x magnification. Liposomes are uniform and unilamellar. B: 

At 80 000x magnification, uneven structures are visible in the “stealth” (PEGylated) preparations, which 

can be attributed to “mushroom-like” or “brush-like” polymer conformations of PEG.    

 

Both “stealth” (PEGylated) and unPEGylated preparations were examined, to 

compare the possible effects on liposome size and dispersity of the incorporation of 

this polymer within liposomes. It is important to note that the PEG polymer in all 

preparations was tethered to DSPE lipid added during mixing of the lipids, rather than 

after liposome formation; hence the polymer could be incorporated on both inner and 

outer surfaces of the liposome. Despite this, the size distribution of the PEGylated 

preparations was similar to that of unPEGylated preparations, close to the desired 

~100 nm, and all the samples were of very low polydispersity (Figure 5.3C).  

 

Because the “stealth” preparations offer considerable advantages when considered for 

in vivo applications, research in this thesis focused on PEGylated preparations, and 

liposomes without PEG are used as controls for most of the experiments. However, 
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for assessing the stability of the preparations during storage at 4°C, only PEGylated 

preparations of various lipid compositions were examined (Figure 5.4). This analysis 

provided data on the optimal lipid composition for use in further experiments. 

  

 

 

Figure 5.3 Size and concentration of liposome preparations measured by DLS and NTA.  

A: Representative histogram from DLS, showing narrow distribution of the liposome preparation, 100 

± 20 nm in size. B: Size and concentration measurement histogram from NTA, based on analysis of the 

recorded video. C: Summary of size, concentration and polydispersity index (PI) of the 4 tested 

liposome preparations. d10, d50, d90 - % levels below which the sample population falls, giving an 

indication of the overall spread of size, i.e. 50 % of DMPC liposomes are ≤ 93.1 nm.  
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Figure 5.4 Liposome particle stability measured by DLS. 

A: Mean particle size of different liposome preparations over a period of 12 days while stored at 4°C. 
Different lines represent different lipid content and extrusion temperature. B: Two preparations nearest 
the desired 100 nm size (PEGylated DMPC and DOPC) were analysed further, for a total of 21 days. 
Data presented as mean ± SD, n = 3. Chol, cholesterol.  

 

Liposomes consisting of lipids with high transition temperatures (Tc) which were 

extruded below this temperature formed vesicles larger than intended (DSPC at 37°C 

vs. 56°C extrusion). Liposome preparations consisting mainly of DMPC or DOPC 

were examined in further experiments as potential delivery vesicles, due to their 

desirable narrow size distribution, and reproducibility of this size distribution between 

repeat preparations. All formulations were stable over the test period. 

 

SIOS technology was applied to assess liposome fusion during prolonged storage (> 

1.5 months, Figure 5.5), as it enables examination of the size distribution of highly 

polydisperse samples more accurately than DLS or NTA, within a certain window of 

analysis, due to the pore size applied. 
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Figure 5.5 Size and concentration of liposome preparations measured by SIOS.  

SIOS technology was applied to DOPC/PEG liposome preparations stored for > 1.5 months at 4°C, 

showing substantial “fusing” of the particles within the sample and formation of liposomes of a size 

larger than that desired. A 500 nm pore was used. A: Size and concentration measurement histogram. B: 

Population view of the sample. A discrete blockade event signal is recorded by the system each time a 

particle traverses the nanopore. The magnitude of the measured blockade signal is proportional to the 

particle size. Blockade duration (translocation time / time-of-flight) relates to the surface charge of the 

particles. E+n =  multiplied by 10n. 

 

During this prolonged storage, liposome concentration dropped and mean size 

increased, possibly due to fusion of liposomes and formation of particles of a size 

larger than desired. Therefore, all liposomes in this thesis were used for experiments 

within a period of 21 days from formation.  

 

It is noteworthy that the size of liposome formulations containing Wnt3A protein was 

no different to the size of empty liposomes. Also, preparations that were labelled with 

lipophilic dyes (3,3′-dioctadecyloxacarbocyanine perchlorate, DiO; 1,1'-dioctadecyl-
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3,3,3',3'-tetramethylindocarbocyanine perchlorate, DiI; or  1,1'-dioctadecyl-3,3,3',3'-

tetramethylindotricarbocyanine iodide, DiR), used for imaging purposes, were of 

~100 nm size. The only exception was for liposomes with a DSPE-conjugated biotinyl 

cap, extending slightly from the liposome surface due to a short linker, used for 

labelling with a fluorescent AF647-streptavidin. These liposomes, a control for 

membrane-bound protein, were 175 ± 25 nm in size (n = 3; see Appendix for Wnt3A-

incorporating, dye-labelled and biotinylated liposome size, Figure A.18).    

5.2.1.2 Liposome lipid composition and formation efficiency 

As a low degree of liposome PEGylation offers substantial advantages with regards to 

in vivo applications, as well as to the general stability of the preparations, GC was used 

to assess whether the PEG molar % after formation of the nanoparticles was as 

desired (~5 molar %). The GC technique also allowed for the estimation of liposome 

formation efficiency. Representative gas chromatograms and a summary of the analysis 

is shown in Figure 5.6. Substantial loss of lipid during the preparation steps can be 

attributed to the extrusion step.  Nonetheless, the formulations of interest were indeed 

~4.6 - 4.8 molar % PEGylated, and the DOPC PEGylated liposomes formed with 

highest efficiency (~68 %). This analysis also provided evidence of the purity of lipids 

used for making nanoparticles.  
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Figure 5.6 Lipid composition and PEGylation assessment by GC. 

Gas chromatograms for A: DMPC, B: DMPC/DSPE-PEG, C: DOPC and D: DOPC/DSPE-PEG 

liposome preparations. Standard lipid of 15:0 (1,2-dipentadecanoyl-sn-glycero-3-phosphocholine, PC) 

was used as it had a different elution time from the 14:0 (DMPC), 18:0 (DSPE) and 18:1 (DOPC) lipids 

used in the preparations. E: Total lipid mass, formation efficiency and degree of PEGylation were 

calculated.    

 

5.2.2 Functionality of Wnt in liposome preparations 

A Wnt responsive murine 3T3 cell line, which expresses a luciferase reporter gene 

under the control of Wnt-responsive promoters (TCF/LEF), was used to assess the 

activity of liposomal Wnt preparations. First, the response of the cell line was tested 

on neat murine and human Wnt3A proteins used in this thesis (see Section 4.2.1 for 

Figure 4.2 in previous chapter). Wnt3A protein activity readout can vary depending on 
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the cell line expression of its surface receptor, Frizzled, hence an intracellular small 

molecule inducer of the Wnt signalling pathway, the GSK3 inhibitor 6-

bromoindirubin-3′-oxime (BIO), was used as an internal test control for the cell line 

(Figure 5.7). For all assays testing Wnt3A protein activity, 5 μm BIO was used 

(inducing the maximum response), and fold increase in luciferase activity after its 

addition is stated in each figure legend. As cell proliferation may change upon addition 

of Wnt pathway inducing agents, following the luminometric readout cell lysates were 

also analysed for dsDNA content as a control for cell number. 

 

  

Figure 5.7 Responsiveness of the Wnt reporter cell line to Wnt agonist, BIO.  

BIO, a very potent Wnt signalling inducer, markedly activated the Wnt pathway at micromolar 

concentrations. 5 μM concentration of BIO was used for future assay controls. Data presented as mean 

± SD, n = 3 separate experiments. All data points were normalised to controls without the addition of 

BIO, as well as to cell number. 

 

Initially, in liposomal Wnt preparations, the Wnt3A protein was added during the 

rehydration of the lipid cake/liposome formation step, before extrusion of the 

liposome formulation (see Methods Section 2.2.5.9). Figure 5.8 shows the activity of 

these preparations. 

 

The activity of the DMPC liposome-incorporated Wnt3A was similar to that of the neat, 

unincorporated protein, whereas other preparations had lower activity, with DMPC lipid 

preparations with cholesterol being completely inactive. To increase the activity of 

liposomes, another preparation method was applied, whereby the protein was incubated 

with the liposomes after their formation. This greatly increased the activity of liposomal 

preparations composed of DOPC lipid and DOPC and PEG (Figure 5.9).  
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Figure 5.8 Activity of liposomes with Wnt3A protein added before extrusion.  

Wnt3A activity in PEGylated and unPEGylated DMPC and DOPC liposomes was tested after 

ultracentrifugation. Data from reconstituted liposomal pellets shown. Supernatants had no detectable 

activity. Concentration is expressed in ng/ml, assuming 100 % Wnt3A encapsulation efficiency. Neat 

Wnt3A protein was used as a reference. 5 μM concentration of BIO resulted in 95 ± 28 fold increase in 

luciferase activity. Data presented as mean ± SD, n = 3 separate experiments. All data points were 

normalised to appropriate controls (for liposomes, these were the liposome preparations without the 

addition of Wnt3A), as well as to cell number. *p<0.05, ****p<0.0001 for liposome preparations vs. 

Wnt3A reference. Data presented as mean ± SD. Statistical significance assessed by two-way ANOVA 

with Tukey’s correction. Chol, cholesterol.  

 

 

Figure 5.9 Activity of liposomes with Wnt3A protein added after formation.  

Wnt3A activity in PEGylated and unPEGylated DMPC and DOPC liposomes was tested after 24 hours 

of incubation with the particles at room temperature and subsequent ultracentrifugation. Data from 

reconstituted liposomal pellets shown. Concentration is expressed in ng/ml, assuming 100 % Wnt3A 

incorporation efficiency. Neat Wnt3A protein was used as a reference. 5 μM concentration of BIO 

resulted in 92 ± 33 fold increase in luciferase activity. Data presented as mean ± SD, n = 3 separate 

experiments. All data points were normalised to appropriate controls (for liposomes, these were the 

liposome preparations without the addition of Wnt3A), as well as to cell number. *p<0.05, for liposome 

preparation vs. Wnt3A reference. Data presented as mean ± SD. Statistical significance assessed by two-

way ANOVA with Tukey’s correction. 
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Data from various incubation time points of liposomes with the Wnt3A protein, and 

the activity of reconstituted liposomal pellets and supernatants, can be found in the 

Appendix, Figure A.19. For most of the liposomal preparations, incubation with 

Wnt3A for 6 to 24 hours was sufficient. Also, additional time points for the luciferase 

assay readout can be found in Appendix, Figure A.20. The cellular response to 

liposome-encapsulated Wnt, tested on the murine cell line, was seen to be optimal at 

18 hours.   

5.2.3 Wnt assosiation with liposomes 

5.2.3.1 Protein content analysis of liposomes 

The results showed that Wnt3A protein activity was highly dependent on the 

incorporation technique used, and, to an even greater extent, on the type of lipids used 

in different liposome formulations, indicating there are differences in how the protein 

interacts with the liposomal bilayer. Therefore, the Wnt3A protein content of the 

various liposomes was measured (Figure 5.10). Biochemical measurements of proteins 

in the liposome pellet and supernatant post-formation, confirmed that the majority of 

the protein was found in the liposome pellet after ultracentrifugation, with a small 

amount in the supernatant (compare dark green bars to light grey bars in Figure 

5.10A). However, the concentration results showed that Wnt3A incorporation 

efficiency varied between liposomal preparations (71.5 - 90.0 %), and was higher for 

the DMPC than DOPC lipid-based formulations. 

 

Western blot analysis conducted on the pellets and supernatants of samples 

ultracentrifuged after 24 hours and 5 days of storage at 4°C showed that Wnt3A 

protein associated more strongly with liposomes formed of DMPC, DMPC/PEG and 

DOPC/PEG lipids, rather than DOPC, as the amount of Wnt in the supernatant after 

ultracentrifugation was lower in these cases, 24 hour after formation (compare left and 

right upper panels in Figure 5.10B). However, after 5 days of storage, the association 

of Wnt3A with DOPC/PEG liposomes became weaker, as more protein was found in 

the supernatant, in comparison to the 24 hour time point (compare right lower and 

upper panels in Figure 5.10B). Because of this observation, for assays involving 

liposomal-Wnt, liposomes were used within 3 days of incubation with this protein.  
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Figure 5.10 Association of Wnt3A protein with liposomes. 

A: Protein concentration in pellets and supernatants after liposome ultracentrifugation was assessed 

immediately following preparation, vs. non-centrifuged preparations, with the use of a commercial 

CBQCA fluorescent assay. 150 ng of liposomal Wnt3A (assuming 100 % incorporation efficiency) 

associated with DMPC and DOPC, PEGylated and unPEGylated preparations was assessed. Neat, 

unincorporated Wnt3A was used for construction of the standard curve. Data presented as mean ± SD, 

n = 3. Efficiency of incorporation was calculated based on the Wnt3A mass associated with the 

liposomal pellet out of total detectable by assay and was: 82 %, 90 %, 71 % and 79 % for DMPC, 

DMPC/PEG, DOPC and DOPC/PEG, respectively. B: Western blot analysis for Wnt3A protein 

content of liposome pellets and supernatants after ultracentrifugation 24 hours and 5 days after 

formation. DMPC and DOPC, PEGylated and unPEGylated preparations were assessed. 50 ng of 

liposomal Wnt3A (assuming 100 % incorporation efficiency) was loaded onto an SDS-PAGE gel. 5, 10 

and 50 ng of neat Wnt3A was used as a reference for each blot.  
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5.2.3.2 Single molecule spectroscopy measurements of liposomes and Wnt3A 

Furthermore, Wnt3A protein association with liposomes was examined at the single 

molecule level. To be able to visualise the liposomes, a lipophilic fluorescent dye, DiO, 

was incorporated after formation of the liposomes, simply by incubation with the lipid 

particles. To enable visualisation of Wnt3A protein, conjugation with various 

fluorescent dyes was carried out, using a dye containing either a maleimide group or an 

NHS group, to enable the attachment of the dye to different amino acid residues of 

the Wnt3A protein. More detailed results of conjugation with the AF647-maleimide 

dye, Atto680-maleimide and Atto680-NHS dyes are found in the Appendix, Figure 

A.22-Figure A.24. As the Wnt3A protein used in the experiments was a commercially 

available recombinant protein, and bovine serum albumin (BSA) is typically added to 

such preparations, a “carrier free” version (>75 % purity) was used was purchased for 

the tagging experiments. Unfortunately, this preparation also contained a substantial 

amount of BSA, which was unavoidable due to the nature of Wnt3A purification 

protocols. A costly “pure” Wnt3A (>95 % purity) was assayed as well, but the majority 

of this protein was lost in the chromatography column purification step following dye 

conjugation, and therefore was not used further. Figure 5.11 shows the efficiency of 

“carrier free” Wnt3A labelling with fluorescent dyes, and an approximation of the total 

protein load by silver staining. Loading of the tagged protein onto SDS-PAGE gels 

accounts for the ~50 % protein loss during the column purification step, which was 

also an issue for the “carrier free” Wnt3A (see Appendix, Figure A.21). The results 

clearly show contamination of Wnt3A preparations with BSA protein. This is a major 

concern due to the fact that the BSA contaminating each Wnt3A preparation clearly 

conjugates with the fluorescent labels as well, indeed to an even higher degree than 

Wnt3A in the case of NHS conjugation. Therefore for the single molecule studies of 

Wnt3A association with liposomes, fluorescently-labelled BSA protein was used as a 

control.  

  

After conjugation with the fluorescent dye, the activity of tagged proteins was 

measured using a Wnt-responsive cell line (Figure 5.12). Atto680-NHS-tagged Wnt3A 

failed to induce a response on the Wnt-responsive cell line, whereas both Atto680-

maleimide and AF647-maleimide were active. This indicated that conjugation via NHS 
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affected amino acid residues which were important for Wnt3A binding to its receptor, 

and therefore this method was not used further.     

 

 

 

 

Figure 5.11 SDS-PAGE of tagged Wnt3A protein. 

Wnt3A protein was tagged with Atto680-maleimide (A) or AF647-maleimide (B) or Atto680-NHS (C) 

and the SDS-PAGE gels were photographed in a fluorescent reader to visualise the tag and 

subsequently stained with a silver stain kit for total protein visualisation. BSA protein, contaminating 

commercial Wnt3A preparations, was used as control. Size of band was determined based on a 

protein ladder (see Appendix Figure A.22 - Figure A.24).  

 

 

Furthermore, liposomal preparations with fluorescently-labelled Wnt3A were assayed 

for activity. Wnt3A conjugated with AF647-maleimide was not active in the liposomal 

environment (see Appendix, Figure A.25), as opposed to Atto680-maleimide-

conjugated Wnt3A, which showed activity within all the liposomal preparations, 

although with DMPC/PEG liposomes this activity was significantly diminished 

(Figure 5.13). 
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Figure 5.12 Wnt3A protein activity on a Wnt-responsive cell line after tagging with fluorescent 

dyes.  

Wnt3A protein conjugated with Atto680-NHS dye was inactive, as opposed to Wnt3A tagged with 

Atto680-maleimide or AF647-maileimide dyes. Data presented as mean ± SD, n = 3 separate 

experiments. 5 μM concentration of BIO resulted in 90 ± 25 fold increase in luciferase activity. All data 

points were normalised to controls without the addition of fluorescent proteins, as well as to cell 

number. *p<0.05, **p<0.01, ****p<0.0001 vs. equivalent concentration of Wnt3A control sample. 

Statistical significance assessed by one-way ANOVA with Tukey’s correction. 

 

 

Figure 5.13 Liposome activity with labelled Wnt3A protein. 

Wnt3A protein conjugated with Atto680-maleimide dye was active in DMPC and DOPC liposomal 

preparations. Data presented as mean ± SD, n = 3 separate experiments. 5 μM concentration of BIO 

resulted in 89 ± 29 fold increase in luciferase activity. All data points were normalised to controls 

without the addition of fluorescent proteins, as well as to cell number. *p<0.05, **p<0.01, 

****p<0.0001 vs. equivalent concentration of Wnt3A non-liposomal sample. Statistical significance 

assessed by one-way ANOVA with Tukey’s correction. 



Liposomes for Wnt3A protein delivery to bone fracture sites 

- 181 - 

 

As a positive control for a protein associated with the liposomal bilayer, biotinylated 

liposomes incubated with AF647-labelled streptavidin were prepared. Biotin binds to 

streptavidin with high affinity (Weber et al. 1989) and therefore this method acted as a 

positive control for protein in the proximity of the lipid bilayer. BSA conjugated with 

Atto680-maleimide, as previously mentioned, was used as negative control; BSA is a 

protein soluble in aqueous solutions, and therefore does not associate specifically with 

membranes. 

 

Firstly, TIRFM was used to study the colocalisation of both fluorescent tags (on 

liposomes and protein; see Methods, Section 2.2.5.14). The proteins and liposomes 

were incubated for 5 minutes before imaging. Results are depicted in Figure 5.14, and 

show coincidence between Wnt3A and liposomes. The degree of colocalisation of 

labelled Wnt3A protein with DiO-labelled liposomes was 24 % compared with 34 % 

for labelled streptavidin and 7 % for BSA. Labelled BSA was used at the same 

concentration as Wnt, but due to more efficient labelling, this concentration was too 

high to act as an appropriate control; hence the chance of the coincidence was high as 

well. 

 

Secondly, the level of colocalisation of Wnt3A protein and liposomes was studied by 

TCCD (see Methods, Section 2.2.5.14). Results from this confocal microfluidic 

method are presented in Figure 5.15. The maximum detectable coincidence level for 

this technique reached 15.7 %, as measured on a DNA duplex. This was due to the 

capacity of the microscope setup and the overlaying of the two lasers within the small 

confocal volume used in this method to assure analysis at a single molecule level. The 

coincidence was 9.2 % for the positive control streptavidin sample, and 2.2 % and 

0.2 % for Wnt3A and BSA, respectively.  

 

Similar results were obtained when this TCCD experiment was repeated twice more 

on DMPC liposomes, as well as on DMPC/PEG, DOPC and DOPC/PEG 

liposomes.  
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Figure 5.14 TIRFM images of protein colocalisation with liposomes.  

A: DiO-labelled DMPC liposomes with biotin (left) and AF647-labelled streptavidin (right). The level of 

coincidence reached 34 % (centre). B: DiO-labelled DMPC liposomes (left) and Atto680-labelled BSA 

(right). The level of coincidence reached 7 % (centre). C: DiO-labelled DMPC liposomes (left) and 

Atto680-labelled Wnt3A (right). The level of coincidence reached 24 % (centre). Coincident spots were 

measured for the liposome channel. Scale bars = 5 μm.  
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Figure 5.15 TCCD results of protein colocalisation with liposomes.  

As a control for the TCCD experiment and for defining the maximum detectable level of coincidence, 

double labelled (green and red) DNA duplex was assayed. The representative diagram with photon 

bursts (left), shows both the green and the red channel (A) with coincident bursts shown on the Z-

parameter histogram (right) and indicated by the association quotient (Q). Red histogram represents real 

events, whereas grey histogram represents chance events. Representative diagrams with photon bursts 

from TCCD experiment (left), showing both the green (DMPC liposomes) and the red (protein) 

channel for liposomes with streptavidin, BSA and Wnt3A, (B, C, D, respectively). Very few bursts are 

coincident in both channels for BSA, as shown on the Z-parameter histogram (right) and indicated by 

the association quotient (Q), and most of them were due to chance coincidence as indicated by the grey 

line.  
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In summary, the described results showed that Wnt3A does indeed associate with the 

liposomes and is active in these preparations. Depending on lipid composition, the 

activity of Wnt3A incorporated within liposomes can exceed that of the neat protein. 

Because of this and the “stealth” characteristics, as well as narrow size distribution, the 

DOPC PEGylated preparations were of particular interest.  

5.2.4 Uptake of liposomes in vitro and in vivo 

As the overall aim of the nanoparticle production and characterisation was for drug 

delivery purposes, their uptake was studied both in vitro and in vivo. 

5.2.4.1 Uptake of liposomes by cultured BMMNCs 

Initially, adherent BMMNCs were exposed to liposomes. To visualise the 

nanoparticles, the liposomal bilayer was stained with lipophilic dyes, whereas the inner 

core incorporated sodium fluorescein, which is self-quenching at the high 

concentrations found inside the liposomes, but fluorescent upon release in the cell 

cytosol. Examination by simple fluorescence microscopy is hindered by nanoparticle 

size (100 nm), which means that the liposomes are not visible unless “clumped” on the 

cell surface or in the cellular compartments. After 24 hours of incubation with double 

labelled sodium fluorescein/DiI liposomes, only occasional positive cells could be 

imaged (Figure 5.16). However, flow cytometry was sensitive enough to detect these 

nanoparticles within BMMNCs, when the same preparations were examined over 

various time points (Figure 5.17). Quantification of the percentage of positive cells 

from these experiments is shown in Figure 4.18A and B, and mean fluorescence 

intensity (MFI) for both dyes is shown in Figure 5.18C and D. The uptake of the 

nanoparticles was rapid, and within 3 hours of incubation ~50 % of cells stained 

positive. This percentage began to increase more slowly at later time points, eventually 

reaching a maximum of ~70 % for the 24 hour time point. The difference in uptake 

between various liposome compositions was not significant after 1, 3 and 6 hours of 

incubation, but at 24 hours a significant increase in uptake of DOPC/PEG liposomes 

was noticed.   
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Figure 5.16 Uptake of dual-labelled liposomes by cultured BMMNCs – fluorescence 

microscopy.  

Sodium fluorescein and DiI double-labelled liposome preparations were incubated with seeded 

BMMNCs for 24 hours. Only occasional positive signals were found in a minority of the cells imaged by 

this technique. BF, brightfield.  
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Figure 5.17 Uptake of dual-labelled liposomes by cultured BMMNCs, measured using flow 

cytometry.  

Flow cytometry analysis of BMMNCs incubated with sodium fluorescein and DiI double-labelled 

liposomes for 1, 3, 6 and 24 hours. Clear shifts in the histograms representing cells exposed to 

nanoparticles (coloured) vs. control cells (grey, ctrl) are visible in all donor samples (n = 3) examined.  
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Figure 5.18 Uptake of dual-labelled liposomes by cultured BMMNCs – analysis of flow 

cytometry results. 

Quantification of the uptake of sodium fluorescein and DiI double-labelled liposomes by BMMNCs 

after 1, 3, 6 and 24 hour incubation. A and B: All cells gated as positive showed a fluorescence intensity 

greater than that detected on 99 % of the cells not incubated with the particles. All liposome 

preparations were taken up rapidly by cells, resulting in 40 % and 20 % of the cells positively stained 

with sodium fluorescein and DiI dyes, respectively, within an hour of incubation. *p<0.05 for 

DOPC/PEG liposomes vs. DMPC/PEG liposomes. C and D: MFI of the geometric mean for sodium 

fluorescein and DiI. ****p<0.0001 for DOPC/PEG vs. all other preparations. Data presented as mean 

± SD. Statistical significance assessed by two-way ANOVA with Tukey’s correction. MFI, mean 

fluorescence intensity.  

 

No cytotoxicity was observed with liposomal preparations over the course of 48 hours 

(see Appendix, Figure A.26). Next, cells exposed to liposomes labelled by other 

methods were examined. These methods included using the biotinylated liposomes 

labelled with AF647-streptavidin, or incorporation of the DiO dye during the lipid film 

formation step while drying under the nitrogen stream (see Methods, Section 2.2.5.9). 

This allowed for the use of a higher concentration of this lipophilic dye within 

liposomes and improved detection, as measured by flow cytometry (Figure 5.19). 

~80 % of adherent BMMNCs took up DiO-labelled DOPC/PEG liposomes within 3 
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hours of incubation. DOPC/PEG liposomes labelled with AF647 stained ~21 % of 

BMMNCs.  

 

Figure 5.19 Uptake of AF647 or DiO labelled liposomes by cultured BMMNCs – flow 

cytometry.  

Flow cytometry FSC vs. SSC dot plots (left) showing the examined populations, with representative 

histograms (centre), and subsequent overlays of positively stained cells on top of the entire population 

(right) for AF647 (A) and DiO (B) labelled DMPC/PEG liposomes. Cell were incubated with the 

liposomes for 3 hours, and all cells gated as positive showed a fluorescence intensity greater than that 

detected on 99% of the cells not incubated with the particles (grey histograms). 21.5 % and 80.6 % of 

BMMNCs stained with AF647- and DiO-labelled liposomes, respectively.   

 

 

5.2.4.2 Uptake of liposomes by fresh BMMNC isolates 

To test for representative uptake in primary cell populations likely to be present in vivo 

at injury sites, liposome uptake was next measured in fresh BMMNCs by flow 

cytometry and Image Stream (Figure 5.20 and Figure 5.21).    

A small proportion of nanoparticles localised to cells with “monocytic/stromal” light 

scattering properties, which encompasses monocytes and skeletal/stromal 

stem/progenitor populations (see Chapter 3, Section 3.2.2.3). Nanoparticles labelled 

with AF647-streptavidin colocalised more selectively with these fractions than did the 

DiO-labelled nanoparticles, of which a high proportion was also visible within the 

granulocytic fraction, based on light scattering characteristics (Figure 5.20). Overall, 

only a small proportion of the entire BMMNC fraction was positive for these particles 

(5.81 % and 2.12 % for the AF647-streptavidin and DiO liposomes, respectively). 
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Figure 5.20 Uptake of AF647 or DiO labelled liposomes by fresh BMMNCs – flow cytometry.  

Flow cytometry FSC vs. SSC dot plots (left) showing the examined populations, with representative 

histograms (centre), and subsequent overlays of positively stained cells on top of the entire population 

(right) for AF647 (A) and DiO (B) labelled DMPC/PEG liposomes. Cell were incubated with the 

liposomes for 3 hours, and all cells gated as positive showed a fluorescence intensity greater than that 

detected on 99 % of the cells not incubated with the particles (grey histograms). 5.81 % and 2.12 % of 

BMMNCs stained with AF647- and DiO-labelled liposomes, respectively, and most of the positive cells 

localised within the “monocytic/stromal” region, based on light scattering properties.   

   

 

To determine whether the liposomes had an intracellular localisation, or were adhered 

to the cellular membrane, resulting in cell staining without liposome uptake, samples 

were examined using Image Stream flow cytometry. The results showed that the 

AF647-streptavidin liposomes localised predominantly on the cell surface of CD14+ 

monocytes (Figure 5.21A). Unfortunately, the STRO-1+/GPA- , skeletal stem cell-

containing fraction, could not be examined in this instance due to suboptimal staining 

cause by expired antibody. However, the DiO liposomes examined in both the 

monocytes and putative skeletal stem cell fractions showed uptake, with punctate 

intracellular localisation within these cell populations (Figure 5.21B and C).  
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Figure 5.21 Uptake of AF647 or DiO labelled liposomes by fresh BMMNCs – Image Stream. 

Freshly isolated BMMNCs were incubated with liposomes for 3 hours, prior to staining with CD14, 

STRO-1 and GPA antibodies. A and B show intracellular localisation of the particles within CD14+ 

cells, whereas C shows their uptake by the STRO-1+/GPA- population. BF, brightfield.  
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To try to define which cellular compartments they were likely occupying after uptake, 

the intracellular localisation of these DiO-labelled nanoparticles was further examined 

by confocal microscopy. Cultured BMMNCs were exposed to these liposomes for 1, 3 

or 24 hours, fixed, and imaged after staining with endosomal or lysosomal markers 

(Figure 5.22). The results showed increased intracellular localisation of DiO liposomes 

with longer incubation periods. At the earlier time point, more cells presented with 

membrane staining, compared with later time points. Furthermore, there was no 

indication that these nanoparticles colocalised with any of the stained cellular 

compartments (endosomes or lysosomes). However, any interpretation of these initial 

results requires caution because, as previously mentioned, the liposomes needed to be 

accumulating in the same areas in order to be visible, due to detection limits of 

confocal microscopy (the resolution does not surpass ~200 nm). Therefore, it is 

possible that not all of the particles were detected. 



Liposomes for Wnt3A protein delivery to bone fracture sites 

- 192 - 

 

 

Figure 5.22 Confocal imaging of liposomes and the endosomal and lysosomal cellular 

compartments.  

Confocal micrographs representing the cellular uptake by cultured BMMNCs of DiO-stained liposomes 

(green) over the course of 1, 3 and 24 hours. Cells were co-stained with DAPI (blue), and the 

endosomal marker EEA1 (red, A) or the lysosomal marker LAMP1 (red, B). Magnification 63x, scale 

bars = 20 μm.  
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5.2.4.3 Biodistribution of liposomes 

Finally, because the nanoparticles were examined in relation to their potential use as a 

drug delivery method for bone fractures, preliminary data was acquired for their 

localisation and potential toxicity in an in vivo fracture model. For this purpose, 

nanoparticles were labelled with a near infra-red fluorescent dye, to enable 

transmission of excitation and emission light through mouse tissues. Femur drill 

defects were created in the left hind leg, and nanoparticles were injected systemically 

via the tail vein in 3 mice (one with unlabelled liposomes, two with DiR-labelled 

liposomes) within 30 minutes of the drilling procedure, and imaged immediately, and 

also after 24 and 48 hours (Figure 5.23). Liposomes preferentially localised at the bone 

defect site 24 and 48 hours after the fracture (see Appendix for additional ventral and 

contralateral views, Figure A.27). There was no apparent sign of toxicity, and the 

animals recovered as expected after the operation and injection procedures. 

    

 

Figure 5.23 IVIS whole animal imaging of liposome localisation after systemic injection in a 

murine bone fracture model. 

DiR-labelled DOPC/PEG liposome nanoparticles (not containing Wnt3A) were injected systemically 

via tail vein within 30 minutes of left femur drill defect formation. The fluorescent signal imaged at 24 

and 48 hour time points localised in the bone fracture area.     
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Furthermore, for more accurate determination of the localisation of the particles 

within the fracture site, femurs were extracted after 48 hours and imaged (Figure 

5.24A). Surprisingly, femurs from only one of the DiR liposome-receiving mice 

exhibited fluorescence, with a greater degree of the fluorescent signal localising at the 

drill defect spot. As femurs from the other mouse showed no degree of fluorescence, 

the fluorescence signal recorded during whole body imaging might have been 

attributable to the soft/muscle tissues surrounding the femur, as these bone were 

imaged stripped of these tissues. Moreover, individual organs, possible targets of 

nanoparticles due to degradation/excretion or toxic effects, were also imaged 48 hours 

post injection (Figure 5.24B). A substantial localisation in the liver and spleen of the 

animals was detected. These imaged organs were fixed for further toxicity analysis, 

although such work is beyond the scope of this thesis.  

 

 

Figure 5.24 IVIS imaging of organs after 48 hours after systemic liposome injection in a murine 

bone fracture model. 

DiR-labelled liposome nanoparticles were injected systemically via the tail vein within 30 minutes of left 

femur drill defect formation. 48 hours after the procedure, a fluorescent signal was detected in the 

organs of studied animals. A: Femurs were extracted and stripped of the surrounding soft tissues. A 

high degree of localisation in the femur drill defect (left leg), as well as in the opposite leg was recorded 

in 1 of the 2 mice receiving the labelled liposomes. B: A lobe of the liver, the spleen, kidneys and a lobe 

of a lung were extracted. Liposomes localised to a high degree to the liver and spleen. Exposure time 

was equivalent for all organs and was matching the exposure time used for whole animal imaging.   
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5.3 Discussion 

As shown in Chapter 4, Wnt protein stimulation augments the frequency of stem cells 

in bone marrow and their subsequent differentiation to the osteoblastic lineage.  

Therefore Wnt protein could potentially be used for therapeutic purposes in bone 

fracture healing. To exert its beneficial effects, however, it needs to be delivered at the 

correct place and at the correct time. Nanoparticles, such as liposomes, are attractive 

delivery vesicles for hydrophobic agents, and therefore, the aim of this chapter was to 

assess their suitability as a delivery system for Wnt3A protein. 

 

Various lipid compositions were investigated for the stability and size distribution of 

the resultant liposomes. Preparations of greatest interest included 5 molar % PEG, as 

this molecule acts as a stabilising agent for in vivo applications. For experiments 

involving the encapsulation of Wnt into liposomal membranes, DMPC (Tc = 23°C) 

and DOPC (Tc = -20°C) were chosen due to their low Tc. DMPC/PEG and 

DOPC/PEG lipids formed unilamellar liposomes averaging 100 nm in size, which 

were stable for 21 days. DMPC is a 14:0 carbon chain lipid which was previously 

shown to be the most promising in tested vesicle preparations (Morrell et al. 2008), 

sustaining the activity of the incorporated protein, and therefore served as a positive 

control for experiments. DOPC is an 18:1c9 lipid which, due to its unsaturated chain, 

has a very low Tc and remains in the liquid phase over the physiological temperature 

range. With larger spaces between lipid heads, it could potentially ease the 

incorporation of Wnt into the lipid bilayer. However, DOPC might also facilitate the 

leakage of the protein, hence the increased activity and protein content of stabilised 

PEGylated DOPC liposomes. Cholesterol was added to DMPC liposomes in order to 

decrease the Tc, increase the spaces between the lipid heads, and therefore 

theoretically facilitate the incorporation of Wnt protein. Surprisingly, this effect was 

not observed, and therefore cholesterol-containing preparations were not considered 

for Wnt delivery. In future experiments designed to further optimise the liposomal 

compositions, the use of lipids which increase the spaces between the lipid heads and 

also fusogenicity, such as DOPA, DOPE or DAG at 5 molar %, can be considered. 

The protocols for achieving high encapsulation efficiencies for chemically stable 

molecules often cannot be used with fragile molecules, such as proteins, and often lead 
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to a decrease in their functionality. It has been shown previously that, in addition to 

the parameters of the liposome formation protocol, the efficiency of protein 

encapsulation in the liposome depends on the interaction between the protein and 

phospholipid bilayer (Colletier et al. 2002). Therefore, the optimisation of lipid 

composition which promotes these interactions is crucial. Indeed, this might be the 

only tuneable parameter for liposomal Wnt preparation as other tuneable parameters, 

such as the film hydration and freeze-thaw cycles, which increase the encapsulation 

efficiency before the extrusion step, cannot be used for labile molecules such as 

Wnt3A.  

 

It may be the case that larger spaces between the lipid heads accommodate the protein 

within the liposomal bilayer in a way which facilitates its release, as is the case with 

DOPC/PEG formulations, thus increasing the activity of these preparations. The way 

in which Wnt protein interacts with the lipid bilayer of the liposome is, however, 

unknown. It has been proposed that the lipid modification on Wnt proteins 

responsible for interactions with the receptor, Frizzled, might also be involved in 

docking Wnts to lipid bilayers during transport (Lorenowicz and Korswagen 2009). 

However, Drosophila WntD which lacks the posttranslational lipid modification is 

also transported by membranous vesicles, as it requires Rab1, a membrane tethering 

protein, for its secretion (Ching et al. 2008). Hence, palmitoylation of Wnts, required 

for their activity, might be involved in proper folding of these proteins, rather than for 

transport/membrane-docking purposes. Therefore, optimisation of the liposomal 

formulation may be important for interaction of the whole protein with the lipid 

bilayer, not the lipid anchor. This will likely affect the encapsulation efficiency of Wnt 

protein in the liposome particle and affect the drug to lipid ratio in final commercial 

compositions. The studies of Wnt protein interaction with the liposomes at a single 

molecule spectroscopy level confirmed association of the protein with these lipid 

particles, although there is a need for further optimisation to enable the study of the 

kinetics of this association. Such work could be performed with the use of TIRFM on 

adherent liposomal bilayers, as these would also allow for the study of maximal Wnt 

load which results in liposomal association, as opposed to TCCD which is limited to 

picomolar concentrations. However, for all single molecule spectroscopy studies, due 

to issues with insufficient Wnt3A protein tagging, production and use of a 
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recombinant protein with additional taggable amino acids would be advantageous. 

Furthermore, maximal purification to remove contaminating BSA protein would be 

recommended. BSA association with the liposomes was negligible; however, its 

content in Wnt3A preparations creates issues with defining the correct concentration 

for the study of the kinetics of protein association with different liposomal 

preparations.  

 

Studies of liposome stability showed fusion with prolonged storage, alongside varying 

degrees of leakage of the Wnt protein from the Wnt-containing preparations. It has 

been noted previously, that liposomes dispersed in aqueous solutions generally exhibit 

physical and chemical instability after long-term storage, due to hydrolysis and 

oxidation of phospholipids (Chen et al. 2010). As this is a common phenomenon, all 

commercially available liposome-based drugs are sold as lyophilised products. This 

would therefore also need to be the case for liposome-loaded Wnts for therapeutic 

applications.  

 

Flow cytometry, Image Stream and confocal microscopy analyses revealed that 

liposomes were internalised or interacted with target cells. When dual-labelled 

liposomes were used (carrying sodium fluorescein as cargo and a hydrophobic dye 

within their bilayer) different numbers of cells were positive in each case. This might 

be because of the sensitivity issue, as the flow cytometry machine used in this case was 

able to only excite and detect a fraction of DiI. Also, the transition of a lipophilic dye 

between liposomal and cell membranes independently of fusion or uptake cannot be 

excluded, so these results need to be interpreted with caution. Liposomes single-

labelled with AF647, incorporating streptavidin on their surface, generally showed cell 

surface localisation, whereas DiO single-labelled particles were rapidly internalised, 

indicating that streptavidin protein prevents uptake of these nanoparticles, at least in 

the 3 hour time frame tested. Although the streptavidin-labelled liposomes were used 

here to test for possible uptake of liposomes with proteins tethered to the liposomal 

bilayer, such as in the case of Wnt protein, one must bear in mind that the 

streptavidin-biotin bond is of a different nature to that between Wnt and lipids within 

the liposomal bilayer. Therefore, it is better to think about these systems in terms of 

which cell populations are likely to interact with a hydrophobic dye- or protein-bearing 
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nanoparticle in the heterogeneous bone marrow environment, rather than as a definite 

indicator of whether the particles will or will not be internalised. In the case of Wnt, 

prolonged exposure of the cell surface to Wnt-carrying liposomes might be 

advantageous, because of the localisation of its receptor, Frizzled. Conversely, Wnt 

proteins have been shown to be rapidly endocytosed by clathrin-mediated processes. 

Interfering with these processes blocks Wnt signalling at the β-catenin level (Blitzer 

and Nusse 2006). Although the mechanisms of this are still poorly understood, Wnt 

signalling in similar studies has also been shown to be dependent on protein 

internalisation in vivo (Seto and Bellen 2006). However, this is in contrast to a recent 

study, where Wnt3A was chemically tethered to 2.8 μm beads (this size is generally 

unlikely to be internalised even by macropinocytosis), which have been shown to 

activate signalling at a single cell level in embryonic stem cells, without being 

internalised (Habib et al. 2013). Either way, the liposomal Wnt preparations studied in 

this thesis showed activity on a reporter cell line, and future studies should look into 

whether these preparations could induce Wnt pathway activation in populations of 

interest within fresh human BMMNCs. This could again be studied on Image Stream 

by analysing nuclear localisation of β-catenin in cells positive for nanoparticles carrying 

Wnts vs. unloaded nanoparticles, ideally using dual-labelled liposomes. However, the 

cell line data showed the highest response to nanoparticles 18 hours after their 

addition; hence the pathway activation in BMMNC suspension cultures should also be 

examined over longer incubation times. Although the initial Image Stream data 

confirmed nanoparticle localisation in skeletal stem cells after 3 hours of incubation, 

data from confocal microscopy showed increased uptake of these particles over longer 

time periods. This observation lends further weight to the suggestion of studying 

pathway activation in specific populations of BMMNCs over longer incubation 

periods. Such a time period could be extended up to 24 - 48 hours, since this 

corresponds to the time period for which liposomes were observed to persist in vivo in 

the murine bone fracture defect model, at least in one of the studied mice.  

 

Confirming this in vivo observation, another very recent study on administered PEG-

micelle nanoparticles has shown their preferential retention at the bone fracture site, 

and this phenomenon has been attributed to the presence of a haematoma and leaky 

vasculature (Jia et al. 2015). A clear next step would be to examine liposomal Wnt 
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preparations in the murine bone fracture model and their influence on bone 

regeneration. This would also involve studying the possible therapeutic benefits in 

animals with known difficulties in bone fracture healing, such as in aged mice or mice 

chronically exposed to glucocorticoids, as opposed to young animals. If a positive 

influence on bone fracture healing were to be noticed, a murine set of markers could 

be used to delineate which cell populations are most affected by this treatment at early 

time points (24 – 48 hours). This would include investigations into nestin+ cells, which 

contain all the CFU-F activity in mice (Mendez-Ferrer et al. 2010), either by Image 

Stream or histological analysis. Ideally, this type of study would, however, be carried 

out in a mouse reporter model for Wnt signalling, such as those expressing GFP or 

LacZ under the control of Axin2 (Jho et al. 2002, Lustig et al. 2002).   

 

The in vivo study also confirmed nanoparticle localisation at the likely sites of their 

degradation and highly occupied by cells of the RES, such as the liver and spleen (Sou 

et al. 2011). In a therapeutic scenario for humans however, the nanoparticles would 

ideally be injected locally to the site of bone injury. Therefore, injection to the bone 

fracture site, or the fracture haematoma, and examination of nanoparticle retention, is 

another possibility to consider for further investigations in the animal model. This 

approach might also limit the exposure of other organs to nanoparticles; however any 

possible toxic effects still need to be verified by further histological examination. The 

clearance mechanisms of nanoparticle material by the endothelium of bone marrow 

sinusoids require more study (Moghimi 1995). 

 

Future approaches, which aim to increase the retention of liposomes at the fracture 

site, may utilise some of the technologies used for delivery of therapeutics to the bone 

marrow in studies published so far. For example, active targeting of particles to the 

sinusoidal epithelia of the bone marrow might be the most promising approach to 

targeted deposition of delivery systems in the bone (Mann et al. 2011). It relies on the 

fact that E-selectin, a cell adhesion molecule expressed on the endothelial cells in 

response to inflammatory stimuli only, is constitutively expressed in the bone marrow. 

ESTA aptamers have been developed, that bind E-selectin with high affinity and 

selectivity in vitro and in vivo, and when conjugated to porous silicon particles, increased 

their biodistribution to the bone marrow. Other studies have evaluated the use of 
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bone-binding molecules, such as bisphosphonic acid moieties, targeting hydroxyapatite 

(Hengst et al. 2007). Lipid particles tethered with (AspSerSer)6, for interaction with 

calcium-rich bone surfaces, showed selectivity for bone forming surfaces, as opposed 

to sites of bone resorption, which could be useful in early phases of bone fracture 

healing (Zhang et al. 2012). These liposomes, even in untargeted formulation, localised 

preferentially to bone, liver and kidney. However the targeting moiety, as expected, 

dramatically increased bone retention and decreased localisation to liver and kidney. 

Accumulation of liposomes in bone marrow, without the use of specific targeting, has 

been previously suggested, as the bone marrow macrophages supposedly have a role in 

the delivery of lipids to the bone marrow (Sou et al. 2011). Succinic acid dihexadecyl 

ester lipid-based particles have also been show to lead to rapid phagocytosis by the 

bone marrow macrophages. However, the liposomes in these studies were negatively 

charged, and the biodistribution of liposomes to the bone was species specific and in 

fact lower in rodents than in primates (Sou 2012). Also, low doses of liposomes have 

been shown to preferentially localise to bone marrow, whereas high doses presented 

with no such specificity and bone marrow, liver and spleen localisation was observed, 

due to saturation of phagocytic cells. These observations underline the importance of 

studying nanoparticle distribution in multiple animal species. In addition, several 

studies have shown that reduction in size of the nanoparticles improved passive as well 

as active targeting to the bone marrow (Harris et al. 2010, Porter et al. 1992, Schettini et 

al. 2006). Recently, multiple preliminary studies have investigated the use of magnetic 

iron oxide particles, conjugated with growth factors (BMP2), bisphosphonates or 

coated with calcium phosphate and a bioactive peptide (YRGDSPC) and showed 

significant increases in osteoblast proliferation (Balasundaram and Webster 2007, 

Pareta et al. 2008). Moreover, use of a 100 nm magnet implanted upon surgery aided 

the localisation of magnetic liposomes encapsulating BMP2 in a rat segmental bone 

defects (Matsuo et al. 2003). Discovery of receptors or bone specific molecules 

expressed in the bone marrow tissue would facilitate the development of novel drug 

carriers targeting bone marrow in the future.  

 

Various therapeutics are under investigation for modulating the Wnt signalling 

pathway (Rudge and Dale 2014). However, there are several advantages to the use of 

protein therapeutics over small-molecule drugs (Leader et al. 2008). Proteins often 
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serve a highly specific and complex set of functions that cannot be mimicked by 

simple chemical compounds, and because the action of proteins is highly specific, 

there is often less potential for protein therapeutics to cause adverse side-effects. 

Whereas nanoparticles can be used for delivery of proteins intracellularly (Shah et al. 

2011), and in that way induce pathway activation, the use of proteins acting specifically 

on surface receptors is beneficial. In the case of Wnt protein, its action upon the 

surface Frizzled receptor leads to specific pathway activation, as opposed to small 

molecule GSK3 inhibitors, which can interfere with other pathways, in which this 

enzyme is involved, or elicit non-specific effects. For example, although BIO is highly 

specific for GSK3β (Meijer et al. 2003), the parent molecule, indirubin monooxime has 

been shown to inhibit cyclin dependent kinases at high concentrations (Damiens et al. 

2001). High doses of BIO have been shown to lead to cell cycle arrest similar to that 

of heavily contact-inhibited cells, arresting mitosis (Krause et al. 2010). As Wnt3A is a 

protein naturally produced in the body, its use offers an advantage over antibodies 

modulating the Wnt pathway, which can elicit unwanted immune responses. Therefore 

liposomal Wnt therapeutics merit further study. 

 

5.4 Conclusion 

The aim of the research presented in this chapter was to assess the suitability of 

PEGylated liposome formulations for Wnt3A protein delivery to SSCs in vitro and to 

the bone fracture site in vivo.   

The main findings showed that: 

 Wnt3A protein is active in several different PEGylated liposome formulations; 

 liposomes are rapidly taken up by SSC cultures in vitro as well as by SSCs within 

the fresh, heterogeneous bone marrow populations; 

 liposomes localise at the bone fracture site 24 and 48 hours after systemic 

injection in a murine model of bone injury. 

Therefore PEGylated liposomes are an attractive delivery method for Wnt3A protein 

to the bone fracture site. As a therapeutic, it has the potential to positively influence 

bone fracture healing. However, further research needs to address the safety and 

efficacy of such an approach.     
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6.1 Discussion 

6.1.1 Achievements of the study 

The main aim of this thesis was to determine the effect of Wnt stimulation on the 

osteogenic response of populations of cells in human bone marrow and to establish a 

technology for the delivery of active Wnt proteins selectively at the bone fracture site. 

This project is part of a longer-term strategy to develop novel therapeutics which can 

be administered systemically to stimulate, augment or expedite fracture healing and to 

address the burgeoning, debilitating and expensive problem of bone fracture 

morbidity. In doing so, the project tested the hypotheses that temporal control of Wnt 

stimulation promotes osteogenesis in human SSCs, that Wnt proteins associate with 

liposomes and retain their activity, and finally that this technology could be used for 

spatiotemporal delivery of Wnts (and other therapeutics) in fracture healing. 

 

This thesis achieved these aims by: 

 the development of flow cytometric methods and ex vivo cultivation protocols to 

study the effects of Wnt stimulation on human marrow samples; 

 the demonstration that timing of Wnt stimulation is critical in the potency of 

this signalling pathway in promoting osteogenesis in SSCs; 

 the development of Wnt tagging protocols and utilisation of single molecule 

spectroscopy (TIRFM and TCCD) to study protein-liposome association; 

 the optimisation of liposome formulation for maintaining Wnt activity for 

delivery to SSCs in vitro and to the fracture site in vivo.   

 

6.1.2 Summary of main findings 

The main findings of this study in relation to the aims and hypotheses of the thesis are 

summarised as follows: 

 transient (24 hour) activation of the Wnt signalling pathway in human BMMNCs 

cultivated ex vivo in suspension culture results in (a) an increase in the frequency 

of cells expressing known stem cell markers and (b) an increase in their 

subsequent differentiation to the osteoblastic lineage; 
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 sustained (14 day) Wnt stimulation dramatically inhibits both early and late 

osteogenesis in these same cells;  

 Wnt protein was shown to associate with liposomes and retain its activity in the 

PEGylated liposomal formulations; 

 3 hour incubation of nanoparticles with fresh BMMNC isolates resulted in 

liposome uptake by SSC-enriched populations and also by monocytes; 

 24 and 48 hours after systemic administration in a murine bone fracture model, 

liposomes preferentially localised to the bone fracture site. 

 

In Chapter 3, FACS and Image Stream cytometry protocols were developed as tools to 

assess the different cell populations present in human bone samples. Staining panels 

based on recognised SSC markers were designed to specifically analyse the skeletal 

stem cell population within fresh bone marrow isolates. Co-staining with a negative 

selection marker, GPA, in STRO-1-enriched fresh bone marrow isolates allowed 

further enrichment of samples for SSCs. Moreover, mononuclear cell populations with 

the highest expression of the STRO-1 antigen had intrinsically elevated levels of Wnt 

signalling, suggesting that they likely contain SSCs. 

 

In Chapter 4, it was found that bone marrow cell populations identified in Chapter 3 

with high intrinsic Wnt signalling, and marked by the expression of a putative skeletal 

stem cell marker, STRO-1, were responsive to external Wnt stimulation, showing 

marked increases in the expression of genetic markers of the Wnt signalling pathway 

following stimulation. Transient stimulation promoted the expansion of cells 

expressing the STRO-1+ marker by increasing their proliferation and protecting them 

from cell death. It also primed stem cells within the bone marrow towards an 

osteogenic fate, increasing the frequency of CFU-Os. Moreover, transient Wnt 

signalling induction by Wnt3A enhanced early and late osteogenic differentiation of 

bone marrow isolates. However, in striking contrast to these effects, sustained Wnt 

stimulation completely abrogated osteodifferentiation. These studies demonstrate that 

the timing of Wnt3A stimulation is critical in its osteogenic effects and illustrate that 

the use of Wnt-stimulating drugs in bone fracture healing must take into account such 

temporal patterns of responsiveness. 
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In Chapter 5, it was found that liposomes of defined size could be fabricated by 

hydration and extrusion of various lipids in aqueous solution. These liposomes 

retained their size over prolonged periods of time. By testing the incorporation of 

Wnt3A protein at different stages of the fabrication of liposomes, it was found that 

liposomes could be produced with high levels of Wnt incorporation by adding the 

protein after extrusion. In doing so, this study showed that various PEGylated lipids 

could be used to make active liposomes, where previously in the literature only the use 

of a single unPEGylated lipid has been successful. The association of protein with the 

liposomes was thoroughly tested using a number of techniques, in particular TCCD 

and TIRFM. These single molecule spectroscopy techniques have never been used 

previously to assess protein/liposomal interactions for drug delivery purposes. 

Moreover, liposome uptake by fresh and adherent BMMNCs was studied by FACS, 

Image Stream cytometry and confocal microscopy, over the time course of 1 – 24 

hours. The liposomes were readily taken up by cell populations of interest, such as 

SSCs and monocytes, and studies evaluating nanoparticle uptake by fresh bone 

marrow populations using Image Stream cytometry are novel for bone marrow-

targeted nanotherapeutics. In addition, preliminary findings from the small animal 

study of bone injury indicated that liposomes localised at the bone fracture site 24 and 

48 hours after systemic injection. After analysing the fractured femurs ex vivo, 

liposomes were visible in the bone drill defect. These studies demonstrate that Wnt3A 

protein can be incorporated into the liposomal preparations while still retaining its 

activity. Liposomes can target tissue at the fracture site and thus liposomal Wnt 

formulations have the potential to enhance bone regeneration. 

 

6.1.3 A discussion of the main findings and their context 

The work which constitutes this thesis contributes to the field of regenerative 

medicine of the bone in a number of ways. Most importantly, it furthers knowledge of 

the effects of Wnt signalling on SSCs of the human bone marrow. The finding that 

Wnt increases the osteoprogenitor populations within the bone marrow and enhances 

their osteogenic differentiation, but only when the stimulation of the Wnt signalling 

pathway is transient, has clinical implications. A pictorial summary of the findings, 

how they relate to what is known about bone fracture healing, and potential 
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applications of liposomal Wnt therapeutics is shown in Figure 6.1. The disparate roles 

of Wnts in different phases of fracture healing have been postulated before and should 

be considered in the future development of therapeutic strategies (Xu et al. 2014). The 

results presented in this thesis suggest that a short, transient Wnt stimulus in the initial 

phase of bone fracture healing may be beneficial, and a decrease in Wnt signalling 

following the initial stimulus is necessary for osteodifferentiation to occur. This is 

supported by other work, where constitutive activation of the pathway caused a delay 

in bone regeneration as cells were maintained in a proliferative state and their 

differentiation was abrogated (Kim et al. 2007). Evidence from other studies also 

indicates that increased Wnt signalling during later stages of fracture healing could be 

useful in bone remodelling. For example, increased Lrp5 expression persists 

throughout the later stages of osteoblastic differentiation, suggesting its role as a 

receptor during terminal differentiation (Gong et al. 2001) and dramatically enhanced 

bone healing occurs in mice expressing a stabilised form of β-catenin, but only when 

restricted to osteoblasts (Chen et al. 2007). Therefore, a double injection approach, in 

the initial inflammatory and later remodelling stages of fracture healing, might be 

considered for a time-controlled delivery of bone-targeted Wnt inducing therapeutics. 

An additional injection of Wnt signalling inhibitors during the repair phase of healing 

might be another attractive possibility. Interestingly, a similar requirement for time-

controlled Wnt delivery has been implicated in the regeneration of other tissues, with 

skin being one example where increased β-catenin activity during the proliferative 

phase has been shown to be crucial for successful wound repair. However the 

prolonged activity of β-catenin beyond the normal time frame of healing contributes 

to excessive fibrosis and scar formation (Sato 2006).  

 

In addition, as a novel approach, in the present work fresh bone marrow isolates were 

studied which were sourced from patients who would likely be the recipients of the 

therapy under investigation. Moreover, the effects of Wnt signalling were investigated 

in the presence of haematopoietic cell lineages, which is advantageous since bone 

homeostasis has been shown to be greatly affected by immune cells (Kolar et al. 2010).    

 

In this study an exogenous, purified protein was used to stimulate Wnt signalling, as 

opposed to conditioned media or as a result of cell transfection or transduction. The 
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weaknesses of the latter approaches are discussed in Section 4.1, but to summarise, 

these techniques can result in non-specific effects, or over-activation of the pathway 

far beyond endogenous levels. In this study, purified protein was used, which 

circumvents many of these problems. The approach presented in this thesis ultimately 

has more relevance to clinical studies.  

 

Drugs including bisphosphonates, PTH and denosumab (discussed in Section 1.2.2) 

are used widely in the clinic to augment bone mass and prevent fracture in 

osteoporosis, but their efficacy in fracture healing is unclear (Goldhahn et al. 2012). 

For example, the anti-resorptive bisphosphonates are efficacious only in reduction of 

vertebral fractures, due to higher content of cortical vs. trabecular bone and therefore 

even a small decrease in resorption makes a difference. For non-vertebral long bone 

defects, anabolic therapies are better suited due to the greater content of trabecular 

bone. Furthermore, while systemically administered PTH might have its therapeutic 

window during most stages of fracture healing, it is more likely to accelerate normal 

fracture healing in healthy individuals than to prevent non-unions in difficult cases. 

Wnts offer an advantage over PTH as they possess the potential to influence the first 

stages of fracture healing by increasing proliferation and osteogenic differentiation of 

SSCs homing to the fracture haematoma. PTH lacks this role and it mainly increases 

the longevity of osteoblasts (Aspenberg 2013). In addition, it is the quality of SSCs 

(measured by their potential to differentiate) that is influenced by Wnts, rather than 

the number of SSCs, that is crucial for successful fracture healing, as concentration of 

poor quality SSCs fails to prevent non-unions (Hernigou et al. 2005).  

 

Clinical trials on the SOST Ab, Romosozumab, have shown that it induced both bone 

formation and reduced bone resorption (the mechanism of this uncoupling is 

unknown), which would hugely benefit osteoporotic patients by affecting bone 

remodelling. However, clinical trials on Romosozumab on fracture healing have been 

suspended after Phase II (ClinicalTrials.gov identifier: NCT01081678), for reasons that 

are unclear. One speculative reason might be low efficacy of the treatment, as it has 

been shown that the very rapid bone formation slows down after administering 

multiple doses of the antibody. As mentioned before, during fracture healing Wnt 

signalling decreases during the intermediate phases of osteogenic differentiation and 
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artificial overstimulation can be detrimental to the fracture healing (Kim et al. 2007). 

The cell types or combinations of cell types affected by SOST Abs are as yet unknown 

– their identification will be key to understanding SOST Abs’ mechanism of action. 

For example, a recent study showed that the fractures in SOST-KO mice healed to the 

same extent as in the wild-type mice, only faster. This observation is very similar to 

those observed following the administration of PTH (Kakar et al. 2007). This may 

indicate that SOST Ab might predominantly affect osteoblasts, rather than SSCs. 

Furthermore, although the SOST Ab is humanised, some patients developed 

neutralising antibodies against it, which might limit the efficacy of the therapy after 

continuous dosing. Concerns with safety on cardiovascular health have also been 

raised, as high levels of SOST have been reported for calcifying vascular tissues, where 

it might exert anti-mineralization effects (Brandenburg et al. 2013, Zhu et al. 2011), 

raising the issue of non-bone-related side effects.  

Nanomaterials, such as nanostructured particles and scaffolds, have been widely 

studied for treatment of bone diseases and for bone regeneration. Bone-targeted 

delivery of nanoparticles may increase the efficacy of treatment, lowering its side 

effects and reducing the dose of drug required (Gu et al. 2013). Materials with high 

affinity to bone,  such as particles with tethered bisphosphonates or repeated aspartate 

sequences for interaction with the mineralised tissue have been used to better localise 

drugs to bone for anti-cancer or anti-osteoporotic treatment (Luhmann et al. 2012, 

Swami et al. 2014). However, the use of nanoparticles for bone fracture healing is still 

in its infancy.  

 

Due to the advantages of spatiotemporal delivery of Wnt modulators, this work 

focused on a liposome delivery system for Wnt3A to the bone fracture site. The 

findings confirmed that liposomal encapsulation enhances Wnt activity and that the 

protein does indeed associate with the nanoparticles. Crucially, however, it showed for 

the first time, that the protein is also active in PEGylated formulations of liposomes. 

This has great implications with regards to its delivery as a therapeutic in vivo, as 

“stealth” formulations offer significant advantages in delivery of therapeutics 

(Klibanov et al. 1990). 

In addition, liposomes are rapidly taken up by cells in fresh bone marrow isolates, not 

only by monocytes but also by putative SSCs. Most importantly, the finding that 
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liposomes localise at the bone fracture site after systemic injection and persist in the 

injury area, underlines the suitability of 100 nm PEGylated liposomes as delivery 

vesicles for therapeutics enhancing the healing of bone fractures. This has implications 

for other studies beyond those investigated in this thesis. For example, liposomal 

formulations may be a useful delivery method for antibiotics in high-energy trauma 

leading to open fractures, which are particularly susceptible to infections and often 

require additional surgical procedures to clean out the infection and allow for 

placement of special drains to remove pus (Zalavras and Patzakis 2003). Infections in 

orthopaedic and reconstructive surgery can be devastating and very difficult to treat, 

and are associated with significant morbidity and poor functional outcomes (Haddad et 

al. 2000). Therefore, localising therapeutics at the fracture site after systemic 

administration could offer potential advantages over locally administered antibiotics. 

As the fluorescent tag on the particles was also visible, although to a lower extent, in 

the non-fractured femur, liposomes of the studied formulation may represent a 

potential delivery vesicle for localisation in bone marrow in general (see Section 5.3), 

for example for diagnostics or for treatment of bone metastasis. Bone-targeted 

delivery of drug-loaded nanoparticles is a rapidly growing field for the treatment of 

cancer, as bone metastases are a huge clinical burden (Mundy 2002).  

 

In summary, liposomes, although nano-sized, have a gigantic potential. They are 

suitable for a variety of biological applications, from acting as carriers of Wnts for 

regenerative medicine purposes, to delivery of diagnostic tools or antibiotics 

specifically to the bone, and as cytotoxic drug carriers for bone cancer. Therefore, 40 

years since their discovery, they are still highly attractive molecules to study in 

biomedical research.      
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Figure 6.1 Suggested effects of Wnt signalling within the bone marrow niche in tissue 

homeostasis and following a bone fracture.  

A: Phases of bone fracture healing (inflammation, repair and remodelling), osteogenic differentiation of 

SSC and Wnt signalling pathway activation at these different stages of healing and osteogenic 

commitment. Wnt signalling is crucial for appropriate healing of bone fractures, especially in the initial 

inflammatory phase as well as in the remodelling phase. B: Targeting the inflammatory phase of bone 

fracture healing with liposomal Wnt may enhance the healing process. Various cell types are present in 

the haematoma; liposomes are taken up SSCs as well as by phagocytic cells. SSC, skeletal stem cell. 

Based on own findings and: (Baron and Kneissel 2013, Einhorn and Gerstenfeld 2015, Kawai et al. 

2011)  
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6.1.4 Limitations of the study 

A major advantage of the study was the use of fresh, human bone marrow samples 

from patients undergoing hip replacement surgery. However, this also brought some 

limitations. The marrow samples were isolated by a number of different surgeons in 

Southampton General Hospital and so it was not possible to accurately control the 

isolation techniques. In addition, aside from sex differences, the patients vary 

considerably in factors such as their age, medication status, weight and height. As a 

result, marrow samples varied considerably in their volume and marrow vs. fat/bone 

content, making it very difficult to compare between some of the results. To try and 

overcome this limitation, a large number of samples were incorporated in our 

experimental results (for example, 11 donors in the STRO-1 expression experiments 

described in Chapter 4, Section 4.2.3.1) but nevertheless the standard deviations were 

usually very high. Despite this limitation, statistically significant, valuable results about 

the efficacy of Wnt in promoting skeletal stem cell expansion were obtained (Chapters 

3 and 4).  

 

The use of a protein as a therapeutic may be seen as a weakness in the study, as the 

number of potential protein therapies that have failed outnumbers those which have 

been successful (Leader et al. 2008). This is due to the challenges facing protein 

therapeutics during their development and use, which include stability, solubility, route 

of administration and distribution, as their half-life in vivo is affected by enzymes and 

clearance mechanisms. Moreover, the cost of developing protein therapies is high. In 

addition, large-scale production and storage systems may present several issues which 

are not experienced during the production of the protein therapeutic for animal testing 

or clinical trials. For instance, stability of the protein, its folding and tendency to 

aggregate may all be affected by mass production. Furthermore, the approach using a 

protein to activate the Wnt signalling pathway is highly dependent on the level of the 

Frizzled receptor on the target cell surface. The in vivo level of Frizzled receptors on 

SSCs in the human bone marrow at the bone fracture site has yet to be assessed. 

However, in an animal model, the overall gene expression at the femoral fracture site 

indicates a significant upregulation of the Frizzled receptor (Hadjiargyrou et al. 2002). 

Despite these limitations, there is a precedent for the use of protein therapeutics in 

humans. For example, insulin is one of the most successful drugs of the 20th Century 
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and is used by many millions of patients (Berenson et al. 2011). In addition, 

monoclonal antibodies are used successfully for a range of conditions, including cancer 

and chronic autoimmune diseases (Chames et al. 2009), and growth factors, like Wnt, 

are indicated clinically for conditions as diverse as skin wound healing, bone repair and 

myocardial infarction (Whyte et al. 2012).         

 

This study focused on the use of Wnt3A ligand, as this was the first Wnt protein to be 

purified (Willert et al. 2003) and in fact the first human Wnt commercially available at 

the time of starting this research. Some animal studies have shown that this ligand is 

broadly expressed at the bone injury site (Kim et al. 2007), and shows greatest 

downregulation upon aging. Although brief ex vivo incubation of grafts from aged 

animals with liposomal Wnt3A re-established their osteogenic competence (Jing et al. 

2015, Leucht et al. 2013), a different Wnt ligand may be a more potent alternative for 

specific regulation of skeletal stem cells. Indeed, several animal studies have suggested 

Wnt10b as regulator of bone formation that acts specifically on skeletal precursors 

(Cawthorn et al. 2012, Stevens et al. 2010). Overall however, the involvement of 

various Wnt ligands in human bone fracture healing is not yet well known and requires 

further examination in order to determine the most therapeutically potent Wnt 

ligand(s).  

 

Another potential limitation is that Wnt ligands are ubiquitously expressed within all 

tissues, and can exert their effects not only on normal cells but also neoplastic cells. 

Although aberrant Wnt signalling leading to carcinogenesis is mainly caused by 

mutations, rather than being induced exogenously (Clevers and Nusse 2012), there are 

reports which have shown that Wnt ligands are up-regulated in some cancers, and that 

their expression often correlates with aggressiveness and metastasis, such as in the case 

of prostate cancer (Valkenburg et al. 2011). For these reasons, it is likely that ultimately 

any Wnt ligands will be administered in the recognition of contraindications, for 

example early-stage cancer or high cancer risk. It is important to note that several 

monoclonal antibodies, that agonise Wnt signalling, such as Romosozumab, have 

passed phase I safety trials and are now in phase III. In addition, the study presented 

here provides an extra layer of control in Wnt delivery: by ensuring spatiotemporal 
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delivery of Wnt proteins, the site of action of the drug can be controlled to a greater 

degree.  

Additionally, the current study did not investigate the potential toxic effects of 

systemic liposome delivery. The use of nanotechnology in medicine, and more 

specifically in drug delivery, is advancing rapidly, but the short- and long-term toxicity 

of nanoparticles is an understudied issue (De Jong and Borm 2008). Despite this, it is 

encouraging that the “nanotechnology” of liposomes has been employed successfully 

in the cancer therapeutic field for ~30 years (Torchilin 2014). In addition, the efficacy 

of liposomal Wnt delivery in bone fracture healing was not investigated due to time 

limitations. These issues will need addressing in future studies. 

6.2 Indications for further experiments and future 

directions for research 

While this research provided evidence for the possibility of using Wnts to fine tune 

SSC lineage commitment and osteogenic differentiation for bone regeneration 

purposes, the effects of Wnt on other differentiation pathways of SSCs, such as 

adipogenesis and chondrogenesis, also merit investigation. Interestingly, although Wnt 

signalling activation has been shown to supress chondrogenesis in the majority of the 

studies (Chun et al. 2008), it has also been indicated that a low level of Wnt signalling 

can favour chondrogenic differentiation over osteogenesis (Day et al. 2005). Taking 

into consideration the involvement of chondrocytes in bone fracture healing, as well as 

the need to develop therapeutics for bone fractures which also cause cartilage defects, 

the potential effects of Wnt on SSCs and on chondrocytes merit further study.  

 

Furthermore, it is unclear whether the results on SSCs obtained after Wnt stimulation 

are due to direct effects on the SSC population, or indirect effects through another cell 

population. Provided that larger volumes of the bone marrow samples could be 

obtained, it might be possible to isolate “higher purity” populations of SSCs by FACS, 

using a combination of CD106, CD146 and STRO-1 selection markers (Bakopoulou et 

al. 2013, Gronthos et al. 2003), followed by exposure to Wnt. Incubation of these cells 

with Wnt and study of their behaviour in the presence or absence of other bone 

marrow populations may aid understanding of the specificity of Wnt stimulus by 

determining which population is truly susceptible to changes in Wnt signalling levels. 
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However, as the current study noted beneficial effects of transient Wnt stimulation 

and at the same time could not exclude the nonspecific effects of Wnt3A on other 

bone marrow stem cell populations, it may be sensible to direct therapeutic Wnts to 

the bone marrow niche, without the requirement for them to be targeted to specific 

stem cell populations. 

 

As discussed in Section 5.3, several studies have addressed the issue of bone marrow-

specific targeting of particles, and there have been diverse approaches to increase their 

retention in the bone marrow at the fracture site. These studies may serve as guidance 

when designing novel Wnt nanocarriers.     

Further work is required to establish a truly spatiotemporal liposomal release system 

within the bone marrow. Whereas liposomes were shown in this study to deliver 

therapeutics within the bone marrow niche, and more specifically at the bone fracture 

site, further work is necessary to determine whether Wnt proteins retain their activity 

at the target site. Also, further studies are needed to assess the efficacy of liposomal 

Wnts in bone fracture healing. Although it has been postulated that the native Wnt 

protein denatures within minutes at 37°C, and that the liposomal formulation extends 

its stability (Dhamdhere et al. 2014), a rapid release of Wnt from liposomes at the 

fracture site and its quick serum clearance would be undesirable. A reporter mouse 

study of the myxovirus resistance-1 (Mx1) promoter has been shown to label 

osteolineage-restricted stem/progenitor population, and suggested that this population 

has been fully responsible for bone regeneration at the fracture site (Park et al. 2012). 

Interestingly, these osteogenic progenitors have been shown to appear at the site of 

injury 2 days after injury and proliferate, with the cells close to the fracture site 

differentiating into functional osteoblasts. Thus, the release of the protein in vivo, with 

the potential of extending its activity for 48 hours to affect the osteogenic progenitors, 

should be subject to future study.  

It is still not known whether Wnt liposomes will be effective in fracture healing. To 

test this, the small animal study reported in this thesis could be extended to determine 

the efficacy of the administered liposomes during fracture healing. The timing of 

injection could be varied, and the bone fracture healing rate could be measured in vivo 

by μCT over a time course of 3 weeks. This would allow for determination of the ideal 
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therapeutic window for liposomal Wnt administration. As the liposomes are labelled 

with fluorescent dyes, the bone fracture site, as well as the organs responsible for 

liposome degradation, could be histologically studied. A longer animal study would 

also allow for the assessment of the toxic effects of these nanoparticles, and could 

include histopathological studies of the organs and their weight, as well as testing the 

blood of the animals for elevated cytokine levels (such as IL-6 and TNFα) by ELISA 

(Knudsen et al. 2015). In addition, the uptake and effects of the nanoparticles in 

specific bone marrow populations after a systemic injection could be studied by Image 

Stream cytometry. Identification of fluorescently labelled nanoparticles in 

haematopoietic lineage and SSC populations, with additional identification of cells with 

active β-catenin, would aid understanding of which of the populations are targeted by 

the nanoparticles and which are targeted by Wnt stimulation, as well as providing 

quantitative measurements of nanoparticle uptake.  

Furthermore, recent developments in 4D in vivo imaging of the bone marrow niche can 

be used to better assess the liposome delivery system. This technology would enable 

real-time monitoring after nanoparticle injection in a murine or rat bone fracture 

model (Lo Celso et al. 2011). The interaction of populations of SSCs, stromal cells and 

other niche components, such as osteoblasts, collagen or vasculature could be studied, 

although this would require the use of appropriate reporter mice.    

To address possible issues with rapid Wnt release, and considering that the injection of 

therapeutic Wnt formulations for the application in human fractures would be local, 

rather than systemic, investigations into localising “depot” sources of liposomes may 

be sound. For this purpose, lipogels or hydrogel-embedded liposomes could 

potentially be tested (Alinaghi et al. 2014, Jensen et al. 2013).   

 

Furthermore, investigation of the use of other biodegradable particle types would be 

interesting, especially if they could localise to the bone marrow and induce Wnt 

signalling specifically at the receptor level. Recently, the peptide UM206(S-S), derived 

from the primary sequence of Wnt3 (Patent number: EP 2226080 A1), has been 

shown to induce Wnt signalling when covalently bound to magnetic particles 

(Rotherham et al. 2015), acting on the Frizzled receptor. A similar technology could be 

used to attach this peptide to smaller nanoparticles, of 100 nm size (as opposed to 250 
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nm), made from more biocompatible materials, such as polymers. This could ensure 

delivery of more stable particles and inducers of Wnt signalling pathway, without 

compromising their specificity. 

   

6.3 Concluding remarks 

No previous study has addressed how Wnt proteins affect the proliferation and 

differentiation of human skeletal stem cells, identified by known surface markers. This 

study provides evidence to suggest that a temporal activation leads to a large increase 

in osteogenesis. In addition, before a therapeutic can be developed, a stable 

nanoparticle incorporation technique is needed. In this study it has been shown that a 

number of “stealth” liposomal formulations retain Wnt activity in vitro and may be 

used in the future as delivery agents. Finally, the studies reported in this thesis show 

that liposomes accumulate at the fracture site post injury, which gives further 

encouragement that this technology could be used in future studies to allow systemic 

administration of anabolic bone therapies for promoting fracture repair in patients. 

Future studies of this nature will be informed by the research presented in this thesis. 
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A. Appendix 

Reagents 

Table A.1 Media composition.  

Medium A: BMMNCs isolation medium reagents 

αMEM with 2.2 g of sodium bicarbonate supplemented 

with: 

Gibco 

100 U/ml penicillin and 100 μg/ml streptomycin PAA 

Medium B: Wnt signalling induction medium reagents 

αMEM with 2.2 g of sodium bicarbonate supplemented 

with: 

Sigma 

5 % FBS Gibco 

100 U/ml penicillin and 100 μg/ml streptomycin PAA 

Additionally, 100 ng/ml Wnt3A protein for 24 hours 

or solvent (0.5 % BSA in PBS) of Wnt3A protein as a 

control    

R&D 

Basal culture medium reagents 

αMEM with 2.2 g of sodium bicarbonate supplemented 

with: 

Gibco 

10 % FBS Gibco 

100 U/ml penicillin and 100 μg/ml streptomycin PAA 

Osteogenic medium reagents 

αMEM supplemented with: Gibco 

10 % FBS Gibco 

100 U/ml penicillin and 100 μg/ml streptomycin PAA 

100 µM sodium-2-ascorbate Sigma 

5 mM β-glycerophosphate Sigma 

10 nM dexamethasone Sigma 

MG63 and HaCaT cell lines culture medium reagents 

DMEM supplemented with: Sigma 

10 % FBS Gibco 

100 U/ml penicillin and 100 μg/ml streptomycin PAA 

3T3 Wnt reporter cell line culture medium reagents 

DMEM supplemented with: Sigma 

Growth medium concentrate 

or 10 % FBS  

Enzo Life Sciences 

Gibco 
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100 U/ml penicillin and 100 μg/ml streptomycin PAA 

3T3 Wnt reporter cell line assay medium reagents 

DMEM supplemented with: Sigma 

Assay medium concentrate 

or 25 mM HEPES pH=7.2 and 5 % FBS 

Enzo Life Sciences 

Fisher, Gibco 

50 U/ml penicillin and 50 μg/ml streptomycin PAA 

 

Table A.2 Staining buffers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow cytometry buffer reagents 

PBS 

1 % BSA (Sigma) 

2 mM EDTA (Promega) 

Flow cytometry blocking buffer 

PBS 

1 % BSA 

2 mM EDTA (Promega) 

3 % goat or rat serum (Sigma) 

MACS buffer reagents 

PBS 

0.5 % BSA 

2 mM EDTA 

MACS blocking buffer 

αMEM 

1 % BSA 

1 % AB human serum (Sigma) 

0.5 % FBS 

Alkaline phosphatase assay buffer 

5 ml 1.5 M Alkaline buffer solution (Sigma) 

10 ml dH2O 

30 µl Igepal CA-630 (Sigma) 

Blocking and permeabilisation buffer 

PBS 

1 % BSA 

10 % goat serum 

0.3 M glycine 

0.1 % Tween (Fisher) 
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Table A.3 Western blot reagents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A.4 Reagents 

Reagent Supplier  

Annexin V Apoptosis Detection Kit eFluor® 450 eBioscience 

Alkaline phosphatase standard Sigma 

Alkaline phosphatase substrate Sigma 

BIO Sigma 

Cholesterol Sigma 

Collagenase IV Sigma 

Easy Lyse Erythrocyte Lysing Reagent  Dako 

FAST Violet B salts Sigma 

Resolving gel (10 ml)  

Protogel  (National Diagnostics) 

Resolving Buffer (National Diagnostics) 

dH2O  

TEMED (Sigma) 

10 % APS (Sigma) 

3.3 ml 

2.6 ml 

3.9 ml 

10 μl 

100 μl 

Stacking gel (5 ml)  

Protogel (National Diagnostics) 

Stacking Buffer (National Diagnostics) 

dH2O 

TEMED (Sigma) 

10 % APS (Sigma) 

0.65 ml 

1.25 ml 

3.05 ml 

5 μl 

25 μl 

SDS-PAGE running buffer 10x  (1L) 

Tris (Fisher)    

Glycine (Fisher)   

SDS (Fisher)    

topped up with dH2O to 1L 

30.39 g 

144 g 

10 g 

Transfer buffer (1L) 

Running buffer (10x)   

Methanol (Fisher)   

Top up with dH2O to 1L 

80 ml 

200 ml 

Blocking buffer and antibody diluent (30 ml) 

PBS (PAA) 

Tween (Fisher) 

dried skimmed milk (Marvel) 

30 ml 

30  μl 

1.5 g 
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GeneRuler DNA ladder 50bp Thermo Fisher 

Hematoxylin solution Gill no. 3 Sigma 

Lipid DMPC 14:0 Avanti Polar Lipids 

Lipid DOPC 18:1 Avanti Polar Lipids 

Lipid DSPE-PEG(2000)  Avanti Polar Lipids 

Lipid DSPE-PEG(2000) Biotin Avanti Polar Lipids 

Lipid DSPC 18:0 Avanti Polar Lipids 

Lipid DPPC 16:0 Avanti Polar Lipids 

Luciferase substrate and buffer Steady Glo Promega 

LymphoprepTM Density Gradient Medium Axis-Shield 

MACS rat anti-mouse IgM microbeads Miltenyi Biotec 

Napthol AS-MX Phosphate Alkaline Solution Sigma 

PicoPure RNA extraction kit Invitrogen 

Protein ladder Fermentas Spectra™ Multicolor 

Broad Range 

Fermentas 

Proteo Silver Stain Kit Sigma 

RNeasy Mini Kit Qiagen 

SuperScript® VILO™ cDNA Synthesis Kit Invitrogen 

TMB 1x ELISA Substrate Solution eBioscience 

Trypan blue Sigma 

Trypsin Lonza 

Virkon tablets DuPont 

Wnt3A protein and “carrier-free” Wnt3A (human) R&D systems 

Wnt3A protein (murine) Gift from Dr Shukry Habib, Stanford 

 

Table A.5 Antibodies 

Antibody Working dilution 

Primary antibodies 

Mouse anti-human STRO-1 IgM R&D systems 

MAB1038 

1/100 (Flow cytometry) 

subsequent 10x dilutions starting from 

1/5000 (ELISA) 

Hybridoma supernate anti-

human STRO-1 IgM 

hybridoma 

cultured “in 

house”  

500 µl undiluted, non-purified (Flow 

cytometry and FACS)  

1 ml undiluted, non-purified (MACS) 

subsequent 2x dilutions starting from 

1/5000 (ELISA) 
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Mouse Isotype control IgM from 

murine myeloma 

Invitrogen 

M5909 

1/100 (control for flow cytometry with 

hybridoma supernate STRO-1 antibody) 

1/40 (control for flow cytometry with 

STRO-1 antibody from R&D) 

subsequent 10x dilutions starting from 

1/2000 (ELISA) 

Rabbit anti-human Osteopontin GeneTex 

GTX28448 

1/50 (immunostaining for microscopy) 

Rabbit anti-human LAMP1 Abcam 

Ab24170 

1/500 (Immunostaining for confocal 

microscopy) 

Mouse anti-human EEA1 Santa Cruz 

Sc-53939 

1/200 (Immunostaining for confocal 

microscopy) 

Rabbit anti-human Wnt3A Abcam 

Ab172612 

1/10 000 (Western blot) 

Primary conjugated antibodies 

Mouse anti-human CD19 FITC made “in house” 

and kindly 

supplied by Dr 

Kam Hussain, 

Cancer Sciences, 

University of 

Southampton 

1/10 (Flow cytometry) 

Mouse Isotype control IgG1 

FITC 

BioLegend 

400110 

1/20 (Flow cytometry) 

   

   

Mouse anti-human CD56 PE BioLegend 

318306 

1/20 (Flow cytometry) 

Mouse Isotype control IgG1 PE BioLegend 

400112 

1/20 (Flow cytometry) 

Mouse anti-human CD3 PerCP BioLegend 

344814 

1/20 (Flow cytometry) 

Mouse Isotype control IgG1 

PerCP 

BD Biosciences 

559425 

1/20 (Flow cytometry) 

Mouse anti-human CD14 APC eBioscience 

17-0149-41 

1/20 (Flow cytometry) 

Mouse Isotype control IgG1 APC BioLegend 

400120 

1/20 (Flow cytometry) 
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Mouse anti-human CD14 PE BioLegend 

325606 

1/20(Flow cytometry) 

Mouse Isotype control IgG1 PE BioLegend 

400114 

1/40 (Flow cytometry) 

Mouse anti-human CD14 Pacific 

Blue 

BioLegend 

325616 

1/20 (Flow cytometry) 

Mouse Isotype control IgG1 

Pacific Blue 

BioLegend 

400131 

1/40 (Flow cytometry) 

Mouse anti-human CD66b 

PECy7 

eBioscience 

25-0666-41 

1/20 (Flow cytometry) 

Mouse Isotype control IgG2a 

PECy7 

BioLegend 

400231 

1/20 (Flow cytometry) 

Mouse anti-human GPA APC BioLegend 

306607 

1/20 (Flow cytometry) 

Mouse Isotype control IgG2b 

APC 

BioLegend 

400319 

1/20 (Flow cytometry) 

Mouse anti-human GPA PE BioLegend 

349106 

1/40 (Flow cytometry) 

Mouse Isotype control IgG2a PE BioLegend 

400211 

1/40 (Flow cytometry) 

Mouse anti-human CD45 AF488 BioLegend 

304017 

1/20 (Flow cytometry) 

Mouse Isotype control IgG1 

AF488 

BioLegend 

400129 

1/40 (Flow cytometry) 

Secondary antibodies 

Goat anti-mouse IgM AF488 Invitrogen 

A21042 

1/200 (Flow cytometry and FACS) 

Goat anti-mouse IgM AF647 Invitrogen 

A21238 

1/200 (Flow cytometry) 

Rat anti-mouse IgM PE BioLegend 

406507 

1/50 (Flow cytometry) 

MACS rat anti-mouse IgM 

microbeads 

Miltenyi Biotec 

130-047-301 

1/5; 200 µl of beads in 800 µl of MACS 

buffer (MACS) 

Goat anti-mouse IgM polyclonal Abcam 

Ab9167 

1/100 (ELISA) 

Goat anti-mouse IgM 

peroxidase-conjugate 

Sigma 

A8786 

1/15000 (ELISA) 

Goat-anti rabbit IgG AF488 Invitrogen 

A11008 

1/100 (immunostaining for microscopy) 
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Goat anti-mouse IgG AF594  Invitrogen 

A11005 

1/100 (Immunostaining for confocal 

microscopy) 

Goat anti-rabbit IgG AF594 Invitrogen 

A11037 

1/100 (Immunostaining for confocal 

microscopy) 

Goat anti-rabbit IgG HRP Abcam 

Ab6721 

1/3000 (Western blot) 

 Staining kits  

Human Mesenchymal Stem Cell 

Multi-Color Flow Kit 

R&D Systems 

FMC002 

All antibodies used at 1/10 (Flow 

cytometry) 

Human Haematopoietic Stem 

Cell Flow Kit 

R&D Systems 

Test sample  

All antibodies used at 1/10 (Flow 

cytometry) 

 

 

Equipment  

Table A.6 Equipment  

Equipment 

BD FACS Canto II BD Biosciences 

BD FACS Calibur BD Biosciences 

Centrifuge Megafuge 1.0R Heraeus  

Centrifuge 5415R Eppendorf 

Digital camera Power Shot G10 Canon 

ELx800 colorimetric microplate reader Biotek 

Extruder Avanti Polar Lipids 

FACS Guava Millipore 

FLx800 fluorescence microplate reader   Biotek 

MACSmixTM tube rotator  Miltenyi Biotec 

Microscope Zeiss Axiovert 

Microscope Zeiss Stemi 2000 

NanoDrop ND-1000 Thermo Fisher 

PCR machine Veriti Applied Biosystems 

Plate heater Jencons PLS 

QuadroMACS magnetic rack Miltenyi Biotec 

Real-Time PCR system 7500 Applied Biosystems 

Ultracentrifuge Optima Max Beckman Coulter 

VarioscanFlash luminometric microplate reader Thermo Scientific 
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Bone marrow samples 

Table A.7 Bone marrow samples. 

Abbreviations: M - male; F - female; OA – osteoarthritic; OP – osteoporotic. 

No. Sample ID Sex Age OA/OP Aspirated Isolated Cell no. x106 

1 M65 090212 M 65 OP 09/02/12 13/02/12 21.6 

2 F78 090212 F 78 OP 09/02/12 13/02/12 4.75 

3 F89 190212 F 89 OA 19/02/12 20/02/12 87 

4 M91 190212 M 91 OA 19/02/12 20/02/12 175 

5 F89 010312 F 89 OA 01/03/12 02/03/12 29 

6 M68 090312 M 68 OP 09/03/12 12/03/12 12.8 

7 F67 090312 F 67 OP 09/03/12 12/03/12 80.6 

8 M66 190312 M 66 OP 19/03/12 21/03/12 3 

9 M65 250312 M 65 OA 25/03/12 26/03/12 56.4 

10 M84 170412 M 84 OP 17/04/12 17/04/12 38.8 

11 F87 230412 F 87 OP 23/04/12 24/04/12 4 

12 F63 191012 F 63 OP 19/10/12 22/10/12 10 

13 F93 191012 F 93 OP 19/10/12 22/10/12 8.5 

14 M63 051112 M 63 OP 05/11/12 06/11/12 50 

15 M87 100113 M 87 OP 10/01/13 12/01/13 70 

16 M83 250113 M 83 OP 25/01/13 26/01/13 103 

17 F80 200213 F 80 OP 20/02/13 22/03/13 196 

18 F94 030313 F 94 OP 03/03/13 05/03/13 270 

19 F96 120813 F 96 OP 12/08/13 15/08/13 159 

20 F84 060913 F 84 OA 06/09/13 10/09/13 82.5 

21 F70 121013 F 70 OA 12/10/13 15/10/13 125 

22 M71 181013 M 71 OP 18/10/13 21/10/13 100 

23 F97 241013 F 97 OP 24/10/13 29/10/13 58 

24 F75 041113 F 75 OP 04/11/13 05/11/13 75 

25 M77 011113 M 77 OP 01/11/13 05/11/13 125 

26 F59 141113 F 59 OA 14/11/13 18/11/13 220 

27 M71 181113 M 71 OA 18/11/13 21/11/13 67 

28 F86 181113 F 86 OP 18/11/13 21/11/13 37 

29 F92 221113 F 92 OP 22/11/13 22/11/13 70 

30 F57 271113 F 57 OA 27/11/13 28/11/13 171 

31 M64 271113 M 64 OP 27/11/13 28/11/13 10.6 

32 M66 271113 M 66 OP 27/11/13 28/11/13 132 

33 M76 071213 M 76 OP 07/12/13 09/12/13 500 

34 F73 170114 F 73 OP 17/01/14 20/01/14 98 

35 F80 220114 F 80 OP 22/01/14 23/01/14 6.8 
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36 M72 220114 M 72 OP 22/01/14 23/01/14 1.8 

37 F64 230114 F 64 OA 23/01/14 24/01/14 17.5 

38 F84 230114 F 84 OA 23/01/14 24/01/14 22 

39 F75 310114 F 75 OP 31/01/14 03/02/14 204 

40 M91 300114 M 91 OA 30/01/14 03/02/14 14.3 

41 F70 060214 F 70 OA 06/02/14 07/02/14 35 

42 M57 060214 M 57 OA 06/02/14 07/02/14 62 

43 M76 190214 M 76 OA 19/02/14 21/02/14 85 

44 F65 190214 F 65 OA 19/02/14 21/02/14 140 

45 F62 140314 F 62 OP 14/03/14 18/03/14 470 

46 M68 090513 M 68 OA 09/05/14 11/05/14 221 

47 F67 090513 F 67 OP 09/05/14 11/05/14 131 

48 M79 130514 M 79 OP 13/05/14 14/05/14 200 

49 F54 130514 F 54 OA 13/05/14 14/05/14 1.8 

50 F57 190514 F 57 OP 19/05/14 20/05/14 300 

51 M59 230514 M 59 OP 23/05/14 24/05/14 630 

52 M66 230514 M 66 OP 23/05/14 24/05/14 181 

53 M74 230514 M 74 OP 23/05/14 24/05/14 213 

54 M58 240614 M 58 OP 24/06/14 25/06/14 383 

55 F72 030914 F 72 OP 03/09/14 04/09/14 500 

56 F80 030914 F 80 OA 03/09/14 04/09/14 200 

57 M53 020914 M 53 OA 02/09/14 04/09/14 200 

58 F82 100914 F 82 OA 10/09/14 11/09/14 208 

59 F69 100914 F 69 OA 10/09/14 11/09/14 83 

60 F78 180914 F 78 OA 18/09/14 19/09/14 125 

61 F69 190914 F 69 OP 19/09/14 19/09/14 300 

62 F77 220115 F 77 OA 22/01/15 24/01/15 8 

63 F68 230115 F 68 OA 23/01/15 24/01/15 147.5 

64 F69 230115 F 69 OA 23/01/15 24/01/15 422.5 

65 M55 230315 M 55 OP 23/03/15 26/03/15 4 

66 M71 230315 M 71 OP 23/03/15 26/03/15 82.5 

67 M82 250315 M 82 OP 25/03/15 26/03/15 19 

68 F58 010415 F 58 OP 01/04/15 03/04/15 700 

69 M61 010415 M 61 OP 01/04/15 03/04/15 473 

70 F84 280415 F 84 OA 28/04/15 29/04/15 65.8 

71 F64 290415 F 64 OA 29/04/15 29/04/15 107.5 

72 F74 300515 F 74 OP 30/05/15 31/05/15 49 

73 F57 300515 F 57 OP 30/05/15 31/05/15 220 

74 M64 030615 M 64 OP 03/06/15 04/05/15 169 
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Experiments 

Flow cytometry - blood lineage gating strategy 

 

Figure A.1 Gating strategy for blood lineage staining panel. 

A: Gating on granulocytes, monocytes, NK cells, T cells and B cells based on staining with isotype-

matched control antibodies on BMMNC samples. B: Gating on granulocytes, monocytes, NK cells, T 

cells and B cells based on staining with isotype-matched control antibodies on STRO-1-enriched 

BMMNC samples.  
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Flow cytometry – HSC kit isotype controls 

 

Figure A.2 Isotype controls for HSC staining panel. 

Samples from 3 donors were analysed with the haematopoietic stem cell marker panel. Figures in A, B 

and C show the gating strategy set up based on the isotype-matched controls from the HSC kit. 
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Flow cytometry – haematopoietic cell staining isotype controls 

 
 

Figure A.3 Isotype controls for haematopoietic staining panel. 

Quadrant dot plots depicting colocalisation of STRO-1 with haematopoietic cell markers (CD14, 

CD66b, CD56, CD3 and CD19) as stained with isotype-matched antibodies for this staining panel.  
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STRO-1 antibody - positive and negative controls 

 

Figure A.4 STRO-1 antibody positive and negative control.  

A: Human keratinocyte cell line, HaCaT cells, served as a negative control for the STRO-1 antibody. 

These cells did not express the STRO-1 antigen, as assessed by flow cytometry. B: Human 

osteosarcoma cell line, MG63 cells, served as a positive control for the STRO-1 antibody. 25 % of 

MG63 cells examined by flow cytometry expressed STRO-1.   
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ELISA – STRO-1 antibody concentration determination 

 

 

Figure A.5 ELISA standard curves. 

Both the isotype antibody and commercially available STRO-1 antibody concentration resulted in very 

similar standard curves, hence for further testing between batches of the supernatant, only the isotype 

was used. Logarithmic concentration scale has been used for visualisation; linear curve fit values shown 

on the graph. 

  

Table A.8 Concentration of STRO-1 antibody in the hybridoma supernatant.  

Due to highl antibody content, high dilutions were tested. For future batch to batch testing of the 

hybridoma supernatant, two dilutions, 1 in 40000 and 1 in 80000, are sufficient to be assessed. 

  
Dilution Concentration 

[ng/ml ± SD] 
Concentration x dilution 

[ug/ml] 

1 in 20000 34.01 ± 3.63 680.11 

1 in 40000 17.58 ± 1.32 703.20 

1 in 80000 9.16 ± 1.01 732.54 

 average ~706 ug/ml 
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qPCR and primer validation 

 

Table A.9 Reverse transcription reaction 

Incubation 25C, 10 minutes 

Reverse transcription 42C, 120 minutes 

Termination 85C, 5 minutes 

Final incubation 4oC ∞ 

 

Table A.10 Primer list 

Abbreviation Gene and 

transcript ID 

Gene name Sequence Product 

length 

Wnt target genes 

AXIN2 Gene ID: 8313 

NM_004655.3 

axin-2; axin-

like protein; 

axis inhibition 

protein 2; 

conductin 

F:5’CAAGGGCCAGGTCACCAA3’ 

R:5’CCCCCAACCCATCTTCG3’ 

68bp 

CMYC Gene ID: 4609 

NM_002467.4 

myelocytomato

sis viral 

oncogene 

homolog;proto

-oncogene c-

Myc 

F:5’CACCACCAGCAGCGACTC3’ 

R:5’GCCTGCCTCTTTTCCACA3’ 

78bp 

CCND1 Gene ID: 595 

NM_053056.2 

cyclin D1 F:5’CTACCGCCTCACACGCTT3’ 

R:5’CTTGGGGTCCATGTTCTGC3’ 

130bp 

LEF1 Gene ID: 51176 

NM_001130714.2 

lymphoid 

enhancer-

binding factor 

1   

F:5’AGCACGGAAAGAAAGACAGC3’ 

R:5’GAGCTTCGTTTTCCACCTGA3’ 

129bp 

TCF4 Gene ID: 6934 

NM_001146274.1 

TCF7L2 

transcription 

factor 7-like 2 

F:5’TTCATATGCAACTGTACCCCG3’ 

R:5’GCTGCTTGTCCCTTTTCCT3’ 

78bp 

Osteogenic genes 

ALP Gene ID: 249 

NM_001177520.1 

alkaline 

phosphatase, 

liver/bone/ 

kidney 

F:5’GGAACTCCTGACCCTTGACC3’ 

R:5’TCCTGTTCAGCTCGTACTGC3’ 

86bp 
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BGLAP Gene ID: 632 

NM_199173.4 

Osteocalcin; 

bone gamma-

carboxyglutam

ate  protein 

(BGLAP) 

F:5’GGCAGCGAGGTAGTGAAGAG3’ 

R:5’CTCACACACCTCCCTCCT3’ 

102bp 

SPARC Gene ID: 6678 

NM_003118.3 

SPARC; 

secreted 

protein, acidic, 

cysteine-rich 

(osteonectin) 

F:5’GAGGAAACCGAAGAGGAGG3’ 

R:5’GGGGTGTTGTTCTCATCCAG3’ 

95bp 

SP7 Gene ID: 121340 

NM_001173467.1 

Osterix; Sp7 

transcription 

factor 

F:5’ATGGGCTCCTTTCACCTG3’ 

R:5’GGGAAAAGGGAGGGTAATC3’ 

75bp 

RUNX2 Gene ID: 860 

NM_001024630.3 

runt-related 

transcription 

factor 2; CBF-

alpha-1 

F:5’GTAGATGGACCTCGGGAACC3’ 

R:5’GAGGCGGTCAGAGAACAAAC3’ 

78bp 

Housekeeping genes 

ACTB Gene ID: 60  

NM_001101.3 

actin beta F:5’GGCATCCTCACCCTGAAGTA3’ 

R:5’AGGTGTGGTGCCAGATTTTC3’ 

82bp 

GAPDH Gene ID: 2597 

NM_ 001289745.1 

glyceraldehyde-

3-phosphate 

dehydrogenase; 

G3PD; GAPD 

F:5’CCAGGTGGTCTCCTCTGACTTC3’ 

R:5’TCATACCAGGAAATGAGCTTGACA3’ 

108bp 

 

Primer validation  

Figure A.6 shows dissociation curves (also called melting curves) of ACTB, AXIN2, 

CCND1, LEF1, TCF4 and CMYC amplicons. The primers are specific for the template 

intended to amplify, as there is only one specific product of the RT-qPCR reaction 

indicated by one characteristic peak present in each graph. Therefore the newly designed 

primers, as well as ACTB primers, do not form any secondary structures, such as 

hairpins or primer dimers that could result in additional melting peaks when amplified. 

As an additional confirmation an agarose gel was run with the products of amplification 

and only one product was present for each primer set (Figure A.7). Figure A.8 – Figure 

A.12 show data from primer efficiency analysis. On graph A and B in each figure a slope 

of the curve resulting from plotting the logarithms of mRNA dilutions against its Ct 
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value is used to calculate the efficiency of each primer pair. The efficiency of ACTB 

primers assessed on different mRNA samples from STRO-1+ cells was 116 %; 103 %; 

87 %; 106 %; 106 %; respectively, and the differences between this value and the 

efficiencies calculated for AXIN2 (117 %), CCND1 (99 %), LEF1 (85 %), TCF4 (105 

%), and CMYC (105 %), as plotted on graph C of each figure, are less than 0.1 (10 %). 

This means that the efficiencies are similar enough to use the relative ∆∆Ct method for 

calculations from subsequent RT-qPCR experiments.  

 

 ACTB AXIN2 CCND1 

 

    

 LEF1 TCF4 CMYC 

 

   

Figure A.6 Primer validation – dissociation curves.  
Representative melting curves showing melting temperature (Tm) values of ACTB, AXIN2, CCND1, 
LEF1, TCF4, and CMYC amplicons from primer validation RT-qPCR experiments.  
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Figure A.7 Primer validation – amplification products.  

Amplification products of ACTB, AXIN2, CMYC, CCND1, LEF1 and TCF4 primers, showing bands 

specific for the size of intended amplicons from primer validation RT-qPCR experiments. 
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𝐴𝐶𝑇𝐵 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−2.9877 − 1) ∗ 100 % 

= 116 % 

 

 

𝐴𝑋𝐼𝑁2 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−2.9701 − 1) ∗ 100 % 

= 117 % 

 

 

∆ Ct = Ct target gene– 

Ct endogenous control 

 

Slope of ∆ Ct 

for ACTB and AXIN2 

= 0.0176 

0.0176 <0.1 

Figure A.8 AXIN2 primer validation results. 

RT-qPCR efficiencies of ACTB (A) and AXIN2 (B) primers calculated from the gradient of graphs 
presenting Ct values of 6 10-fold dilutions of cDNA. Ct values shown are a mean of 2 replicates. 
Differences between Ct values of ACTB and AXIN2 for each dilution are shown in (C) enabling the 
comparison of RT-qPCR efficiencies between target gene (AXIN2) and endogenous control (ACTB). 

 

 

 

 

 

 

 

 

 

 

y = -2.9877x + 12.609
R² = 0.997

0

10

20

30

-4.0 -3.0 -2.0 -1.0 0.0

C
t

log input of dilution

ACTB

y = -2.9701x + 23.882
R² = 0.9632

0

20

40

-4.0 -3.0 -2.0 -1.0 0.0

C
t

log input of dilution

AXIN2

y = 0.0176x + 11.273
R² = 0.0017

0

5

10

15

-4.0 -3.0 -2.0 -1.0 0.0

d
e
lt

a
 C

t

log input of dilution

efficiency ACTB vs AXIN2

A 

C 

B 



Appendix 

- 264 - 

 

 

𝐴𝐶𝑇𝐵 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.2724 − 1) ∗ 100 % 

= 103 % 

 

 

𝐶𝐶𝑁𝐷1 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.3415 − 1) ∗ 100 % 

= 99 % 

 

 

∆ Ct = Ct target gene– 

Ct endogenous control 

Slope of ∆ Ct 

for ACTB and CCND1 

= 0.0691 

0.0691 <0.1 

Figure A.9 CCND1 primer validation results. 

RT-qPCR efficiencies of ACTB (A) and CCND1 (B) primers calculated from the gradient of graphs 
presenting Ct values of 5 subsequent 10-fold dilutions of cDNA. Ct values shown are a mean of 2 
replicates. Differences between Ct values of ACTB and CCND1 for each dilution are shown in (C) 
enabling the comparison of RT-qPCR efficiencies between target gene (CCND1) and endogenous 
control (ACTB). 
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𝐴𝐶𝑇𝐵 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.6727 − 1) ∗ 100 % 

= 87 % 

 

 

𝐿𝐸𝐹1 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.7392 − 1) ∗ 100 % 

= 85 % 

 

 

∆ Ct = Ct target gene– 

Ct endogenous control 

Slope of ∆ Ct 

for ACTB and LEF1 

= 0.0665 

0.0665 <0.1 

Figure A.10 LEF1 primer validation results. 

RT-qPCR efficiencies of ACTB (A) and LEF1 (B) primers calculated from the gradient of graphs 
presenting Ct values of 5 3-fold dilutions of cDNA. Ct values shown are a mean of 2 replicates. 
Differences between Ct values of ACTB and LEF1 for each dilution are shown in (C) enabling the 
comparison of RT-qPCR efficiencies between target gene (LEF1) and endogenous control (ACTB). 
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𝐴𝐶𝑇𝐵 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.1952 − 1) ∗ 100 % 

= 106 % 

 

 

𝑇𝐶𝐹4 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.2091 − 1) ∗ 100 % 

= 105 % 

 

 

∆ Ct = Ct target gene– 

Ct endogenous control 

Slope of ∆ Ct 

for ACTB and TCF4 

= 0.014 

0.014 <0.1 

Figure A.11 TCF4 primer validation results. 

RT-qPCR efficiencies of ACTB (A) and TCF4 (B) primers calculated from the gradient of graphs 
presenting Ct values of 4 subsequent 10-fold dilutions of cDNA. Ct values shown are a mean of 2 
replicates. Differences between Ct values of ACTB and TCF4 for each dilution are shown in (C) 
enabling the comparison of RT-qPCR efficiencies between target gene (TCF4) and endogenous control 
(ACTB). 
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𝐴𝐶𝑇𝐵 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.1929 − 1) ∗ 100 % 

= 106 % 

 

 

𝐶𝑀𝑌𝐶 primers  

efficiency [%] 

= (10
1

𝑠𝑙𝑜𝑝𝑒 − 1) ∗ 100 % 

= (10
1

−3.2121 − 1) ∗ 100 % 

= 105 % 

 

 

∆ Ct = Ct target gene– 

Ct endogenous control 

Slope of ∆ Ct 

for ACTB and CMYC 

= 0.0191 

0.0191 <0.1 

Figure A.12 CMYC primer validation results. 

RT-qPCR efficiencies of ACTB (A) and CMYC (B) primers calculated from the gradient of graphs 
presenting Ct values of 5 subsequent 10-fold dilutions of cDNA. Ct values shown are a mean of 2 
replicates. Differences between Ct values of ACTB and CMYC for each dilution are shown in (C) 
enabling the comparison of RT-qPCR efficiencies between target gene (CMYC) and endogenous 
control (ACTB). 
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Figure A.13 Osteogenic primer check – amplification products.  

Amplification products of ACTB, ALP, RUNX2, SP7, SPARC and BGLAP primers, showing bands 

specific for the size of intended amplicons from RT-qPCR experiments for osteogenic genes. 

 

 

STRO-1 expression after 24 hour Wnt induction 

Table A.11 STRO-1 expression after Wnt stimulation.  

Detailed donor information (sex, age and disease) and percentages of STRO-1 expressing cells in the 

entire bone marrow and within the “monocytic/stromal” gate, set based on light scattering properties.  

  

STRO-1 expression In the entire bone marrow In the monocytic/stromal 

fraction 

No. Sample details Control Wnt-induced Control Wnt-induced 
1 F89 OA 15.90 % 23.80 % 17.10 % 25.30 % 

2 M91 OA 12.10 % 18.70 % 16.60 % 17.60 % 

3 M68 OP 5.23 % 7.75 % 8.24 % 10.14 % 

4 F67 OP 5.46 % 4.76 % 7.76 % 8.49 % 

5 M84 OP 6.57 % 9.29 % 7.06 % 10.80 % 

6 F80 OP 14.50 % 17.70 % 13.20 % 18.70 % 

7 F94 OP 7.07 % 8.11 % 10.60 % 13.10 % 

8 F57 OP 4.00 % 3.40 % 5.43 % 7.30 % 

9 M59 OP 5.34 % 4.78 % 8.42 % 13.60 % 

10 F68 OA 1.85 % 1.80 % 4.91 % 5.91 % 

11 F69 OA 1.80 % 1.85 % 3.32 % 5.43 % 

OA – osteoarthritic; OP – osteoporotic.  



Appendix 

- 269 - 

 

ALP activity or expression and cell number after short-term and 

long-term Wnt induction 

 

 

Figure A.14 ALP activity and cell number in BMMNCs and STRO-1-enriched BMMNCs after 

short-term Wnt induction.  

Cells were cultured in monolayer for 14 days in basal or osteogenic media following a 24 hour treatment 

with Wnt vs. control and assayed for ALP activity (A) and cell number (B). Data presented as mean ± 

SD from n=6 wells. Statistical significance assessed by two-way ANOVA with Sidak’s correction: 

*p<0.05; **p<0.01; ****p<0.0001, on technical replicates. Each donor sample is presented on a 

separate graph. 
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Figure A.15 ALP activity and cell number in BMMNCs and STRO-1-enriched BMMNCs after 

long-term Wnt induction.  

Cells were cultured in monolayer for 14 days in basal or osteogenic media with Wnt vs. control and 

assayed for ALP activity (A) and cell number (B). Data presented as mean ± SD from n=6 wells. 

Statistical significance assessed by two-way ANOVA with Sidak’s correction: *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001, on technical replicates. Each donor sample is presented on a separate graph. 
 

 

 

Figure A.16 ALP activity in BMMNCs and STRO-1-enriched BMMNCs after long-term Wnt 

induction.  

Cells were cultured in monolayer for 14 days in basal or osteogenic media with 50 ng/ml (A) or 25 and 

100 ng/ml (B) Wnt3A vs. control. ALP intensity per cell was quantified by image analysis. Data 

presented as mean ± SD from n = 6 wells. Statistical significance assessed by two-way ANOVA with 

Sidak’s correction: *p<0.01, on technical replicates. Each donor sample is presented on a separate 

graph. 
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Liposome compositions 

 

Table A.12 Lipid characteristics. 

Lipid Chemical name 
Numerical code of 
the fatty acid chain 

Tc 

Cholesterol cholest-5-en-3ß-ol   

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine 14:0 PC 24°C 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 16:0 PC 41°C 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 18:0 PC 55°C 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 18:1 PC -17°C 

DSPE-PEG 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000] (ammonium 

salt) 

18:0 PE 74°C (for DSPE 
alone) 

 

 

Table A.13 Liposome composition. 

 Lipid composition Molar % ratios Hydration/extrusion 

temperature 

1 DSPC/cholesterol/DSPE-PEG 50:45:5 56°C 

2 DSPC/cholesterol/DSPE-PEG 50:45:5 37°C 

3 DOPC/DSPE-PEG 95:5 37°C 

4 DPPC/DSPE-PEG 95:5 37°C 

5 DMPC/DSPE-PEG 95:5 37°C 

6 DMPC/DSPE-PEG Biotin 95:5 37°C 

7 DOPC/DSPE-PEG/DSPE-PEG 

Biotin 

95:3:2 37°C 
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Figure A.17 Calculations of liposome concentration.  

Estimation of liposome concentration was based on: the liposome surface area (1), which was calculated 

based on the 100 nm diameter of particles; assumption of the number of lipid molecules present per 

liposome (2), calculated based on the predicted size of the lipid bilayer (5 nm) as well as the area 

occupied by a phosphocholine headgroup (0.71 nm2); and the known concentration of lipids used in 

formulations (14 μM) as well as the Avogadro number (3). The calculations resulted in ~1014 particles 

per ml of preparation, which was similar to the concentration measured by Nanosight.      

 

 

Figure A.18 Size distribution of Wnt3A-loaded and dye and streptavidin-labelled liposomes. 

A: Representative histograms from DLS, showing narrow distribution of the Wnt3A and dye-loaded 

liposome preparation, and a wide distribution of streptavidin-labelled liposomes. B: Summary of size 

distribution, n = 3 for each sample type.   
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Figure A.19 Wnt3A activity in liposomes increases with incubation time.  

Incorporation of Wnt3A into four liposomal preparations (A, B, C and D) during incubation following 

liposome formation. 0.5, 6 and 24 hour time points were assayed on the Wnt reporter cell line.  

 

 

 

Figure A.20 Various time points for the luciferase assay readout.  

The cellular response to liposome-encapsulated Wnt was tested on the murine cell line over 3, 6, 18, 24 

and 36 hours of incubation. The response was optimal at 18 hours.   
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Figure A.21 Protein loss due to the column purification step. 

A: Western blot analysis of tagged Wnt3A protein, before and after the column purification. B: 

Quantification of the Wnt3A signal. The column purification step is necessary for removal of unbound 

dye, but results in ~50 % protein loss.   

 

 

 
 

Figure A.22 SDS-PAGE of Atto680-maleimide-tagged Wnt3A. 

Upper panel shows fluorescent signal from the tagged proteins, lower panel shows silver stain of all 

proteins presents. M, marker.  
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Figure A.23 SDS-PAGE of AF647-maleimide-tagged Wnt3A. 

Upper panel shows fluorescent signal from the tagged proteins, lower panel shows silver stain of all 

proteins presents. M, marker.  

 

 

 

 

 

Figure A.24 SDS-PAGE of Atto680NHS-tagged Wnt3A. 

Upper panel shows fluorescent signal from the tagged proteins, lower panel shows silver stain of all 

proteins presents. M, marker.   
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Figure A.25 Liposome activity with AF647 labelled Wnt3A protein. 

Wnt3A protein conjugated with AF647-maleimide dye was inactive in DMPC and DOPC liposomal 

preparations. Data presented as mean ± SD, n = 3 separate experiments. 5 μM concentration of BIO 

resulted in 78 ± 32 fold increase in luciferase activity. All data points were normalised to controls 

without the addition of fluorescent proteins, as well as to cell number. 

 

 

 

Figure A.26 Viability of cells exposed to liposomes.  

No toxic effects were measured after the exposure of cells to various liposome formulations. The 

number of viable cells was no different to that of control at 1, 3, 6, 18, 24 and 48 hours after seeding 

and with continuous exposure to liposomes.  
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In vivo imaging 

 

 

Figure A.27 IVIS whole animal imaging of liposome localisation after systemic injection in a 

murine bone fracture model. 

DiR-labelled liposome nanoparticles were injected systemically via tail vein within 30 minutes of left 

femur drill defect formation. There was a lack of the fluorescent signal imaged at 24 and 48 hour time 

points in the contralateral side to the bone fracture, as well as in the ventral projections. These imaging 

projections served as controls.       

 

 


