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Abstract 
Early trauma, resulting in focal areas of cartilage damage with injury to the underlying 

subchondral bone (osteochondral damage) often progresses to arthritis. These so called 

osteochondral defects (OCDs) can arise from an acute traumatic injury to the knee or an 

underlying disorder of the bone. If left untreated, localised OCDs can become 

widespread and often progress to more severe damage, as is the case in Osteoarthritis 

(OA). It is now widely accepted that cartilage damage in OA is associated with 

inflammation and a number of ‘damage’ or ‘danger’ associated molecules have been 

identified that contribute to this phenotype. They include hyaluronic acid fragments, 

basic calcium phosphate (BCP) crystals and members of the S100 family of proteins. As 

joint damage progresses, total joint replacement (TJR) is required to relieve pain and 

restore joint function, however TJRs themselves are associated with long-term 

complications such as periprosthetic osteolysis (PO) which is driven by implant-derived 

wear debris particles that are generated over time causing inflammation and eventual 

implant failure. With this in mind, efforts are underway to (i) improve the 

biocompatibility and durability of orthopaedic implants and (ii) to develop tissue 

engineering strategies that can repair early osteochondral damage, before OA 

progresses. The most promising approach is to develop biomaterial scaffolds that 

promote self-repair and regeneration of damaged tissue. However, as with traditional 

implant materials, tissue engineered constructs can also impact host immune responses 

and it has become increasingly apparent that engineering a pro-regenerative immune 

response following scaffold implantation is integral to functional tissue regeneration.  

This study aimed to investigate the direct effects of endogenous and exogenous calcium 

phosphate particulates in human macrophages. These particulates include OA-

associated BCP crystals and hydroxyapatite (HA), which is commonly used as a coating 

for orthopaedic implants and bone tissue engineering applications. The data presented 

here demonstrates that BCP crystals drive pro-inflammatory M1 macrophage 

polarization and metabolic reprogramming, causing cells to derive energy from 

glycolysis rather than oxidative phosphorylation, a phenomenon that is emerging as a 

key regulator of macrophage phenotype. This study therefore, not only provides further 

insight into how OA-associated DAMPs impact on immune cell function, but also 
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highlights metabolic reprogramming as a potential therapeutic target for calcium 

crystal-related arthropathies. 

This study also examined the specific signalling pathways activated by wear particles in 

primary human macrophages. As was the case for BCP crystals, HA and PMMA (i.e. bone 

cement) particles were found to drive M1 macrophage polarization and this was shown 

to be dependent on activation of the membrane proximal kinase, Spleen Tyrosine Kinase 

(Syk), in addition to members of the mitogen-activated protein kinase (MAPK) family of 

signalling molecules. Pre-treatment of macrophages with Syk or MAPK inhibitors, not 

only prevented macrophage polarization, but also attenuated production of key pro-

inflammatory mediators that have been specifically implicated in periprosthetic 

osteolysis and osteoclast differentiation. While further investigation is required, this 

study identifies these molecules as potential therapeutic targets to treat, or possibly 

prevent wear debris induced inflammation. 

Finally, an immune modulating scaffold for bone defect healing containing nanoHA 

particles was developed. In contrast to micron sized HA particles, the in-house 

generated nano particles were shown to preferentially polarize human macrophages 

towards an M2 phenotype. Furthermore, nano-particle-mediated IL-10 induction by 

macrophages resulted in enhanced mesenchymal stem cell (MSC) osteogenesis in vitro, 

demonstrating for the first time, a direct pro-osteogenic role for this cytokine. 

Implantation of particle-functionalised scaffolds into a rat femoral defect resulted in a 

more anti-inflammatory, pro-regenerative phenotype at the site of implantation, 

compared to the pro-inflammatory, fibrotic environment observed with micron-HA 

functionalised scaffolds. The anti-inflammatory response induced by nanoHA particles 

also correlated with enhanced tissue vascularisation and increased bone repair 

demonstrating that nano HA particles have inherent immune-modulatory properties.  

Overall, this study demonstrates that a greater understanding of the immune response 

to particulate matter generated from endogenous processes in the joint, or from 

biomaterial implants is required. This may allow for the identification of novel 

therapeutic targets for joint-associated inflammation or for the development of superior 

implant materials that can ultimately be used to improve the bone tissue repair and 

regeneration process in a disease that is becoming steadily more prevalent as the aging 

population increases.  
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1.1 Osteoarthritis 
 
Osteoarthritis (OA), or degenerative arthritis is the most prevalent form of arthritis and 

can affect one or more joints in the body. 9.6 % of men and 18% of women over the age 

of 60 suffer from OA (1). Patients generally present with pain, stiffness and loss of joint 

mobility and the disease is most common in, but not restricted to, knee and hip joints. 

The principal risk factors are age, obesity, joint injury and repetitive physical activities 

that put strain on the joints (2). The principle pathological changes are progressive 

cartilage degradation, synovitis and subchondral bone remodelling which are 

accompanied by increased bone turnover and the formation of bony growths or 

projections along the joint margin known as osteophytes (Figure 1.1) (2). While OA is 

often regarded as merely a disease of the cartilage, it should be noted that the synovium 

contributes considerably to disease pathology, with synovial activation and 

inflammation, known as synovitis, observed in up to 50 % of patients at any stage of 

disease progression (3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Healthy versus osteoarthritic joint. Left: Healthy joint with normal cartilage and no 
synovial inflammation. Right: Osteoarthritic joint with inflamed synovium, fibrillated cartilage, 
osteophytes and bone sclerosis. Image adapted from (4). 
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While it is unclear how damage to the joint is initiated in OA, early trauma resulting in 

focal areas of cartilage damage with injury to the underlying subchondral bone 

(osteochondral damage) often progresses to arthritis. These so called osteochondral 

defects (OCDs) can arise from an acute traumatic injury to the knee or an underlying 

disorder of the bone. If left untreated, localised OCDs can become widespread and often 

progress to more severe damage, as is the case in OA. Additionally, hyaline cartilage 

degradation, which is a central disease motif is understood to be triggered by altered 

chondrocyte metabolism and dysregulated homeostasis between the catabolic effects 

of the myeloid lineage bone resorptive cells (osteoclasts) and the anabolic mesenchymal 

cells (osteoblasts) which promote the formation of bone (5).  

 

Articular cartilage and underlying bone are very different tissues in their make-up and 

structure within the synovial joint (Figure 1.2). This architecture allows for synovial joints 

to function correctly and achieve movement at the point of contact of the 

articulating bones. In healthy joints, the epiphysis of bone is covered with a thin layer of 

strong, smooth articular cartilage. A very thin layer of viscous joint fluid, called synovial 

fluid, separates and lubricates the two cartilage-covered bone surfaces. A thin synovial 

membrane encapsulates the joint surfaces and is responsible for the production of 

synovial fluid. The function of the articular cartilage and synovial fluid is to provide a 

lubricated, smooth surface that can both reduce and transfer biomechanical loads onto 

the subchondral bone beneath. Articular cartilage is a specialized tissue that consists of 

a solid matrix phase and an interstitial fluid phase. The solid matrix phase consists of 

proteoglycans and type II collagen. Sulphated glycosaminoglycans (sGAGs) in the 

proteoglycan are hydrophillic, negatively charged macromolecules, which attract water 

into the tissue causing an osmotic swelling pressure and also produce a repulsive force. 

These forces are balanced by a dense mesh of collagen fibres restricting the 

proteoglycans (6). Articular cartilage has a hierarchical zonal structure consisting of 

superficial, middle and deep zones (7). Articular cartilage is extensively damaged in OA 

and is the most obvious pathological feature prior to joint dysfunction. Chondrocytes 

are the cells responsible for the synthesis and maintenance of cartilage through a 

process called chondrogenesis (5). Under normal physiological conditions chondrocytes 

maintain a low turnover rate of cartilage matrix production (2), however homeostatic 
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changes can result in functional abnormality of chondrocytes and phenotypic shifts that 

result in articular cartilage damage leading to disease initiation and progression. 

Furthermore, chondrocyte apoptosis has been shown to be elevated in OA joints, 

leading to limited cartilage repair and reduced matrix deposition by chondrocytes post 

disease initiation (2). 

 

Typically, the underlying bone is divided into two layers: subchondral bone plate and 

subarticular spongiosa, confining the bone marrow. Given the limited capacity of 

articular cartilage to self-repair (due to its avascular nature), extensive loss of the hyaline 

cartilage at the surface occurs and therefore the underlying subchondral bone can 

become extensively damaged. Subchondral bone remodelling involving subchondral 

plate thickening, formation of bony projections (osteophytes) and development of bone 

cysts occurs (8, 9). While cartilage damage is thought to the initial event in OA, animal 

models of OA in addition to human clinical data have demonstrated that enhanced 

subchondral bone turnover may impact cartilage metabolism (10, 11) thereby 

propagating disease progression.  

 

 
 

Figure 1.2 Haematoxylin and eosin stained histological sample of an osteochondral tissue 
under polarized light microscopy: Image taken by Pedro Diaz-Payno, Trinity Centre for 
Bioengineering. 
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The synovium is the soft tissue found between the articular capsule and the joint and 

has a role in joint homeostasis. It consists of dense bundles of collagen fibres connected 

to the bones around the joint and fibroblastic synovial cells which secrete the major 

constituents of synovial fluid i.e. hyaluronic acid and lubricin, which serve to lubricate 

the joint and reduce friction between the surface of the bones. In OA, the concentration 

and composition of these molecules may become altered which can directly affect 

cartilage (12). In addition to fibroblasts, the synovium also consists of synovial 

macrophages, that when activated, secrete pro-inflammatory cytokines and proteases 

that drive synovitis and further cartilage destruction (13). Interestingly, it has been 

reported that synovitis and inflammation may occur prior the development of significant 

radiographic changes and cartilage loss (14).  

 

1.1.1 Innate immunity in Osteoarthritis      
 
OA has traditionally been considered a non-inflammatory condition, in large part due to 

the use of OA tissues as controls for rheumatoid arthritis (RA) studies, with the latter 

exhibiting very high levels of inflammatory proteins and histological abnormalities. It is 

now becoming increasingly apparent that inflammation may play a substantial role in 

OA and is prominent even at the early stages of the disease (15). Unlike RA, where both 

the innate and adaptive immune system are involved in disease pathogenesis, it is 

primarily the innate immune response that contributes to inflammation in OA (16, 17). 

Macrophages within the synovial membrane become activated by altered conditions in 

the joint, such as the generation of cartilage fragments by aberrant MMP activity. 

Activated macrophages then produce inflammatory mediators, which in turn activate 

chondrocytes, enhance MMP production and propagate cartilage degradation (18). 

Synovial macrophage depletion using clodronate liposomes results in a reduction of 

aggrecan degradation and synovial MMP expression in the collagenase-induced OA 

model (19, 20), further supporting the role for innate cells in the pathogenesis of OA.  

 

IL-1b and TNFa are the most extensively studied cytokines that have been implicated in 

the pathogenesis of OA. These cytokines can be produced by cells of the synovium and 
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have been found to be increased in the synovial fluid of OA patients compared to healthy 

controls (21). Furthermore, enhanced immunostaining for IL-1b and TNFa is observed 

in synovial biopsies from early stage OA patients (22). IL-1b and TNFa have also been 

shown to induce the production of MMPs which can lead to ECM degradation. 

Inflammatory mediators such as ICAM, VEGF, NF-kB and COX2 are also highly expressed 

in early stage OA patient samples compared to late stage tissue biopsies. IL-1b has been 

shown to induce cartilage damage through upregulation of MMP in chondrocytes in 

addition to suppressing the synthesis of collagen and aggrecan (23). Despite a 

pathogenic role for IL-1 in OA, therapeutic blockade of IL-1 using an IL-1R antagonist has 

not proved effective, with only marginal reduction in symptoms and no improvement in 

articular cartilage destruction observed (24).  

 

TNFa has also been found to be elevated in the synovial fluid of patients with OA and is 

also known to contribute to catabolic processes (25, 26). While clinical efficacy has been 

observed in RA patients treated with the anti-TNFa monoclonal antibody, Infliximab, 

non-significant improvements in pain and physical function were reported in patients 

with OA of the hand (27). 

 

1.1.2 Matrix Metalloproteases in Osteoarthritis 
 
While pro-inflammatory cytokines and chemokines can drive the progression of OA, the 

major hallmark of OA is degradation of articular cartilage by proteolytic enzymes such 

as MMPs and aggrecanases, or ADAMTS.  Aggrecan is known to be important in the 

maintenance of collagen in the ECM and its loss or proteolysis results in cartilage 

degradation. A number of members of the ADAMTS family are reported to degrade 

aggrecan in vitro, however, ADAMTS-4 and -5 are considered to be the principal 

aggrecanases involved in OA  (28). ADAMTS-5 deficient mice, for example, were found 

to develop less severe cartilage damage in both the surgically induced model of OA and 

the antigen-induced arthritis model (29, 30), further highlighting the importance of 

aggrecanases in the development of OA.  
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MMPs are capable of degrading a number of ECM proteins and their normal function is 

to facilitate tissue remodelling. MMP activity is carefully regulated by a family of 

endogenous tissue inhibitors of MMPs (TIMPs), and an imbalance in the levels of MMPs 

versus TIMPs has been associated with cartilage loss in OA joints (31). Studies have also 

demonstrated that the severity of cartilage damage correlates with MMP activity, 

specifically in relation to MMP-1, MMP-3 and MMP-13, which are highly expressed in 

the synovial fluid of OA patients (32, 33). MMP-1 and MMP-13 are capable of degrading 

collagen type II, while MMP-3 can cleave fibronectin and laminin in addition to various 

other ECM components (34). Studies using MMP-3 deficient mice demonstrated 

reduced aggrecan cleavage and collagen loss (35, 36) while MMP-13-/- mice were 

protected from cartilage degradation in the surgically induced OA model (37). Further 

evidence for the degradative role of MMP13 was provided using murine models which 

demonstrated that conditional expression of MMP13 induced spontaneous cartilage 

degradation (38). The exact role of MMP-1 in OA has proved more difficult to elucidate 

given the differences between murine MMP-1 and it’s human counterpart (39). 

 

1.1.3 Immunometabolism in Osteoarthritis 
 
All cells rely on anabolic or catabolic reactions in order to produce biosynthetic 

precursors and energy for cell survival and function (summarised in Figure 1.3). 

Catabolic pathways convert carbohydrates, lipids and proteins into energy, usually in 

the form of ATP. Complex carbohydrates are broken down into simple sugars such as 

glucose which can be shuttled into the cell via glucose transporters such as Glut1. Once 

in the cytosol, glucose is metabolised by an anaerobic pathway known as glycolysis. This 

converts glucose to pyruvate and generates 2 ATP and 2 NADH molecules. Pyruvate is 

then further processed via conversion to lactate, which is excreted by the cell, or is 

transported into the mitochondria to undergo oxidative phosphorylation. In this case, 

pyruvate is converted to acetyl-coA and enters the tricarboxylic acid (TCA) (or Kreb’s) 

cycle where it is catabolised to generate 3 molecules of NADH and 1 molecule of FADH2. 

NADH and FADH2 act as a source of electrons for the electron transport chain (ETC), 

which in the presence of oxygen, creates a proton gradient across the mitochondrial 

inner membrane. This proton gradient is coupled to the enzyme ATP synthase which 
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converts ADP to ATP using the energy generated by allowing protons to travel back 

across the mitochondrial membrane. Each molecule of glucose can generate an 

additional 34 molecules of ATP during oxidative phosphorylation, making it a much more 

energy efficient process than glycolysis alone (40). In addition to glucose, cells can also 

use lipids and proteins as substrates for oxidative phosphorylation, while certain amino 

acids can be used as precursors for fatty acid synthesis and metabolism, or to produce 

intermediates of the TCA cycle (41).  

 

 
 

Figure 1.3 Overview of the catabolic and anabolic metabolic pathways. Glucose is transported 
through a glucose transporter and once inside the cell glucose is converted to pyruvate through 
glycolysis. This pyruvate can either enter the tricarboxylic acid (TCA) cycle where NADH and 
FADH2 are generated, feed into the electron transport chain (ETC) which culminates in the 
production of ATP. Alternatively, pyruvate can be converted to lactate and be secreted by the 
cell. Glycolysis can feed into the pentose phosphate pathway which generates nucleotides for 
fatty acid synthesis, which uses citrate generated from the TCA cycle. These fatty acids can also 
undergo oxidation, generating NADH and FADH2 which drive the production of ATP from the 
ETC. Amino acid metabolism can also feed into the TCA cycle. Pathways that are dependent on 
oxygen are coloured in orange, while oxygen independent pathways are coloured in blue. 
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Anabolic metabolism generates biosynthetic precursors necessary to build cellular 

components and energy stores. Fatty acid synthesis uses intermediates from catabolic 

pathways including glycolysis and the TCA cycle to create de novo fatty acids and lipids 

that are important for cell membrane and organelle structures (41, 42). The pentose 

phosphate pathway utilises intermediates of glycolysis to synthesise nucleotides and 

amino acids while also generating nicotinamide adenine dinucleotide phosphate-

oxidase (NADPH), a cofactor required for the activity of numerous enzymes (41, 43).  

 

Multiple signals are required to drive appropriate metabolic responses in order to meet 

the demands of the cell when nutrient availability is altered or when cellular growth, 

proliferation and protein production is required. Master sensors, such as mechanistic 

target of rapamycin (mTOR), which is comprised of two complexes, mTOR Complex 1 

(mTORC1) and 2 (mTORC2) is a key regulator of cellular metabolism. Growth factors and 

mitogens activate signalling pathways which eventually converge to activate mTOR, 

which then promotes synthesis of proteins, lipids and nucleotides via upregulation of 

their respective anabolic pathways (44). The increased expression of glycolytic genes by 

mTOR is mediated via upregulation/activation of the transcription factor, hypoxia 

inducible factor 1α (HIF1α) (45), which also acts as an oxygen sensor, allowing for 

upregulation of anaerobic glycolysis when oxygen is limiting (46). Additionally, the 

activation of anabolic metabolism is coupled to nutrient availability, therefore, mTOR is 

also positively regulated by nutrients such as glucose and amino acids (47, 48).  

 

Immunometabolism, the term coined for a relatively new area of immunology research, 

is heavily focused on characterising the metabolic pathways utilised by different 

immune cell populations and a number of studies have demonstrated that altering 

metabolic circuits impacts significantly on effector function (41). Indeed, the specific 

metabolic pathways utilised by immune cells upon engagement with different stimuli 

appears to underpin the type of immune response produced by that cell. For example, 

recent studies have demonstrated a direct link between macrophage polarization and 

metabolic reprogramming (49), although it should be noted that fundamental studies 

examining the metabolism of macrophages and their activation state are primarily 

limited to murine bone-marrow derived macrophages (BMDM). Such studies have 



9 

demonstrated that resting, non-activated macrophages tend to utilise oxidative 

phosphorylation, as it is the most energy efficient metabolic pathway and allows the cell 

to prioritise energy production over the generation of biosynthetic precursors. 

Activation of BMDM with a pro-inflammatory stimulus such as LPS  (which promotes an 

M1 phenotype), drives a metabolic switch favouring glycolysis while at the same time 

downregulating oxidative phosphorylation causing the cells to rely almost exclusively on 

glycolysis to meet their metabolic demands (50). This switch to aerobic glycolysis, 

termed Warburg metabolism, is dependent on upregulation of HIF1α via mTOR 

activation. HIF1α in turn promotes the expression of genes encoding proteins required 

for glycolysis in addition to pro-inflammatory cytokines such as pro-IL-1β (51). While, 

glycolysis produces less ATP than oxidative phosphorylation, this switch is advantageous 

to activated immune cells as it allows them to rapidly produce additional ATP and 

biosynthetic precursors, even in inflammatory environments where oxygen is often 

limiting (52, 53). It is unclear whether human macrophages can engage in Warburg 

metabolism like their murine counterparts, given the difference in expression of 

inducible nitric oxide synthase (iNOS) (54, 55). Nitric oxide (NO) produced by iNOS is an 

important regulator of Warburg metabolism, as it has been shown to mediate the 

downregulation of oxidative phosphorylation seen in pro- inflammatory BMDM and 

BMDC (56, 57). Indeed, it has recently been reported that LPS stimulation of human 

macrophages resulted in increases in both glycolysis and mitochondrial respiration (58). 

Conversely, in alternatively activated BMDM (M2), which are generally considered to be 

anti-inflammatory, oxidative phosphorylation is the dominant metabolic pathway. IL-4, 

the cytokine which mediates alternative activation of macrophages, upregulates fatty 

acid oxidation and oxidative phosphorylation alongside anti-inflammatory immune 

pathways in BMDM (59–62). 

 

Not surprisingly, dysregulated immune cell metabolism has been linked to a number of 

inflammatory diseases including psoriasis, rheumatoid arthritis and Type 2 diabetes (41). 

In the case of rheumatoid arthritis, altered metabolism was first proposed when 

elevated levels of various metabolites such as glucose, lactate and lipid metabolites 

were observed in the serum of RA patients (63) while increased glycolytic metabolites 

have been observed in RA synovial (64). Further studies have since demonstrated that a 
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metabolic shift from a resting regulatory state to a highly metabolically active state 

occurs in RA, with RA patient samples displaying higher expression of GAPDH, PKM2 and 

GLUT1 (65, 66). Furthermore, it is well established that a highly hypoxic environment 

persists in the RA joint microenvironment, and this is accompanied by increased synovial 

inflammation (65). It is now accepted that this hypoxic environment drives a cellular 

switch in mitochondrial respiration in favour of glycolysis. Binieka et al cultured 

rheumatoid arthritis synovial fibroblasts (RASF) in the synthetic a-ketoglutarate 

analogue, Dimethyloxallyl Glycine (DMOG), which acts to stabilise HIF1α and therefore 

drives glycolysis. These cells displayed enhanced glycolytic activity accompanied by 

altered mitochondrial morphology and a concomitant decrease of mitochondrial 

respiration. Furthermore, a higher frequency of mitochondrial DNA mutations and ROS 

production was observed in these cells. This shift to glycolytic metabolism was 

accompanied by enhanced lactic acid secretion which induced RASF invasion and 

secretion of bFGF which can induce dysfunctional angiogenesis, a key characteristic of 

the inflamed synovium in RA (65). Targeting of glycolysis using the glycolytic inhibitor, 

3PO, was shown to reduce RASF cell migration and invasion in addition to pro-

inflammatory cytokine production, demonstrating a major role for altered metabolism 

in RA pathogenesis (66).  

 

The role of metabolism in the pathogenesis of OA is less well characterised, however 

recent studies suggest that a metabolic shift, like that described for RA, occurs in the 

articular cartilage, subchondral bone and synovium of OA joints positioning OA as a 

potential metabolic disorder (67). Furthermore, mitochondrial dysfunction is a hallmark 

of OA and previous studies have shown increased mitochondrial DNA damage in OA 

chondrocytes compared to healthy controls suggesting that cartilage degradation during 

OA and normal cartilage aging may be metabolically different processes (68). Finally, 

lactate levels are elevated in OA and are frequently co-associated with crystal 

arthropathy comorbidities (69, 70). The drivers of metabolic reprogramming in OA have 

not yet been identified and, given that the environment is less hypoxic than the RA joint, 

different mechanisms may be at play. 
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1.2 Damage Associated Molecular Patterns (DAMPS) in Osteoarthritis 
 
DAMPS are endogenous molecules released from stressed, injured or necrotic cells to 

signal tissue or cell damage. Pattern Recognition Receptors (PRRs) on both immune and 

non-immune cells recognise DAMPS, and their prolonged presence can exacerbate 

inflammation and cause further damage as PRRs typically activate signalling pathways 

associated with the production of pro-inflammatory mediators (71, 72). In the context 

of OA, various DAMPS have been shown to initiate and maintain inflammation during 

disease, particularly at the later stage which is associated with significant tissue 

destruction. Elevated levels of HMGB1, ATP, HSPs, basic calcium phosphate (BCP) 

crystals and S100 proteins have been observed in synovial fluid retrieved from OA 

patients (1, 73–75). Interestingly, OA patients displayed elevated levels of HMGB1 in 

synovial fluid, which correlated with disease severity, while direct addition of HMGB1 to 

osteoarthritic synoviocytes drove production of pro-inflammatory cytokines (76, 77). 

HSP60, HSP70 and HSP90  have all been found to be increased in the OA joint (78, 79) 

with HSP90 capable of directly driving cartilage degradation (80). Two of the well-

studied DAMPS in the context of OA are S100 family members and BCP crystals which 

are discussed in detail below.  

 

1.2.1 S100 Proteins as DAMPs in Osteoarthritis 
 
S100A8, and its binding partner S100A9, are calcium-binding proteins that regulate 

various calcium-dependent processes inside the cell (81). Extracellular S100A8/A9, 

which is released during tissue damage, has been shown to interact with the pattern 

recognition receptors, TLR4 and RAGE (82). The destructive effects of the protein 

complex were first identified in the context of RA, where they were shown to be 

elevated in both the serum and synovial fluid of patients and their concentration was 

found to correlate positively with disease severity (83). Furthermore, reduced 

proteoglycan depletion, joint swelling and cartilage destruction has been observed in 

S100A9-deficient mice (lacking a function S100A8/A9 complex) in the antigen-induced 

RA model (84). More recently, it was reported that high levels of S100A8 and S100A9 

were detected in the synovium of diseased joints in mice after collagenase induced OA, 
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while S100A8 was found to be highly expressed in the synovium of early and late-stage 

OA patients (85). Further, support for the pathogenic role of S100A8/A9 was provided 

by Van lent et al, who demonstrated that the presence of S100A8/A9 aggravated 

osteocyte formation in the collagenase-induced model of OA, while osteophyte size was 

reduced in S100A9 deficient mice.  Furthermore, serum levels of S100A8/A9 were shown 

to be predictive of osteophyte progression in a human cohort of early symptomatic OA 

(86). 

 

It has been demonstrated that these proteins can directly influence cartilage 

degradation through induction of MMPs.  Van Lent et al demonstrated that in vitro 

stimulation of macrophages with the heterodimer S100A8/A9 or S100A8 alone induced 

elevated mRNA levels of MMP-3, -9, and 13 (84), while enhanced expression of MMP-1, 

-3, -9 and -13 was observed in human chondrocytes directly stimulated with S100A8 and 

S100A9 (87, 88). In addition to promoting pro-catabolic processes in cartilage, S100A8/9 

can also down-regulate expression of anabolic molecules such as aggrecan and type II 

collagen, further exacerbating cartilage destruction (89).  

 

1.2.2 Basic calcium phosphate crystals as DAMPs in Osteoarthritis 
 
Basic calcium phosphate (BCP) crystals consist of carbonate-substitute hydroxyapatite 

(HA), octacalcium phosphate (OCP) and tricalcium phosphate (90). HA crystals are the 

most prevalent form of BCP crystals and are found in 70% of total OA cases where their 

concentration closely correlates with the extent of cartilage degradation and lesion 

severity (91, 92). They are thought to form as a result of dysregulated ossification 

processes (93) and, given that crystal deposition does not occur in healthy cartilage, it is 

becoming more widely accepted that cartilage calcification plays a pathogenic role in OA 

(94). BCP crystals are now considered a ‘danger signal’ as they can activate a number of 

cell types and contribute to joint degeneration through the production of cartilage-

degrading proteases and pro-inflammatory mediators (summarised in Figure 1.4). Early 

studies demonstrated that BCP crystals drive MMP and inflammatory gene expression 

in fibroblasts (95, 96), while more recent studies have focused on their effects in 



13 

macrophages, chondrocytes, and osteoclasts (97–100). In addition, BCP crystals have 

been shown to directly upregulate the expression of S100A8 (99).  

 

 
Figure 1.4 Cellular mechanism leading to crystal-induced tissue damage in the joint. A. In 
macrophages, the direct binding of basic calcium phosphate (BCP) crystals to the cell membrane 
can activate the membrane-proximal tyrosine-protein kinase Syk and PI3K, resulting in the 
upregulation of pro-inflammatory cytokines, matrix metalloproteinases (MMPs) and damage-
associated molecular patterns (DAMPs) such as protein S100A8. Furthermore, release of S100A8 
can function in a feedback manner and bind to TLR4 and/or RAGE expressed on the cell surface 
to directly upregulate inflammatory mediators. BCP crystals may also activate the NLRP3 
inflammasome and drive IL-1β production and secretion. B. BCP crystals drive the production of 
IL-6 from chondrocytes which can directly induce the upregulation of calcification genes ANK, 
PIT1 and Anx5). S100A8 induces upregulation of the cartilage-degrading enzymes MMP1, 
MMP3, MMP9 and MMP13 in chondrocytes while downregulating expression of aggrecan and 
type II collagen. C. HA crystals can increase RANKL–M-CSF-mediated osteoclastogenesis, 
whereas BCP crystals can directly inhibit anti-osteoclastogenic cytokine signalling, which might 
result in increased osteoclast differentiation and bone resorption of the underlying subchondral 
bone.  
 
Early signalling events involved in BCP-inflammation have recently been elucidated. It 

has been demonstrated that BCP crystals can bind to the cell membrane and induce 

activation of the membrane-proximal kinase Syk and its downstream interacting 

partner, PI3K, in primary human and murine macrophages. Pharmacological inhibition 

of these kinases was found to attenuate BCP-induced MMP expression and pro-

inflammatory cytokine production (99, 100). While BCP crystals induce potent IL-1β 

HA

Pre-osteoclast Osteoclast

Cathepsin K
TRAPM-CSF/RANKL

Anti-osteoclastogenic 
cytokines

BCP

Subchondral bone

Synovial space

Ca
rt

ila
ge

Sy
no

vi
al

 s
pa

ce

Macrophage

BCP

Lipid raft

SYKp

PI3Kp

• ↑ Pro-inflammatory 
cytokines

• ↑ MMPs
• ↑ S100A8

Caspase 1

pro-IL-1 𝛽 IL-1 𝛽

?S100A8

• Endothelial cell activation
• Neutrophil recruitment
• Cytokine/chemokine 

expression

A

B

C



14 

production in vitro via activation of the pattern recognition receptor, NLRP3, reports 

from in vivo studies have been conflicting. (101, 102). Indeed, Nasi et al recently 

demonstrated that neither IL-1α nor IL-1β mediate the pathology seen in the murine 

menisectomy model of OA (103), while synovial inflammation in murine joints post 

crystal injection appeared to occur independently of Inflammasome components and IL-

1β (102). These findings may explain the lack of efficacy of IL-1 inhibitors in human OA. 

Based on these studies, focus has shifted to other potential targets including IL-6. Recent 

studies have demonstrated that IL-6 is produced by chondrocytes in response to BCP 

stimulation in a Syk and PI3K dependent manner. Furthermore, IL-6 can act in an 

autocrine manner to promote calcium-containing crystal formation and upregulation of 

genes involved in the calcification process such as ANK, Pit1 and Anx5 (97). In addition 

to macrophages and chondrocytes, BCP crystals may directly affect osteoclasts and 

contribute to bone erosion via inhibition of anti-osteoclastogenic cytokine signalling  

(104). Therefore, targeting synovial inflammation induced by crystal deposition may 

suppress early destructive processes, while targeting the osteoclastogenic effects of 

crystals may suppress excessive bone remodelling. Indeed, preventing the actual intra-

articular deposition of calcium crystals, as recently demonstrated by Nasi et al using 

sodium thiosulphate, could limit inflammatory responses at the outset (105).  

 

 

1.3 Current Treatments for OA 
 
The aetiology of OA is poorly understood and as of yet there are no disease-modifying 

osteoarthritic drugs (DMOADs) available (106). Current treatment strategies are focused 

on providing symptomatic relief to alleviate pain and improve joint function rather than 

halting disease progression. Exercise and weight loss are initially recommended to OA 

patients in order to reduce mechanical load on the joint along with strengthening 

surrounding muscle. Pharmacological agents such as analgesics, non-steroidal anti-

inflammatory drugs (NSAIDs) including COX (cyclooxygenase)-2 selective inhibitors are 

often prescribed alongside injections of glucocorticoids and delivery of hyaluronic acid 

(106, 107). As mentioned previously, while inhibition of TNFα has proved effective in the 

treatment of RA, clinical trials with Infliximab or Adalimumab (monoclonal antibodies 
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against TNFα) in OA patients have shown no significant radiographic changes or lesion 

improvements compared to placebo treatment. Thus, while many of the current 

treatments offer relief from pain in mild to moderate OA, these treatments are 

ineffective in late-stage OA (108–110). Moreover, deterioration of the joint and disease 

progression is not halted by current therapeutics. End-stage OA patients often have 

advanced cartilage damage and the underlying exposed subchondral bone can become 

extensively compromised which propagates the destructive process in the joint. 

Ultimately for these patients the only function-restoring option available is surgical 

arthroplasty (4, 107). 

 

1.3.1 Total Joint Arthroplasty 
 
Total Joint Arthroplasty (TJA) is considered a highly effective surgical procedure used to 

alleviate pain and restore function in individuals suffering from end-stage joint disease. 

The procedure involves removing some, or all, of the damaged arthritic joint, and 

replacing it with a  custom made prosthesis which replicates the movement of a normal, 

healthy joint (111). Prosthesis are composed of a variety of materials which can be 

grouped into two categories; metals and non-metals (Table 1). For several decades, 

metals were used as the biomaterials of choice for orthopaedic applications, and are 

particularly successful for hip and knee prostheses, given that these areas are regarded 

as weight-bearing joints. However, more recently, non-metals including ceramics, 

polymers and composites such as polymethylmethacrylate (PMMA) have become 

popular. 

 

The existing definition of a biomaterial is ‘a non-viable material used in a medical device 

intended to interact with biological systems’ (112). In order for a biomaterial to fulfil its 

criteria as an adequate orthopaedic device it must possess several primary 

characteristics: it must be biologically stable, compatible with the biologics of the host 

and resilient to wear that would otherwise result in subsequent loosening of the 

implant. These qualities ensure that it will not cause any adverse effects to the host 

environment. Typically, the bulk material of the prosthesis (metal like titanium or non-

metal like UHMWPE) are coated in a synthetic bioceramic such as hydroxyapatite (HA). 
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The use of this biomimetic bone substitute aims to improve biocompatibility and 

promote incorporation of the prosthesis into the surrounding bone and enhance 

osteointegration, which is classified as the formation of an interface between living bone 

and the artificial implant (113). The implant is then typically fixed into place with PMMA 

bone cement.  

 

Table 1: Commonly used biomaterials for TJA. 

Metals Abbreviation 

Titanium and titanium base alloys CP-Ti, Ti-6Al-4A 

Cobalt alloys Co-Cr-Mo 

Low Carbon grade stainless steel 316L 

Non metals  

Polymers: ultrahigh molecular weight 

polyethylene 

UHMWPE 

Ceramics: Alumina, Zirconia, 

Hydroxyapatite 

Al₂O₃, ZrO₂, Ca₁₀(PO₄)₆ (OH)₂ 

Composites: Polymethylmethacrylate PMMA 

 

The current 10 year success rate of total joint replacement is 90%, with 10% of patients 

requiring revision surgery (114). Various complications post-surgery can occur that lead 

to implant failure including infection (7%), dislocation (6%), periprosthetic fracture (5%) 

and surgical error (3%) (115). Aseptic loosening remains the leading complication post-

surgery in the medium to long term, accounting for 75% of joint replacement failures 

(116). It occurs due to the gradual wear and tear of implants over time and results in the 

continuous generation of wear-debris particles from the articulating surface of the 

prosthesis (117). Due to their insoluble nature, most wear particles are resistant to 

digestion and thus, a chronic inflammatory state persists in the joint (118, 119). This 

then culminates in a process known as periprosthetic osteolysis (PO), which is 

characterised by the osteoclastic resorption and degradation of bone surrounding the 

implant that ultimately leads to aseptic implant loosening (116, 119, 120). The 

subsequent failure of implants results in individuals requiring multiple joint 
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replacements throughout their lifetime, with each revision surgery adding more risk to 

the patient and a shorter duration of implant survival which represents a major clinical 

problem. 

 

1.3.2 Wear debris particles and periprosthetic osteolysis   
 
Periprosthetic osteolysis (PO) is characterised by prosthesis loosening due to the loss of 

the surrounding bone and is initiated by the formation of wear debris which is 

recognised as foreign by host immune cells (116). Over time, particles are generated by 

wear between the various components of modular implants, by abrasion between 

prosthesis-bearing surfaces or, as in the case of titanium particles, via release from the 

osteoconductive porous bone-prosthesis interface (121). Furthermore, the HA coating 

surrounding the prosthesis can undergo dissolution creating a build-up of HA particles 

in the peri-implant space. A number of studies have reported the presence of wear 

debris particles in the interfacial tissue and also intracellularly in patients undergoing 

revision replacement surgeries (118, 122–124). Due to their insoluble nature, most 

particles are resistant to digestion by macrophages and thus, a chronically activated 

macrophage population persists in the joint. Furthermore, the flow of joint fluid has 

been suggested to allow for dissemination of the wear debris particles resulting in a 

greater area of cell activation and bone resorption (118). This then culminates in 

periprosthetic osteolysis, which is the osteoclastic resorption and degradation of bone 

surrounding the implant that ultimately leads to loosening of the prosthesis (116, 119, 

125). The progression of tissue destruction is subtle but cumulative and can often 

remain subclinical with few or no signs even in the very late stages of aggressive 

osteolysis however, by this time, acute macroscopic bone defects are likely to have 

developed (116).  

 

A number of cell types including macrophages, osteoclasts, fibroblasts, and neutrophils 

have been implicated in wear-debris induced osteolysis  (126, 127) (Figure 1.5). Uptake 

of wear debris particles by macrophages initiates a cascade of signalling events that 

culminates in a chronic inflammatory state mediated by cytokines such as IL-1, IL-6, 

TNFα and Receptor activator of NF-kB ligand (RANKL) (128). As well as these cytokines 
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being pro-inflammatory in nature, they can also act as osteoclastogenic cytokines to 

induce differentiation of bone resorbing cells (osteoclasts). This cellular response 

favours osteoclast differentiation and procatabolic osteoclast activity which exacerbates 

bone resorption and thus enhances osteolysis (115). Furthermore, several particulates 

have been shown to increase chromatin decondensation and neutrophil NET formation 

(129–133). 

 

 
Figure 1.5 Cellular mediators of periprosthetic osteolysis. Wear debris generated from 
implanted prosthesis activate resident or infiltrating fibroblasts, macrophages and neutrophils 
at the site of implantation. Neutrophil recognition of biomaterials drives neutrophil extracellular 
trap (NET) formation while macrophage and fibroblast-induced chemokine production 
facilitates further leucocyte recruitment to the implant interface. Cytokines, such as tumour 
necrosis factor (TNF)-α and IL-1 drive inflammation and, together with RANKL, can induce the 
differentiation of osteoclast precursor cells (OCPs) into activated bone resorbing cells.  Matric 
metalloproteases (MMPs) and collagenases contribute further to catabolic processes and 
aseptic implant loosening.  
 
 

1.3.3 Macrophages and periprosthetic osteolysis 
 
A wealth of compelling evidence implicates macrophages as the protagonist in wear 

debris mediated osteolysis. Several studies have demonstrated that patients undergoing 

implant revision surgeries have increased macrophage numbers at the interfacial 

membrane where extensive osteolysis has taken place (126, 134). Blaine et al 
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demonstrated that direct culture of macrophages with titanium particles enhances IL-

1β, PGE2, IL-6 and TNFα cytokine production in a particle size, shape and composition 

dependent manner (135). Several mouse models of osteolysis induced by wear particles 

have been generated including the murine air pouch model of osteolysis and the murine 

calvarial model. The murine air pouch model is generated by subcutaneously injecting 

sterilized air into the back of a mouse, followed by implantation of a section of calvaria 

(skullcap) from a donor mouse. Particles can then be injected into the pouch and 

osteolysis of the calvarial bone can be observed (136, 137). In the  calvaria model, 

particles are directly injected to the top of the calvaria leading to inflammation and bone 

resorption after 1 week (138). Studies using these models have demonstrated that 

macrophage infiltration and proinflammatory cytokine production is augmented upon 

PMMA, metal and polyethylene implantation (137). In vivo studies using the murine air 

pouch model have also demonstrated that UHMWPE, PMMA, Co-Cr and Ti-6Al-4V 

particles increase IL-1β production and macrophage numbers at the site of injection 

(137).  Along with titanium and PMMA, UHMWPE also induces aggressive osteolysis, and 

the volume of UHMWPE wear particles appears to correlate with the number of active 

macrophages present in osteolytic tissues (139). 

 

As expected, M1 macrophages are implicated in the destructive periprosthetic 

osteolysis process and synovial tissues from patients undergoing revision surgery exhibit 

a higher ratio of M1 to M2 macrophages compared to tissues from patients undergoing 

primary TJA (140). Furthermore, several studies have demonstrated that wear-particles 

directly activate M1 macrophages leading to a sustained inflammatory response 

characterised by the production of chemokines and pro-inflammatory cytokines such as 

TNFα, IL-1 and IL-6 (140, 141).  

 

1.3.4 Fibroblasts and periprosthetic osteolysis 
 
Synovial fibroblasts have been suggested to play a role in the osteolytic process as they 

are abundant in the interfacial membranes of osteolytic joints and exhibit enhanced 

RANKL expression (126, 142). It has been reported that fibroblasts isolated from the 

interfacial membranes of patients undergoing revision surgeries have enhanced 
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collagenase and stromelysin expression levels,  further supporting the hypothesis that 

they can directly contribute to matrix degradation (143). Studies using murine 

embryonic fibroblasts challenged with titanium particles demonstrated a dose-

dependent increase in RANKL gene and protein expression, however this was abrogated 

in the presence of the COX-2 inhibitor, celecoxib (144).  Furthermore, titanium particles 

were shown to enhance IL-6, collagenase and gelatinase expression as well as PGE2 

production in human fibroblasts (145). Recently, Sabokbar et al attempted to elucidate 

whether fibroblasts isolated from periprosthetic tissue, and therefore previously 

exposed to wear debris particles in vivo, are capable of enhancing osteoclastogenesis. 

Co-culture of these cells with undifferentiated monocytes resulted in enhanced bone 

resorption in an in vitro model of osteolysis. Furthermore, in the presence 

osteoprotegerin (OPG), the natural decoy receptor of RANK, the surface area of 

resorption was decreased compared to controls without the decoy receptor suggesting 

that these cells are indeed capable of supporting the differentiation of osteoclasts from 

monocytes in vivo (142). Finally, in addition to enhancing osteoclast formation and bone 

resorption, fibroblasts stimulated with wear debris particles were found to upregulate 

the chemokine IL-8 which may recruit additional osteoclasts to the site of implantation 

and further propagate the destructive process (145, 146).  

 

1.3.5 Osteoclasts and periprosthetic osteolysis 
 
While macrophages have been reported to exhibit bone-resorbing capabilities (147, 

148), the predominant cells that drive bone erosion in periprosthetic osteolysis are 

osteoclasts. During osteolysis the balance between bone erosion by osteoclasts and de 

novo bone formation by osteoblasts is skewed towards excessive osteoclast activity. 

Osteoclast precursors, (OCPs), which are recruited from blood or are already present in 

the periprosthetic tissue, develop into mature, tartrate-resistant acid phosphatase 

(TRAP) positive osteoclasts by a process known as osteoclastogenesis (Figure 1.6). RANK, 

RANKL and the decoy receptor for RANKL, OPG, together play a large role in osteoclast 

formation and function. RANKL is normally expressed by osteoblasts and their 

precursors under normal physiological conditions, however in inflammatory conditions 

it has been reported to be expressed by macrophages (149). RANKL can interact with 
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RANK on the surface of OCPs though direct cell-cell contact but in some circumstances, 

RANKL may be cleaved from the membrane and become a soluble ligand (150). 

Counteracting the effect of the RANK/RANKL pathway is the soluble decoy receptor 

OPG. Primarily produced by osteoblasts, OPG blocks RANKL from binding to RANK and 

therefore the regulation and rate of bone resorption is dependent on the ratio between 

RANKL and OPG (151). 

 

Veigl et al reported a positive correlation between RANKL expression and the extent of 

radiological presence of osteolysis in aseptically loosened hip replacements and 

periprosthetic tissues, demonstrating a disruption in the balance between RANKL and 

OPG (150, 151). Furthermore, murine in vivo models have demonstrated the importance 

of the RANKL/OPG ratio in bone resorption. Disruption of RANK signalling via genetic 

deletion or through enhancing OPG activity via gene therapy resulted in elimination of 

osteoclast cells and significantly reduced  bone resorption in a model of osteolysis (152–

154).  

 

 
Figure 1.6 The RANK-RANKL-OPG regulatory pathway. Osteoclast maturation is mediated by 
interaction of RANKL with the osteoclast precursor cell receptor, RANK. RANKL is expressed by 
osteoblasts and upon binding to RANK results in activation of osteoclasts. This increases the rate 
of bone resorption. OPG is the soluble decoy receptor for RANKL, preventing RANKL binding to 
RANK and thereby inhibiting osteoclastic bone resorption. The ratio of RANKL: OPG determines 
the rate of bone resorption and bone formation.  
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It has been demonstrated that osteoclastogenesis can be mediated through indirect or 

direct mechanisms by wear debris particles. In the case of indirect osteoclastogenesis, 

macrophages phagocytose the particles and secrete pro-inflammatory and pro-

osteoclastogenic cytokines such as TNFα, IL-6, IL-1 and RANKL (150). More recently it 

has been demonstrated that wear debris particles may directly act on osteoclast 

precursors to enhance osteoclast maturation in a MAP kinase dependent manner, as 

demonstrated by Clohisy et al who reported direct activation of ERK, JNK and p38 MAP 

kinases by PMMA particles in murine BMDMs (155, 156). The same authors also 

demonstrated that blockade of NFκB activation, which is required for osteoclast 

formation, ameliorated PMMA-induced osteolysis and reduced osteoclast cell numbers 

to control levels in the calvarial model of osteolysis (157). 

 

1.3.6 Current therapies for periprosthetic osteolysis. 
 
Modulation of macrophage phenotype has been suggested as a potential therapeutic 

avenue for periprosthetic osteolysis. Administration of the M2 polarizing cytokine, IL-4, 

or the anti-inflammatory cytokine, IL-10, have shown some efficacy, at least in murine 

models (149, 158, 159). There are, however, no drugs specifically approved for the 

prevention of periprosthetic osteolysis. As the biological cascades activated by wear 

particles are now better understood, two main approaches have been suggested and 

involve modulating osteoclast formation/function and inhibiting periprosthetic 

inflammation. Bisphosphonates have been shown to inhibit enzymes in the mevalonate 

pathway which results in apoptosis of osteoclasts (127). They are commonly used for 

metabolic bone diseases (160) and several experimental studies have demonstrated a 

significant decrease in osteolysis/bone resorption after treatment with these 

compounds (161, 162). For example, pamidronate has been shown to reduce particle 

induced osteolysis in vitro (163) while alendronate was found to inhibit wear-particle 

induced osteolysis in a murine and rat calvarial model (138, 164). Statins such as HMG-

CoA reductase inhibitors are another class of osteoclast inhibitor and can act in a similar 

manner to bisphosphonates by targeting the mevalonate pathway. In this case, 

simvastatin has been shown to inhibit UHMWPE induced osteolysis in the murine 
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calvarial model (165). RANKL is another attractive therapeutic target due to the central 

role it plays in osteoclastogenesis.  As mentioned previously, OPG is a naturally occurring 

decoy receptor and inhibits the interaction between RANK and RANKL. In a UHMWPE- 

induced murine air pouch model of osteolysis, OPG gene therapy was shown to diminish 

mRNA expression of osteoclast markers and reduce bone loss (153). This has also been 

demonstrated in the murine calvarial model (166). While bisphosphonates and statins 

have proved effective in murine models of particle-induced osteolysis, it remains to be 

determined if these agents are efficacious in osteolysis patients. 

 

Modulating pro-inflammatory cytokine production may also prove beneficial for 

osteolysis patients assuming inflammation is targeted prior to extensive bone damage. 

Etanercept, a TNFα antagonist, has been shown to reduce titanium-mediated 

inflammation in murine osteolysis models (152), however a clinical study of osteolysis 

patients treated with anti-TNF over the course of a year proved inconclusive (167). More 

recently, inhibition of TNFα secretion by the phosphodiesterase inhibitor pentoxifylline, 

was shown to reduce wear debris induced inflammation in healthy monocytes, however 

its efficacy is yet to be tested in vivo (168). Bortezomib (Bzb) is a reversible 26S 

proteasome inhibitor currently approved for the treatment of relapsed/refractory 

multiple myeloma (108). As well as anti-tumour effects, it has been shown to limit 

inflammation and bone resorption in arthritis models (169, 170). Bzb inhibits NF-kB, a 

master regulator of inflammation, by blocking degradation of the NF-kB inhibitor, IκB. 

Mao et al recently demonstrated that Bzb can inhibit titanium particle induced 

inflammation in murine macrophages, a finding that warrants further in vivo study as it 

may have implications for the treatment of periprosthetic inflammation. 

 

1.4 Novel approaches for osteochondral defect repair 
 
Articular cartilage is a soft hydrated tissue lining the bones in synovial joints which 

functions to distribute the high loads passing through these joints. It has unique 

viscoelastic, compressive, tensile and frictional properties (6) which enable smooth, pain 

free articulation between bones. The lack of an extended vascular network in hyaline 

cartilage does not allow for typical scar tissue remodelling events which include 
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bleeding, inflammation, cell proliferation and remodelling. As a consequence, damaged 

cartilage loses its protective function, ultimately compromising the integrity of the 

underlying subchondral bone. As mentioned previously, this results in an osteochondral 

defect which has poor long-term endogenous regeneration capacity. Because of this, 

new avenues of research have focused on methods to repair and regenerate tissue 

around small osteochondral defects before damage progresses. The current standard 

treatments used to promote tissue regeneration for cartilage defects are outlined 

below. 

 

Microfracture: This procedure involves the creation of surgical perforations in the 

subchondral bone around the defect. This facilitates migration of progenitor stem cells 

from the bone marrow cavity into the defect through the resulting small osteochondral 

openings (171). Apart from their regenerative capacity, bone marrow stem cells have 

immunomodulatory properties and thus also provide pain relief. Although microfracture 

is still considered the gold standard by the FDA, it often results in the generation of 

fibrocartilage (172). This tissue is inferior to healthy hyaline cartilage, both biochemically 

and biomechanically, and makes microfracture a short-term solution (5-10 years). 

 

Mosaicplasty: Mosaicplasty grafting involves harvesting a cylindrical plug of hyaline 

cartilage and underlying subchondral bone from an unaffected, non-load bearing area. 

This is then implanted into the cartilage defect area (173).  This procedure is required 

when patients have deep defects that extend into the subchondral bone, and long-term 

studies have shown comparable outcomes to that of microfracture (174). 

 

Autologous chondrocyte implantation (ACI): This two-step procedure consists of 

chondrocyte isolation from a low-weight-bearing area of the knee joint during a first 

arthroscopic operation and expansion in vitro before transplantation into the lesion in a 

second surgery. This technique has two major advantages: using host cells avoids 

potential immune-related complications and the small biopsy size minimizes donor site 

morbidity.  
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Matrix-induced autologous chondrocyte implantation (MACI): This is currently the 

most common scaffold plus cell-based cartilage repair technique in clinical practice. 

Similar to ACI, MACI requires two surgical procedures. In the first surgery, chondrocytes 

are harvested from an autologous tissue biopsy and then seeded onto an absorbable 

porcine-derived collagen scaffold. During the second surgery an arthrotomy procedure 

debrides the lesion to allow for construct implantation which is secured using fibrin glue. 

MACI has been shown to have similar functional outcomes to either ACI or 

microfracture. However, the expense of the technique and the fact that integration with 

the defect site has not been confirmed in long-term follow up clinical studies warrants 

further investigation. 

 

The above-mentioned procedures have limited long-term success and eventually severe 

joint damage necessitates the need for total joint replacement. Repair of complex 

osteochondral lesions, therefore, remains a significant clinical problem (175, 176). This 

has, however, motivated the development of innovative tissue engineering strategies to 

regenerate osteochondral tissues and some of these approaches are outlined below.  

 

1.4.1 Tissue engineering  
 
Tissue engineering utilises a combination of scaffolds, cells and biologically active 

molecules which can differentiate into functional tissues and has been regarded as a 

revolution in medical sciences (Figure 1.7). It has been developed for almost every 

existing human tissue or organ and over the years there has been a particular interest 

in “soft” tissues such as skin, liver and muscle. Additionally, bone and cartilage tissue 

engineering to fabricate biological substitutes for the treatment of osteochondral 

defects has become an active area of research. As mentioned above, articular cartilage 

lacks any self-healing ability due to its avascular nature. In other tissues, the vascular 

system delivers specific cells which remove necrotic material and synthesize new matrix 

as well as creating the appropriate biochemical environment for healing (177). In 

addition to lacking a vascular system, chondrocytes in the neighbouring healthy cartilage 

are trapped in a mesh of collagen and proteoglycan which prevents cell migration to 

damaged sites. Much focus has now been placed on developing and improving research 
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into mesenchymal stem/stromal cells (MSCs), bioceramics and ECM 3D scaffolds in 

order to overcome these limitations.  

 

Figure 1.7 The three essential components that make up the tissue-engineering triad.  Cells 
are required to facilitate tissue formation and matrix deposition, growth factors or biophysical 
stimuli can direct growth and differentiation of cells, while biomaterial scaffolds provide 
structure and substrate for tissue growth and development (178). 
 

1.4.2 Cell-based approaches: exploiting the pleiotropic nature of MSCs 
 
MSCs were originally discovered in the 1950s and were found to readily proliferate in 

vitro (179). They exist in almost all tissues and can be obtained from both adult and 

foetal sources. MSCs have become an attractive cell source for biological applications 

due to their relative ease of isolation and expansion as well as their ability to 

differentiate into canonical cells of the mesenchyme (Figure 1.8) (180). Indeed, their 

characteristics make them ideal for working in osteochondral tissue engineering. In 

vitro, osteogenic differentiation of MSCs (i.e. differentiation into osteoblasts) has been 

demonstrated with dexamethasone, β-glycerolphosphate and ascorbic acid, while 

culture in chondrogenic media (dexamethasone, ascorbic acid and TGFβ3) can enhance 

chondrogenic differentiation of MSCs into cartilage forming cells (181, 182).  
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Figure 1.8 Differentiation of mesenchymal stem cells. MSCs are a population of stromal cells 
present in the bone marrow and most connective tissues. They are capable of differentiation 
into mesenchymal tissues such as bone, cartilage, muscle, marrow, ligament and connective 
tissue. Diagram generated using Servier medical Art, adapted from (183). 
 

In addition to the capacity of MSCs to regenerate damaged tissue, MSCs also possess 

the ability to home to the site of injury or insult and modulate disease through the 

release of trophic factors that can modulate the immune system or promote intrinsic 

repair (184, 185). 

 

MSCs have been utilised for various tissue engineering applications. Gao et al implanted 

murine MSCs into a murine skeletal defect model and observed enhanced 

osteointegration and osteogenic responses (186). It has also been demonstrated that 

MSCs seeded into hydrogel scaffolds promote cartilage integration into defects created 

in cartilage explants, further supporting their chondrogenic differentiation potential 

(187). Finally, it has been demonstrated that direct intra-articular injection of MSCs can 

promote cartilage regeneration and improve physical function in rats with focal cartilage 
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defects (188). Overall, the use of MSCs in tissue engineering strategies is a promising 

approach to enhance tissue repair and regeneration.  

 

1.4.3 Bioceramics for bone tissue engineering 
 
Ceramics that show biocompatible behaviour are known as bioceramics. One of the 

most common groups of bioceramics are calcium phosphate ceramics which include 

tricalcium phosphate (TCP, either α or β), tetracalcium phosphate (TTCP), octacalcium 

phosphate (OCP) and hydroxyapatite (HA). These derivatives are obvious choices of 

biomaterials as calcium phosphate is found naturally in the body and is the major 

inorganic constituent of bone. HA is chemically very similar to the inorganic minerals in 

bone and therefore is extremely osteoconductive and osteoinductive (189). In addition, 

HA is biocompatible and can be modified by bone resorbing osteoclasts. Due to these 

characteristics, HA has gained much attention in tissue engineering and several studies 

have demonstrated its efficiency in the induction of bone formation in vivo and 

osteogenic differentiation of MSCs in vitro. Early studies demonstrated that 

implantation of HA ceramics subcutaneously in the abdomen of dogs resulted in 

deposition of new bone around the ceramics after 3 months (190). A later study by Klein 

et al reported similar results for dense and porous HA ceramics implanted 

intramuscularly in dogs, with new bone being formed in the porous constructs only 

(191). However, HA is limited in its capacity to repair large bone defects due to its 

brittleness. Nanophase ceramics, especially nanoHA are popular bone substitutes, 

coatings and other filler materials due to their documented ability to promote 

mineralization. The nanometre grain sizes and high surface friction of grain boundaries 

in nanoceramics increase osteoblast functions (such as adhesion, proliferation and 

differentiation) (192). The highest adsorption of vitronectin (a protein well known to 

promote osteoblast adhesion) was observed on nanophase ceramics, which may explain 

the subsequent enhanced osteoblast adhesion on these materials (193). More recently 

nanophase ceramics, in particular nanoHA, have been used as a method of non-viral 

gene delivery with the view that the combination of gene therapeutics with osteogenic 

biomaterials will promote prolonged, sustained and localized in situ delivery of a protein 

of interest (194). 
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1.4.4 Natural Biomaterials: Extracellular Matrix-Derived Scaffolds 
 
3D scaffolds are often used in tissue engineering where stem cells and bioactive 

molecules such as HA are incorporated or loaded prior to implantation. As tissues such 

as bone and articular cartilage have a very intricate biological and biochemical structure, 

development of a scaffold using conventional synthetic biomaterials fails to recapitulate 

this complexity. Additionally, there is a lack of biological interaction with synthetic 

materials which does not allow for proper integration into surrounding tissues. Natural 

biomaterial scaffolds such as ECM derived scaffolds essentially represent a natural 

scaffold that can provide cells with the complex microenvironment of a natural tissue. 

They act as a source of promotional cues and therefore encourage constructive 

remodelling, i.e., supporting specific tissue formation at the implantation site rather 

than forming inferior and less functional scar tissue. Mammalian ECM consists of 

secreted proteins and biomolecules of the resident cells of each unique tissue (195, 

196). Processing of ECM involves decellularisation procedures that remove whole cells 

and nuclear material in order to eliminate adverse immunogenic effects of xenogeneic 

cellular antigens. It uses combinations of mechanical and chemical treatments (197) 

while at the same time attempting to maintain both the structural (collagen), and 

functional cues (growth factors) that drive differentiation of recruited cells or cells that 

are seeded onto the constructs prior to implantation (198, 199). Given the multiple roles 

that ECM plays, and the complex nature of tissue regeneration in a defect, ECMs are 

superior to synthetic compounds and several ECM derived scaffolds have been shown 

to facilitate the repair of many tissues in preclinical studies and in human clinical 

applications including repair of trachea, tendons, muscle, heart valves and abdominal 

walls (195). 

 

1.4.5 The immune system in tissue engineering 
 
Although vast progress has been made in the last decade, several challenges have 

hampered the clinical application of tissue engineering technologies. It is now becoming 

increasingly apparent that, as with traditional implant materials, an understanding of 

the immune response to novel biologicals scaffolds for tissue repair is of paramount 

importance. Upon implantation of a biomaterial scaffold or foreign body, the immune 
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system is the first to respond. This biomaterial can regulate immune cell behaviour and 

the resulting immune cell secretome can regulate cells within the scaffold 

microenvironment and downstream mediators of the regeneration process (200). The 

role of the immune system in response to wound healing and regeneration post-

biomaterial implantation involves a complex yet choreographed spatiotemporal host 

response that directs successful tissue repair and development (Figure 1.9).  

 

 
Figure 1.9 The immune system in repair and regeneration upon biomaterial implantation. 
Signals associated with injury or scaffold implantation recruit innate immune cells to the site of 
implantation, a process that is followed by activation and polarization of immune cells. These 
cells can then interact with other cell types in the scaffold microenvironment including stem and 
stromal cells. This will either result in tissue formation resembling the original host tissue or a 
more fibrous scar tissue depending on the cues provided and the immune microenvironment. 
Diagram generated using Servier medical Art, adapted from (200). 
 
 
While it is well accepted that an early inflammatory response is required to initiate pro-

regenerative responses post-injury, a shift from pro-inflammatory to anti-inflammatory 

function is required to maximize the regenerative capacity of progenitor cells and 
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minimize the destructive effects of prolonged inflammation. The temporal nature of the 

inflammatory responses is largely attributed to the transition of macrophages from a 

classically activated ‘M1’ state to alternatively activated ‘M2’ macrophages. While M1 

macrophages play a role in early angiogenesis, a prolonged M1 presence can propagate 

tissue destruction and lead to fibrous scar formation and inferior tissue regeneration 

(201, 202). M2 macrophages, on the other hand, promote ECM synthesis, vessel 

formation and osteogenic differentiation (203, 204).  

 

1.4.6 Innate immunity in tissue regeneration 
 
Evidence supporting a central role for macrophages in the normal regeneration process 

comes from studies demonstrating that depletion of macrophages using clodronate 

liposomes results in impaired limb regeneration in salamander studies (205). 

Macrophage phenotype has also been shown to correlate with extent of host tissue 

repair with higher ratios of M2/M1 polarized macrophages associated with reduced 

fibrosis and scarring  following injury (201, 204). In one particular study, biologically 

derived mesh materials were implanted into an abdominal wall defect model for 14 or 

25 days and in situ macrophage polarization was examined. Histomorphological analysis 

revealed that an organised and appropriate tissue remodelling response was associated 

with the presence of M2 macrophages. Moreover, conditioned media from M2 

polarised macrophages was shown to have higher chemotactic activity than that of M1 

polarised macrophages, suggesting that the enhanced remodelling could be due to the 

enhanced cellular recruitment (206). ECM based materials have also been shown to 

have intrinsic M2 macrophage polarisation capabilities, and their degradation products 

have been reported to directly promote constructive macrophage polarisation in vitro 

which was associated with enhanced migration and myogenesis of skeletal muscle 

progenitor cells (207). Certainly, it is clear that M2:M1 ratio and the phenotypic profile 

of macrophages at early time points are important predictors of implant success, 

therefore understanding how to control/modulate this will be a key step in the design 

of next generation immune-informed biomaterials to enhance positive tissue 

remodelling, integration and regeneration.  
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1.4.7 Adaptive immunity in tissue regeneration 
 
There is a growing body of literature highlighting the role of T cells in tissue repair and 

regeneration (208). Seminal work by Sadtler et al explored the role of the adaptive 

immune system on tissue regeneration. In the context of bone, both CD4+ and CD8+ 

have been associated with poor tissue regeneration (209, 210) and a negative 

correlation between the presence of differentiated CD8+ T cells in bone regeneration in 

humans has been reported (209). Furthermore, selected depletion of CD8+ T cells, or 

complete depletion of functional T and B cells using Rag1-/- mice, results in accelerated 

bone fracture repair (208, 211). Specific mediators of this inhibitory process have yet to 

be identified, however  T cell derived IFNγ and TNFα have been shown to inhibit bone 

formation by MSCs (210), while delayed osteogenesis was observed in the presence of 

IFNγ and TNFα from memory CD8+ T cells (209). Conversely, a positive role for CD4+ 

Tregs in the context of skin, kidney and skeletal muscle repair and regeneration has been 

reported (212–215). 

 

While the majority of research into the role of T cells in tissue repair and regeneration 

has focused on αβT cells, more recently preliminary work has demonstrated that γδT 

cells have a more pro-regenerative role (216, 217) as the absence of γδT cells results in 

loss of effective skin healing in both mice and humans (218).  This subset of T cells 

appears 2-7 days post bone injury in murine models and they secret IL-17, which has 

been shown to enhance osteoblast function (217).  

 

Taken together, much evidence points to a significant role for the immune system in 

tissue regeneration post biomaterial implantation. Immune cells appear to have distinct 

roles depending on the tissue type and characteristics of the implanted material, which 

can, in turn, influence the recruitment and differentiation of stem or progenitor cells to 

the injury site. This can ultimately determine the regenerative outcome in a process now 

coined ‘biomaterial-directed regenerative immunology’. As such, controlling immune 

responses is becoming an attractive approach in regenerative medicine and holds great 

promise for the treatment of conditions such as OA and osteochondral defects.  
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1.5 Research Question 
 
The identification of drugs that effectively halt the destructive events in OA are lacking 

and much sought after. While several pathological mechanisms and OA-associated 

DAMPs have been identified, studies examining the effects of BCP crystals in humans 

are limited and characterization of the metabolic pathways induced by BCP crystals has 

not yet been examined. Therefore, the elucidation of macrophage phenotype and 

immune cell metabolism induced by BCP crystals is of considerable interest and may 

provide insights into new therapeutic targets for OA. Similarly, an extensive 

understanding of the immune response and cellular pathways activated by wear debris 

generated from orthopaedic implants is of interest in order to identify novel therapeutic 

targets for periprosthetic osteolysis.  

 

Finally, there is now ample evidence to suggest that manipulation of the immune system 

is a very plausible therapeutic strategy to drive and induce tissue regeneration after 

biomaterial implantation. A key challenge here is to develop biomaterials that can 

control immune mediated responses and tissue healing in situ. Therefore, the final goal 

of this study is to explore the immunomodulatory properties of commercial and in-

house generated biomaterials and immunomodulatory scaffolds for the purpose of 

enhancing bone tissue repair in vivo.  

 

1.5.1 Specific Aims 
 

• To determine if BCP crystals alter macrophage phenotype and the metabolic 

profile of primary human macrophages.  

• To examine human immune cell activation and macrophage polarization 

following exposure to orthopaedic wear particles.  

• To compare macrophage responses to micron and nano sized HA particles in 

primary human macrophage and to determine whether HA/nHA driven 

macrophage phenotype can influence MSC osteogenic differentiation in vitro.  

• To examine the immune and tissue healing response to HA/nHA functionalised 

scaffolds using a rat femoral defect model. 
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2.1 Materials 
 
All laboratory materials were purchased from Sigma-Aldrich (St. Louis, Missouri) unless 

otherwise stated.  

2.1.1 Cell culture  
 
Lymphoprep was purchased from Axis-Shield poC. MagniSort Human CD14 Positive 

Selection Kit and Human CD4 Positive Selection Kit were purchased from eBioscience. 

The following were all purchased from Sigma-Aldrich: Dulbecco’s Phosphate-Buffered 

Saline (PBS), Roswell Park Memorial Institute (RPMI)-1640 Medium, Dulbecco’s 

Modified Eagle’s Media (DMEM), L-Glutamine, Penicillin-Streptomycin solution, Foetal 

Bovine Serum (FBS), Ethylenediaminetetraacetic Acid (EDTA), Trypsin-EDTA solution, 

Trypan Blue solution, L-ascorbic acid-2-phosphate, dexamethasone, β-

Glycerolphosphate and Dimethyl Sulfoxide (DMSO). Human recombinant Monocyte 

Colony-Stimulating Factor (M-CSF), IL-4 and IFNy were purchased from Miltenyi Biotec.  

2.1.2 Inhibitors and Reagents  
 
BCP crystals in the form of hydroxyapatite, synthesised by alkaline hydrolysis of brushite 

as  described in (219), were kindly provided by Professor Geraldine McCarthy (Mater 

Misericordiae University Hospital, Dublin ). Ultrapure lipopolysaccharide (LPS) from E. 

Coli O111:B4 was purchased from Enzo Life Sciences. Piceatannol (Syk inhibitor) and 

methyl-B-cyclodextrin (M-βCD), Cytochalasin D, Cytochalasin B, Dynasore and 2DG were 

purchased from Sigma Aldrich (St. Louis, Missouri). R788/Fostamatinib (Syk inhibitor) 

was obtained from AdooQ Bioscience (Irvine, CA). MCC950 (NLRP3 inhibitor) was 

provided by Professor Luke O’Neill (TCD). SB203580 (p38 inhibitor) and PD98095 (ERK 

inhibitor) were purchased from Invivogen (San Diego, CA). Piceatannol and R788 were 

made up in ethanol, 2DG, MCC950, M-βCD, Cytochalasin D, Cytochalasin B and Dynasore 

were all made up in water and PD98095 and SB203580 were made up in DMSO. Inhibitor 

alone and vehicle alone control treatments were included to ensure no effect on pro-

inflammatory macrophage profile (Figure app. 2). The IL-10 neutralizing antibody was 

obtained from eBioscience (San Diego, CA). Poly (methyl methacrylate) (PMMA) 

Microspheres were purchased from Polysciences Inc. (Warrington, PA) and 

hydroxyapatite particles (HA) were purchased from Sigma Aldrich (St. Louis, Missouri).  
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2.1.3 Western blotting  
 
All chemicals used were purchased from Sigma-Aldrich unless otherwise stated. 

Acrylamide was purchased from Fisher. SeeBlue Plus2 Pre-Stained Protein Standard was 

purchased from Invitrogen. Immobilon polyvinylidene difluoride (PVDF) membrane and 

Enhanced Chemiluminescent (ECL) Horseradish-Peroxidase (HRP) Substrate were 

purchased from Merck Millipore.  

2.1.4 Primary antibodies  
 
Anti-phospho-Syk, anti-Syk, anti-phospho-p38, anti-p38, anti-phospho-ERK (1/2) and 

anti-ERK (1/2) were all purchased from Cell Signalling 38 Technology. Anti-CD206, anti-

CD163, anti-phospho-STAT3, anti-C-Maf, Glut1, HIF1α and HK2 were purchased from 

Abcam. Anti-β-actin-peroxidase was purchased from Sigma-Aldrich.  

2.1.5 Secondary antibodies  
 
Anti-rabbit IgG (whole molecule)-peroxidase, anti-mouse IgG (whole molecule)-

peroxidase and anti-goat IgG (whole molecule)-peroxidase were purchased from Sigma-

Aldrich.  

2.1.6 Flow cytometry  
 
Anti-mouse Ig CompBeads were purchased from BD. FITC-conjugated DQ Ovalbumin, 

MitoSox Red and Mitotracker Red TM were purchased from Invitrogen. Fixable Viability 

Dye eFluor506 were all purchased from eBioscience. The following fluorochrome 

conjugated antibodies were purchased from eBioscience or BioLegend as specified in 

Tables 2.1 and 2.2. 
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Table 2.1 Antibodies for flow cytometry of in vitro macrophage studies 

Specificity Fluorochrome Clone Supplier 

CD14 FITC 61/D3 eBioscience (San Diego, CA) 

CD11b APC M1/70 eBioscience (San Diego, CA) 

CD163 BV421 GHI/61 BioLegend (San Diego, CA) 

CD206 APC 19.2 eBioscience (San Diego, CA) 

CD86 PerCP-Cy5 IT2.2 eBioscience (San Diego, CA) 

CD80 PerCP-Cy7 2D10.4 eBioscience (San Diego, CA) 

CD40 eFluor450 5C3 eBioscience(San Diego, CA) 

 

 

Table 2.2. Antibodies for flow cytometry for in vivo studies 

Specificity Fluorochrome Clone Supplier 

CD14 FITC HCD14 eBioscience (San Diego, CA) 

CD86 PerCP-e710 IT2.2 BioLegend (san Diego, CA) 

CD206 APC 19.2 eBioscience (San Diego,CA) 

CD11b APC-Cy7 GHI/61 eBioscience (San Diego, CA) 

CD45 BV785 30-F11 BioLegend (san Diego, CA) 

CD3 PE 17-A2 eBioscience (San Diego, CA) 

Ly6G Pacific Blue 1A8 eBioscience (San Diego, CA) 

CCR2 PE-Cy7 SA203G11 BioLegend (san Diego, CA) 

CX3CR1 BV650 SA011F11 BioLegend (san Diego, CA) 

Ly6C FITC AL-21 eBioscience (San Diego, CA) 

Siglec F PE-Dazzle E50-2440 eBioscience (San Diego, CA) 

MHCII APC M5144.15.2 BioLegend (san Diego, CA) 

CD19 PE-Dazzle 1D3 eBioscience (San Diego, CA) 

F4/80 PerCP-CY5.5 BM8 eBioscience (San Diego, CA) 
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2.1.7 Seahorse extracellular flux analysis 
 
Seahorse XF/XFe 96 well cell culture microplates, extracellular flux assay kits, XF 

calibrant and XF assay media was purchased from Agilent Technologies. Oligomycin A 

was purchased from Cayman Chemicals. Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) was purchased from Santa Cruz 

Biotechnology. Rotenone, antimycin A and 2-deoxy-D-glucose (2-DG) were purchased 

from Sigma-Aldrich. 

2.1.8 Confocal microscopy 
 
Light-protective cell culture microplates were purchased from iBidi. Anti-CD80, anti-

CD206, anti-vWF and anti-αSMA were all purchased from Abcam. Fluorochrome-

conjugated secondary anti-rabbit Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 

antibodies were was purchased from Abcam. 4',6-diamidino-2-phenylindole (DAPI) was 

purchased from VWR. 

2.1.9 Polymerase Chain Reaction (PCR)  
 
High pure RNA Isolation Kit was purchased from Roche (Basel, Switzerland). Applied 

Biosystems High capacity cDNA transcription kit, TaqMan fast universal PCR Master Mix 

and TaqMan probes for eukaryotic 18S rRNA, human CCL19, CXCL9, CXCL10, CXCL11, 

MRC1,  CCL13 and S100A8 were purchased from Life Technologies (Calsbad, CA). iTaq 

Universal SYBR Green Supermix was purchased from Bio-Rad Laboratories (Hercules, 

California). Forward and reverse oligonucleotide primers for GAPDH, BMP2, ALP, OPN, 

OCN, Runx2, Osx, VEGF, bFGF, ANG1, HK2, Glut1, HIF1α, HIF2α and PFKβ3 were 

purchased from Sigma-Aldrich (St. Louis, Missouri). The primer sequences are detailed 

in Table 2.3. 
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Table 2.3 Primer sequences 

Gene Forward Reverse 

GAPDH ACAGTTGCCATGTAGACC TTTTTGGTTGAGCACAGG 

BMP2 TCCACCATGAAGAATCTTTG TAATTCGGTGATGGAAACTG 

ALP TCTTCACATTTGGTGGATAC ATGGAGACATTCTCTCGTTC 

OPN GACCAAGGAAAACTCACTAC CTGTTTAACTGGTATGGCAC 

OCN TTCTTTCCTCTTCCCCTTG CCTCTTCTGGAGTTTATTTGG 

Runx2 AAGCTTGATGACTCTAAACC TCTGTAATCTGACTCTGTCC 

Osx TGAGGAGGAAGTTCACTATG CATTAGTGCTTGTAAAGGGG 

VEGF GCAGAATCATCACGAAGTGGTG TCTCGATTGGATGGCAGTAGCT 

bFGF AAGAGCGACCCTCACATCAAG ACACTCCTTTGATAGACACAACTC 

ANG1 TACTCAGTGGCTGCAAAAACTTGA ATCTCCGACTTCATGTTTTCCACA 

HIF1α GAAACTTCTGGATGCTGGTGATTT  GCAATTCATCTGTGCTTTCATGTCA 

HIF2α AAGCTCCTCTCCTCAGTTTGCT  GTACAAGTTGTCCATCTGCTGG  

HK2 TTCTTGTCTCAGATTGAGAGTGAC  TTGCAGGATGGCTCGGACTTG  

Glut1 GAACTCTTCAGCCAGGGTCC  ACCACACAGTTGCTCCACAT  

PFKβ3 CCATGAAAGTCCGGAAGCAATG  GCTTTTGACATCTCTCAAGGCAG 

 

 

2.2 Methods 
 

2.2.1 Cell Culture 
 
Cells were cultured at 37°C with an atmosphere of 95% humidity and 5% CO2. RPMI and 

DMEM cell culture media were supplemented with 10% FBS, 2 mM L-Glutamine, 100 

U/ml penicillin and 100 μg/ml streptomycin unless stated otherwise. Cell numbers and 

viability were determined by performing cell counts in trypan blue. Cells were diluted in 

trypan blue and 10 μl was loaded onto a Hycor KOVA Glastic cell counter slide and 

viewed under a light microscope. Cell viability was assessed by dye exclusion. The 

number of viable cells was determined using the following formula:  

																							𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 = # 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 104 
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2.2.2 Isolation of PBMCs from human venous blood 
 
This study was approved by the research ethics committee of the School of Biochemistry 

and Immunology, Trinity College Dublin and is in accordance with the Declaration of 

Helsinki. PBMC were isolated from leukocyte-enriched buffy coat packs (the plasma 

depleted fraction of anti-coagulated blood) obtained from anonymous healthy donors 

with consent from the Irish Blood Transfusion Service, St James’ Hospital, Dublin. Blood 

was diluted in sterile PBS and centrifuged at 1250 g for 10 minutes at room temperature, 

with the brake off. The buffy coat layer containing leucocytes was removed (Figure 2.1 

A), and diluted in sterile PBS. 25 ml of diluted buffy coat was layered over 20 ml 

LymphoPrep and PBMC were isolated by density-gradient centrifugation at 800 g for 20 

minutes at room temperature, with the brake off. The PBMC layer was removed from 

the interface of the gradient (Figure 2.1 B) and washed twice in sterile PBS by 

centrifugation at 650 g for 10 minutes at room temperature. Isolated PBMC were re-

suspended and cultured in RPMI.  

2.2.3 Isolation of CD14+ monocytes 
 
CD14+ monocytes were isolated from PBMC by magnetic-activated cell sorting (MACS), 

using the Magnisort CD14 positive selection kit (eBioscience). PBMC were washed in 

MACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA) and pelleted by 

centrifugation at 300 g for 5 minutes. PBMC were re-suspended in MACS buffer at 1 x 

108 cells/ml in a 12 x 75 mm 5ml tube and incubated with anti-CD14 biotin (10 μl per 

100 μl cells) for 10 minutes at room temperature. Cells were then washed in 4 ml MACS 

buffer and pelleted by centrifugation at 300 g for 5 minutes. Supernatant was discarded, 

cells were re-suspended in their original volume of MACS buffer and incubated with 

MagniSort positive selection beads (15 μl per 100 μl cells) for 10 minutes at room 

temperature. The volume was then adjusted to 2.5 ml and the tube placed inside the 

magnetic field of a Magnisort magnet for 5 minutes. The negative fraction was then 

poured off by inverting the tube while held inside the Magnisort magnet, and the 

remaining cells were re- suspended in 2.5 ml MACS buffer. This step was repeated three 

times and then the positive fraction containing the CD14+ monocytes was re-suspended 

in RPMI and counted, CD14+ monocyte purity was confirmed by flow cytometry and was 

routinely greater than 90%. 
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2.2.4 Culture of monocyte derived macrophages 
 
Primary human macrophages were cultured from CD14+ monocytes isolated from 

healthy human PBMCs. Purified CD14+ monocytes were cultured at 1 x 106 cells/ml in 

RPMI supplemented with human recombinant M-CSF (50 ng/ml). On the third day of 

culture half the media was carefully removed from the wells and replaced with fresh 

media containing M-CSF. On the sixth day of culture the purity of macrophages was 

determined by expression of CD14 and CD11b by flow cytometry; CD14+ CD11b+ cells 

were defined as fully differentiated macrophages and were routinely greater than 95% 

(Figure 2.2). 

2.2.5 Culture of adult human bone marrow-derived mesenchymal stem cells 
(MSCs) 

 
Bone marrow aspirates, obtained from anonymous donors (Lonza), were washed in PBS 

and centrifuged at 900 x g for 10 minutes. Supernatant was gently aspirated and cells 

were plated at 4000-5000 MSCs/cm2 in complete media (DMEM, 10% FBS, 1% P/S, 

5ng/ml bFGF2). Cells were cultured for up to two weeks (until colonies form and cells 

proliferate), with media being replenished every 3-4 days. Cells were washed with PBS 

in between feedings to dislodge red blood cells. Adherent cells were expanded up to P2 

and were characterized by their plastic adherence and fibroblastic nature. Colony 

Forming Unit assays were used to quantify proliferation, and Trilineage Potential assays 

were used to determine pluripotency. For in vitro assays, MSCs were seeded at 5 x 104 

cells/ml in standard culture media, high glucose Dulbecco’s modified Eagle’s medium 

(4.5 mg/mL D-glucose and 200 mM L-glutamine; hgDMEM) supplemented with 10% 

foetal bovine serum (FBS) and penicillin (100 U/mL) – streptomycin (100 g/mL) and 

expanded in a humidified atmosphere at 37 °C, 5% CO₂, and 20% pO₂.  

2.2.6 HUVEC Tube Formation 
 
Matrigel (100 μl; BD Biosciences, San Jose, CA, USA) was plated in 48-well culture plates 

after thawing on ice and allowed to polymerise for 45 min at 37°C in humidified air with 

5% CO2. HUVECs (2 × 104) were plated in serum-free Microvascular Endothelial Cell 

Growth Medium-2 (Lonza) without or with VEGF (10 ng/ml) as negative and positive 

controls respectively. Alternatively, cells were seeded in 50% supplemented serum-free 
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conditioned media from micron or nano particle treated macrophages. Cells were 

imaged using phase-contrast microscopy every 2 hours to assess endothelial cell tubule 

formation. Average branch length, average number of branches and average number of 

junctions were quantified using ImageJ. 

2.2.7 Macrophage Conditioned media experiment 
 
Primary human macrophages were cultured with 250 μg/ml of micron or nano particles 

for 24 hours. Conditioned media (CM) was harvested and centrifuged at 300 x g for 10 

minutes to deplete media of any residual particles. A calcium assay of the CM pre and 

post centrifugation confirmed that media post centrifugation had comparable levels of 

calcium to that of media alone that had no Hydroxyapatite particle treatment indicating 

that this CM was Calcium phosphate free and no particles remained. Human MSCs were 

cultured in the CM for 48 hours and then cultured for a further 7 days in osteogenic 

media (DMEM + GlutaMAX media supplemented with 100mM dexamethasone, 10mM 

β-Glycerolphosphate, and 0.05mM L-ascorbic acid-2-phosphate).  

2.2.8  Wound Scratch Assay 
 
MSCs were seeded onto 6 well plates and grown to confluence prior to being serum 

starved for 16 hours. A single scratch wound was induced through the middle of each 

well with a sterile pipette tip, cells were washed with media to remove lifted cells and 

media was replaced fresh serum free media. Cells were subsequently either left in serum 

free control media or cultured in serum free media from untreated, micron or 

nanoparticle treated macrophages for 24 hours. MSC migration across the wound 

margins from 24 hours was assessed and photographed using a phase-contrast 

microscope (Olympus 1X83). Semi-quantitative analysis of cell repopulation of the 

wound was assessed by three blinded observers. Tiff images of the scratch wound assays 

were taken at × 20 magnification at 0 and 24 hours. The mean number of cells that 

migrated back into the wound was calculated from six individual measurements for each 

wound at each time point. This process was carried out for all biological repeats. Total 

numbers of cells were also counted in each group to assess for proliferation.  
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2.2.9  Flow cytometry 
 

2.2.9.1 Cell surface marker staining 

 
CD14⁺ monocytes post positive MACS sorting were stained with a fluorochrome-

conjugated antibody specific for CD14 for 15 minutes at room temperature. Primary 

human macrophages were plated at a concentration of 1 x 106 cells/ml in a 48-well plate 

and stimulated with particulates for 6 or 24 hours.  Cells were Fc blocked for 15 minutes 

prior to staining for surface markers. Cells were stained with fluorochrome conjugated 

antibodies specific for CD14, CD11b, CD80/86, CD40, CD206 and CD163 fixed with 4% 

paraformaldehyde (PFA)  washed and acquired on a FACSCantoTM II or LSRFortessa™ 

(both BD Biosciences). Compensation beads singly stained with every fluor channel 

utilised were acquired to adjust for spectral overlap. An unstained sample was also run 

as a control. 

2.2.9.2 DQ-Ovalbumin 

 
For assessment of phagocytosis or antigen uptake, DQ-Ova was prepared  to a stock 

concentration of 1 mg/ml. Cells were incubated with fresh media containing 500 ng/ml 

DQ-Ova for 20 minutes at 37°C, followed by an incubation at 4°C for 10 minutes. Cells 

were then washed in PBS, centrifuged at 300 x g for 5 minutes, re-suspended in PBS and 

immediately acquired. Cells treated with media containing no DQ-Ova were used as a 

gating control for DQ-Ova positive cells. Gating strategy provided in Appendix 1.1.1 

2.2.9.3 Mitosox Red labelling  

 
In order to analyse mitochondrial superoxide production (mitochondrial ROS), cells were 

stained with MitoSox Red. Cells were washed in warm PBS and centrifuged at 300 g for 

5 minutes. Supernatants were removed and cells were stained with MitoSox Red at a 

final concentration of 20 nM in PBS. Cells were incubated for 15 minutes at 37 °C. Cells 

were washed in FACS buffer and centrifuged at 300 x g for 5 minutes. Supernatants were 

removed and cells were acquired immediately. 
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2.2.9.4 Mitotracker Red labelling 

 
In order to analyse mitochondrial mass, cells were stained with Mitotracker Red. Cells 

were washed in warm PBS and centrifuged at 300 g for 5 minutes. Supernatants were 

removed and cells were stained with Mitotracker Red at a final concentration of 4 nM 

in PBS. Cells were incubated for 15 minutes at 37°C. Cells were washed in FACS buffer 

and centrifuged at 300 x g for 5 minutes. Supernatants were removed and cells were 

acquired immediately.  

2.2.9.5  Acquisition, compensation and analysis  

 
Where flow cytometry experiments contained more than one fluorochrome, single-

stained controls were prepared for each fluorochrome using BD CompBeads in order to 

calculate spectral compensation. Samples were acquired on either a BD FACSCanto II or 

LSRFortessa flow cytometer. All flow cytometry data analysis was performed using 

FlowJo v10 (Treestar Inc) software. Cells were gated on according to the gating 

strategies presented in Figure app. 1.  

2.2.10 Fluorescence lifetime image microscopy 
 
Two-photon excited NAD(P)H-FLIM imaging was used to measure levels of free and 

protein-bound NADH within treated and untreated macrophages. This was performed 

using a custom upright (Olympus BX61WI) laser multiphoton microscopy system 

equipped with Titanium:sapphire laser (Chameleon Ultra, Coherent®, USA) and water-

immersion 25x objective (Olympus, 1.05NA) with a temperature controlled stage. Two-

photon excitation of NAD(P)H was performed at excitation wavelengths of 760 nm. A 

455/90 nm bandpass filter was used to isolate the NAD(P)H fluorescence emission. 512 

× 512 pixel images were acquired with a pixel dwell time of 3.81 μs and 30-second 

collection time. A PicoHarp 300 TCSPC system operating in the time-tagged mode 

coupled with a photomultiplier detector assembly (PMA) hybrid detector (PicoQuanT 

GmbH, Germany) was used for fluorescence decay measurements yielding 256-time 

bins per pixel.  
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Fluorescence lifetime images with their associated decay curves for NAD(P)H were 

obtained. The overall decay curve was generated by the contribution of all pixels and 

was fitted with a double exponential decay curve for NAD(P)H from the equation below. 

	

 
I(t) corresponds to the fluorescence intensity measured at time (t) after laser excitation; 

α1 and α2 represents the fraction of the overall signal proportion of a short and long 

component lifetime component, respectively. τ1 and τ2 are the short and long lifetime 

components, respectively; C corresponds to background light. χ2 represents the 

goodness of multi-exponential fit to the raw fluorescence decay data. In this study all 

the values with χ2 < 1.3 were considered ‘good’ fits. 

For NAD(P)H, a two-component fitting was also used to differentiate between the free 

(τ1) and protein-bound (τ2) NAD(P)H: the average lifetime (τavg) of NAD(P)H for each pixel 

was calculated by a weighted average of both free and bound lifetime contributions (Eq. 

2), with fraction α1 relating to free NAD(P)H, and fraction α2 correspond to protein-

bound NAD(P)H. 

 

 
  
 

2.2.11  SDS-PAGE, Gel staining and Western Blot 
 

2.2.11.1  Sample preparation  

 
Primary human macrophages were plated at a concentration of 1 x 106  cells/ml in a 6-

well plate and stimulated with particles for the appropriate time points. Cells were lysed 

by the addition of high stringency lysis buffer (50 mM HEPES, 100 mM NaCl, 1 mM EDTA, 

10% Glycerol, 1% NP-40, pH 7.5) containing 1% phosphatase inhibitor cocktail 3. 

Samples were centrifuged at 13,000 rpm for 5 minutes and lysates were transferred to 

a new microcentrifuge tube for determination of protein concentration.  
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2.2.11.2 SDS-PAGE 

 
Samples were prepared by the addition of 5x Laemmli buffer (containing 25% β-

mercaptoethanol) in a ratio of 1:4 prior to boiling at 100°C for 5 minutes. Depending on 

the size of the target protein, either 7.5% or 12% polyacrylamide gels were used (see 

Table 2.4 for composition of gels). Samples and a pre-stained protein standard were 

loaded and resolved through the gel at 120 volts (V) for 90 minutes. 

 

  Table 2.4 Composition of SDS-Polyacrylamide Gels 

 7.5 % Resolving 

Gel 

12% Resolving 

Gel 

15% Resolving 

Gel 

Stacking Gel 

30% Acrylamide 3.75 ml 6 ml 7.5 ml 0.67 ml 

H₂O 7.15 ml 4.9 ml 3.4 ml 2.7 ml 

1.5M Tris-HCl 3.8 ml 3.8 ml 3.8 ml -. 

1 M Tris -HCl - - - 0.5 ml 

10% SDS 0.15 ml 0.15 ml 0.15 ml 40 µl 

10% APS 0.15 ml 0.15 ml 0.15 ml 40 µl 

Temed 6 µl 6 µl 6 µl  6 µl 

 

2.2.11.3  Transfer of proteins onto PVDF membrane  

 
A wet transfer sandwich was prepared in the following order: sponge, filter paper, gel, 

PVDF membrane, filter paper, sponge. PVDF membrane was first activated by 

submersion in methanol. All other components of the transfer sandwich were first 

submerged in transfer buffer. The transfer sandwich was placed into the transfer system 

with the gel on the cathode side and the membrane on the anode side. After ensuring 

that there were no air bubbles in the system, the proteins were transferred at 200 

milliamperes (mA) for 75-90 minutes depending on the size of the protein. 

2.2.11.4  Immunodetection of proteins 

 
Following the transfer, the membrane was incubated in blocking buffer under agitation 

for 2 hours at room temperature. For detection of phospho-proteins, the blocking buffer 
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and diluent for antibodies was 3% (w/v) BSA in 1 X TBST. For detection of all other 

proteins, the blocking buffer and diluent was 5% (w/v) milk in 1 X TBST. The membrane 

was incubated in primary antibody (see Table 2.5 for dilutions) with agitation, overnight 

at 4°C. The membrane was washed 5 times for 5 minutes each with 1X TBST prior to 

incubation in secondary antibody (See Table 2.5) for 2 hours at room temperature. The 

membrane was washed a further 5 times for 5 minutes each and then developed with 

freshly prepared ECL using Chemi-Luminescent gel documentation system (Alpha-

Innotech). The intensity of protein bands was quantified densitometrically, using ImageJ 

software.  

 

 

Table 2.5 Immunoblotting antibody dilutions 

Primary Antibody Dilution Secondary Antibody Dilution 

Anti-phospho-Syk 1:1000 Anti-Rabbit 1:1000 

Anti-Syk 1:1000 Anti-Mouse 1:1000 

Anti-phospho-p38 1:1000 Anti-Rabbit 1:8000 

Anti-p38 1:1000 Anti-Rabbit 1:8000 

Anti-phospho-ERK (1/2) 1:2500 Anti-Rabbit 1:5000 

Anti-ERK (1/2) 1:5000 Anti-Rabbit 1:5000 

Anti-Hexokinase 2 1:1000 Anti-mouse 1:3000 

Anti-Glut1 1:1000 Anti-rabbit 1:2000 

Anti-HIF1α 1:1000 Anti-mouse 1:2000 

Anti-phospho-Stat-3 1:500 Anti-Rabbit 1:2000 

Anti-CD206 1:1000 Anti-Rabbit 1:3000 

Anti-CD163 1:1000 Anti-Rabbit 1:8000 

Anti-cMaf 1:1000 Anti-Rabbit 1:1000 

Anti-β-actin-peroxidase 1:50,000 - - 
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2.2.12  Polymerase Chain reaction (PCR) 
 

2.2.12.1  Cell treatments 

 
Human macrophages were plated at a concentration of 1 x 106 cells/ml in a 24-well plate 

and stimulated with particles for the appropriate time points.  Human MSCs were plated 

at a concentration of 1 x 105 cells/ml in a 6-well plate and cultured in media alone or 

conditioned media from untreated, HA or nanoHA treated macrophages for 48 hours 

and lysed at this point, alternatively cells were cultured in osteogenic induction media  

for a further 7 days. 

Following treatments, RNA was extracted using the high pure RNA Isolation Kit as 

described below. 

 

2.2.12.2  RNA extraction  

 
Supernatants were removed and cells were washed once with PBS before the addition 

of 400 μl of lysis/-binding buffer and 200 μl of PBS per well. The lysates were transferred 

to a High Pure Filter Tube that was inserted into a collection tube. Samples were 

centrifuged at 8,000  x g for 15 seconds (Spectrafuge 24 D). The flowthrough liquid was 

discarded and 90 μl of DNase incubation buffer with 10 μl DNase I were added to each 

Filter Tube and incubated for 15 minutes at room temperature. 500 μl of Wash Buffer I 

was then added to the Filter Tubes which were centrifuged at 8,000 x g for 15 seconds. 

The flow-through liquid was discarded and 500 μl of Wash Buffer II was added to the 

Filter Tubes which were centrifuged again at 8,000 x g for 15 seconds. The flow-through 

liquid was discarded and a further 200 μl of Wash Buffer II was added to Filter Tubes and 

centrifuged  at 13,000 x g for 2 minutes. The Collection Tubes were discarded and the 

Filter Tubes were placed into sterile, RNase-free 1.5 ml microcentrifuge tubes. 60 μl of 

Elution Buffer was added to the filter tubes and centrifuged at 8,000 x g for 1 minute. 

The concentration of eluted RNA in each sample was determined using a NanoDrop 

2000c UV-Vis Spectrophotometer and then equalised by the addition of Elution Buffer, 

where necessary. 
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2.2.12.3 cDNA synthesis 

 
cDNA synthesis was then carried out using the High capacity cDNA reverse transcription 

kit (Applied Biosystems). A 2X Reverse Transcription (RT) master mix was prepared with 

the components in Table 2.6. 

 

Table 2.6 Components and volumes required for the 2X RT Master Mix 

Component Volume added (per sample) 

10X RT Buffer 2 μl 

25X dNTP Mix (100mM) 0.8 μl 

10X RT Random Primers 2 μl 

Multiscribe Reverse Transcriptase 1 μl 

Total added (per sample) 5.8 μl 

 

14.2 μl of RNA and 5.8 μl of the 2X RT master mix were added to RNase-free PCR tubes 

and the reverse transcription (see Table 2.7) was performed using the PTC-200 Peltier 

Thermal Cycler. 

 

Table 2.7 cDNA Reverse Transcription Reaction 

 Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 23 37 85 4 

Time (Minutes) 10 120 5 Indefinitely 

 

2.2.12.4 Real-time Polymerase Chain reaction (PCR) 

 
Two protocols were used for analysis of gene expression by real-time PCR. 

TaqMan protocol: 

Real-time PCR was carried out on transcripts using the TaqMan fast universal PCR 

Master Mix (Applied Biosystems) and predesigned TaqMan gene expression primers. 

Samples were made up as detailed in Table 2.8, into a 96-well PCR microplate. The PCR 

reaction is detailed in Table 2.9. 
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Table 2.8 Components and volumes required for qPCR reaction 

Component Volume added (per sample) 

18S rRNA Probe 0.5 μl 

Target Probe 0.5 μl 

TaqMan Universal PCR Master Mix 4.5 μl 

cDNA sample 4.5 μl 

Total Volume 10 μl 

 

 

Table 2.9 Thermal cycling parameters for iTaq Universal SYBR Green real-time PCR 

 Step 1 Step 2  Step 

3 

Step 4 Step 5 

Temperature 

(°C) 

95 95 60 Plate Read Go to Step 2  

Time (Seconds) 20 3 30 - X 39 

 

iTaq Universal SYBR Green protocol: 

Real-time PCR was carried out on human Mesenchymal Stem cell cDNA transcripts using 

the iTaq Universal SYBR Green Supermix and oligonucleotide primers. Reactions were 

made up, as detailed in Table 2.10, into a 96-well PCR microplate. The PCR reaction is 

detailed in Table 2-11. 

 

Table 2.10 Components and volumes required for iTaq Universal SYBR Green reaction 

Component Volume added (per sample) 

Forward primer 0.8 μl 

Reverse primer 0.8 μl 

RNase free water 7.4 μl 

iTaq Universal SYBR Green 9.5 μl 

cDNA sample 1.5 μl 

Total Volume 20 μl 
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Table 2.11 Thermal cycling parameters for iTaq Universal SYBR Green real-time PCR 

 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 

Temperature 

(°C) 

95 95 60 Plate 

Read 

72 Go to Step 2  

Time (Seconds) 10 (mins) 15 30 - 30 X 40 

 

 

The real-time PCR reactions (detailed in Table 2.9 and Table 2.11) were performed using 

the BioRad CFX Touch Real-Time PCR detection system. For each sample, mRNA 

concentration was normalised using the crossing threshold of the housekeeping genes 

18s ribosomal RNA or GAPDH. Gene expression, relative to untreated samples, was 

determined using the 2-∆∆CT algorithm. 

 

2.2.13  Measurement of cytokine production by ELISA 
 
The concentrations of human IL-1β, IL-1α, TNFα, IL-6, IL-8 and IL-10 or IFNg and IL-10 in 

serum from cardiac punctures of rats were quantified by ELISA, according to the 

manufacturer’s protocol. 50-75 µl of capture antibody diluted in coating buffer was 

applied to high-binding 96-well plates (Greiner Bio-one). Plates were incubated 

overnight at 4°C, capture antibody was removed and non-specific binding sites were 

blocked with appropriate blocking solution (1% (w/v) BSA) for 1 hour at room 

temperature. After blocking, plates were washed in PBS-tween solution, dried and 

supernatant samples were loaded into wells in triplicates either neat or diluted 

appropriately with assay diluent. A standard curve of serially diluted recombinant 

cytokine standard was also loaded onto the plates in triplicate. Blank wells, containing 

assay diluents only, were included on each plate to allow the subtraction of background 

from each sample. Samples were incubated overnight at 4°C. After washing, biotinylated 

detection antibody was added to each well and incubated for 2 hours at room 

temperature. Plates were washed and horseradish-peroxidase (HRP) conjugated to 

streptavidin was applied to wells for 30 minutes in the dark. Wells were thoroughly 

washed and the substrate, TMB or OPD, was added as required by manufacturer. The 

enzyme-mediated colour reaction was protected from light while developing and 
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stopped with the addition of 2N H2SO4. The optical density of the colour was determined 

by measuring the absorbance at 450 nm using a microtiter plate reader. A standard 

curve was generated using serial diluted protein standards and used to determine the 

concentration of cytokine in the supernatant. 

 

2.2.14 Seahorse XF/XFe 96 Analyser 
 

2.2.14.1 Macrophage Seahorse experiments 

 
The Seahorse XF/XFe 96 analyser simultaneously measures in real time the oxygen 

consumption rate (OCR), a measure of the rate of oxidative phosphorylation, and 

extracellular acidification rate (ECAR), a measure of the rate of glycolysis, in the medium 

directly surrounding a single layer of cells.  

Macrophages were cultured at 1 x 106 cells/ml for 6 days prior to re-seeding at 2 × 

105 cells/well in a Seahorse 96-well microplate and allowed to rest for 5 hours prior to 

BCP or LPS stimulation. The Seahorse cartridge plate was hydrated with XF calibrant fluid 

and incubated in a non-CO2 incubator at 37°C for a minimum of 8 h prior to use. To 

determine the effect of particles, macrophages were incubated with particles (50 µg/ml 

for BCP, 250 µg/ml for HA and nanoHA) for 6 or 24 hours, prior to analysis using a 

Seahorse XFe96 analyser. 30 min prior to placement into the XF/XFe analyser, cell 

culture medium was replaced with complete XF assay medium (Seahorse Biosciences; 

supplemented with 10 mM glucose, 1 mM sodium pyruvate, 2 mM L-glutamine, and pH 

adjusted to 7.4) and incubated in a non-CO2 incubator at 37°C. Blank wells (XF assay 

medium only) were prepared without cells for subtracting the background oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) during analysis.  

Oligomycin (1μM; Cayman Chemicals), carbonyl cyanide-p 

trifluoromethoxyphenylhydrazone (FCCP) (1μM; Santa Cruz biotechnology), rotenone 

(500 nM), and antimycin A (500 nM) and 2-deoxy-D-glucose (2-DG) (25mM; all Sigma-

Aldrich) were prepared in XF assay medium and loaded into the appropriate injection 

ports on the cartridge plate and incubated for 10 min in a non-CO2 incubator at 37°C. 

OCR and ECAR were measured over time with sequential injections of oligomycin, FCCP, 

rotenone and antimycin A and 2-DG.  
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Table 2.12. Seahorse protocol  

Step  Action  

1  Equilibrate  

2  Mix (3 mins)  

3  Wait (2 mins)  

4  Measure (3 mins)  

5  
Repeat steps 2-4 

x2  

6  Inject Port A  

7  
Repeat steps 2-4 

x3  

8  Inject Port B  

9  
Repeat steps 2-4 

x3  

10  Inject Port C  

11  
Repeat steps 2-4 

x3  

12  Inject Port D  

13  
Repeat steps 2-4 

x3  

14  End protocol  

 

2.2.14.2 Seahorse analysis  

 
Analysis of results was performed using Wave software (Agilent Technologies). The rates 

of basal glycolysis, max glycolysis, glycolytic reserve, basal respiration, max respiration, 

ATP production and respiratory reserve were calculated as detailed in Table 2.13:  
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Table 2.13. Seahorse calculations  

Rate  Calculation  

Non-glycolytic ECAR  Average ECAR values after 2-DG treatment.  

Basal glycolysis  
Average ECAR values prior to oligomycin treatment – non-

glycolytic ECAR  

Max glycolysis  
Average ECAR values after oligomycin & before FCCP 

treatment  

Glycolytic reserve  Max glycolysis – basal glycolysis  

Non-mitochondrial OCR  
Average OCR values after rotenone/antimycin A & before 

2-DG treatment  

Basal respiration  
Average OCR values prior to oligomycin treatment – non- 

mitochondrial OCR  

Max respiration  
Average OCR values after FCCP & before 

rotenone/antimycin A treatment  

Non-ATP respiration  
Average of OCR values after oligomycin & before FCCP 

treatment  

ATP production  Basal respiration – non-ATP respiration  

Respiratory reserve  Max respiration – basal respiration  

Mitochondrial ATP 

production rate  

OCRATP (pmol O2/min) *2 (pmol O/pmol O2) *P/O (pmol 

ATP/pmol O) 

Glyco ATP Production Rate Equivalent to glycoPER (pmol H+/min) 

ATP Production Rate GlycoATP Production Rate + mitoATP Production Rate 

 

2.2.15  Cell Staining 
 

2.2.15.1 Alizarin Red staining  

 
To evaluate calcium deposition, MSCs in monolayer culture at day 7 or 14 were stained 

with alizarin red (AR). Cell culture supernatants were removed and cells were rinsed with 

PBS prior to being fixed in 100% ethanol for 10 minutes at room temperature. This was 

removed and cells were rinsed again with PBS prior to the addition of 1% AR. AR was 
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removed after 2 minutes, cells were washed with deionised water and fixed again with 

100 % ethanol. Stained samples were air dried and images were captured using phase 

transmission microscope (Olympus, UK). Semi-quantitative analysis of AR staining was 

done through extraction of the dye using 10% cetylpyridinium chloride and measuring 

the absorbance at 540 nm. 

 

2.2.15.2 Immunocytochemistry  

 
For immunocytochemical analysis of macrophage phenotype, particle-treated 

macrophages were fixed with 4% PFA, incubated in Block and Perm solution (3% BSA 

with 0.1% Triton X) for 1 hour at room temperature. Cells were then incubated in 

primary antibodies against CD206 or CD80 (1:1000 and 1:500 dilutions respectively) 

overnight at 4°C. Cells were washed and incubated in secondary antibodies for 1 hour 

at room temperature (anti-rabbit Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 for 

CD206 and CD80 respectively; both 1:1000). Cells were washed and counterstained with 

DAPI (1 μg/ml) for 15 minutes and imaged using a Leica SP8 scanning confocal 

microscope. 

 

2.2.16 Preparation of micron and nanoparticle suspensions 
 

2.2.16.1 Synthesis of nanoHydroxyapatite particles  

 
Bone mimetic nano-sized Hydroxyapatite particles were prepared following a previously 

described protocol (220). Briefly, a solution of 20 mM calcium chloride was added to a 

solution of 12 mM sodium phosphate, containing 0.017% DARVAN 821A (RT Vanderbilt) 

as the dispersant, and nanoHydroxyapatite particles were precipitated. This solution 

was centrifuged, reconstituted in endotoxin-free water and filtered through a 0.2 μm 

filter to remove aggregated particles.  
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2.2.16.2 Preparation of micron Hydroxyapatite particle suspension 

Commercial micron HA particles (Ca5(OH)(PO4)3 18-20were purchased from Sigma 

Aldrich (Cat# 04238), weighed out and resuspended at a concentration of 5 mg/ml in 

endotoxin-free water, sonicated for 10 min and stored at 4°C.  

 

2.2.16.3 Particle sized determination      

 
Particle size distributions of micron sized HA particles and nanoHA particles were 

measured using dynamic light scattering (DLS) (ZetaSizer 3000 HS, Malvern instruments, 

UK). Measurements were carried out under monochromatic, coherent He-Ne laser light 

of fixed wavelength (633nm) at room temperature with each size determination yielding 

an average particle size expressed as the mean diameter (Zave) together with a graph 

of the size range. 

 

2.2.16.4 Structural and Physical characterization of Particles 

 
Powder X-ray diffraction (XRD) analysis was performed in a Bruker D8 Discover 

diffractometer operating in the reflection mode at CuKα radiation of wavelength 0.154 

nm and 2ϴ values from 10° to 60°, using a step scan of 0.02°/step and held for 2s/step. 

The Fourier-transform infrared (FTIR) spectroscopy experiments from powdered 

samples were conducted with a SpectrumOne (Perkin–Elmer) spectrometer in 

attenuated total reflection (ATR) mode. The spectra were recorded by accumulating 16 

scans in the range of 650–4000 cm-1 at a resolution of 4 cm-1. The solid-state Nuclear 

Magnetic Resonance (NMR) spectroscopy experiments were conducted on a Bruker 400 

MHz Avance-III spectrometer running TopSpin software. Powdered samples were 

packed into 4.0 mm (o.d.) zirconia rotors and spun at 20 kHz in a 4 mm Bruker MAS 

probe. 1H chemical shifts were referenced to TetraMethylSilane (TMS) at δ1H = 0.0 ppm, 

while 31P chemical shifts were referenced to H3PO4 (85% w/w aqueous solution) at 

δ31P = 0.0 ppm. To allow full relaxation of the magnetization, 1H recycle delays were 

set to 2s and 20s for nano and micron HA, respectively; whereas 31P recycle delays were 

set to 240s and 300s for nano and micron particles, respectively. In the two-dimensional 

(2D) {1H}31P Heteronuclear Correlation (HetCor) MAS NMR spectra, the 1H relaxation 
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delays were set to 2s and 4s for nano and micron particles, respectively; the contact 

time (tCP) was set to 1ms for both particle sizes; and 128 scans were accumulated for 

each 256 t1 increments. 

Micron particle size and morphology was characterized using scanning electron 

microscopy. Scanning Electron Microscopy (SEM) was carried out on an ULTRA Plus 

microscope (Zeiss, 

Oberkochen, Germany) operating at 5 kV acceleration voltage. The micron HA sample 

was deposited on an aluminum stud using conductive carbon adhesive stickers and was 

subsequently coated with approximately 5 nm of Au/Pd prior to imaging. Nanoparticle 

size and morphology was characterized by transmission electron microscopy (TEM). 

Samples were prepared by placing approximately 5 µl onto a lacey carbon film Cu TEM 

grid (Agar Scientific, UK) and allowed to air dry overnight. Samples were imaged using a 

Titan TEM (ThermoFisher Scientific, Eindhoven, The Netherlands) at 300 kV. 

 

2.2.16.5 Assessment of endotoxin contamination 

 
In-house synthesized nanoparticles and micron HA particles (Sigma Aldrich (Cat# 

04238)) were first tested for lipopolysaccharide (LPS) contamination using the HEK-

BlueTM hTLR4 assay system (Invivogen). HEK-blue cells (5 x 105 cells/ml) expressing 

TLR4 were stimulated with LPS (10–100 ng/ml; positive control), micron or nano HA 

particles (250 mg/ml) for 24 h. The expression of SEAP which is under the control of NF-

kB and AP-1 was tested by incubating cell supernatants with HEK-blue detection 

medium for 30 min at 37 °C and absorbance was read at 650 nm. Data provided in Figure 

app. 3. 

 

2.2.16.6 Determination of particle uptake 

 
Micron and nano particles were fluorescently stained with fluorescein-5-maleimide to 

visualize uptake and cellular internalization. One milligram of each particle type was 

suspended in 1 ml of PBS and sonicated for 5 min before adding 4 ml of fluorescein-5-

maleimide stock solution (5 mg/ml). The particle–fluorescein mixture was left to react 

at 4 °C at 1400 rpm for 12 h and the stained particles were washed five times with PBS 
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to remove unbound fluorescein. Cells were incubated with tagged particles for 1 or 3 

hours fixed with 4% PFA for 10 mins, permeabilised in 0.5% Triton in PBS for 15 minutes 

and stained with Rhodamine red (1:2000) for 1 hour and finally stained with DAPI 

(1:1000) for 15 minutes. Cells were imaged using a Leica SP8 scanning confocal 

microscope. FITC fluorescence intensity from images was quantified using Image J and 

is displayed as corrected total cell fluorescence (CTCF). Alternatively, cells were pre-

treated with the actin polymerization inhibitor, Latrunculin B (1µM), for 45 minutes prior 

to treatment with particles for 24 hours. RNA was extracted as previously described and 

M1 and M2 associated genes (CXCL9, CXCL10, MRC1 and CCL13) were assessed by Real-

Time PCR.  

 

2.2.17 Scaffold Fabrication 
 
Articular cartilage (AC) and growth plate (GP) used in the fabrication of ECM-derived 

scaffolds were harvested, in aseptic conditions, from the femoral condyles of female 

pigs (4 months old) shortly after sacrifice. The cartilage was obtained using a biopsy 

punch (8 mm) to remove articular cartilage from the head of the femur. Following this, 

the head of the bone was sawed in half and hammered through the epiphyseal line to 

gain access to the growth plate, which was scraped with a scalpel (Figure 2.3).  

 

2.2.17.1 Collagen solubilisation  

 
AC or GP were harvested from porcine chondyles as previously described and Collagen 

type II and X were isolated from the tissues respectively. 1000 mg of wet tissue was pre-

treated with sterile filtered 0.2 M NaOH at a ratio of 1ml: 50 mg wet tissue and incubated 

at 4°C for 24 hours with gentle rotation. The tissue was then centrifuged at 2500 x g for 

10 minutes at 4°C. The supernatant was discarded and the pellet was resuspended in 

sterile ultra-pure water (UPW) at a ratio of 1ml: 50 mg wet tissue. This was centrifuged 

again at 2500 x g for 10 minutes, supernatant was discarded and this wash step was 

repeated a further time. The pellet was then resuspended in activated pepsin solution, 

1ml: 50 mg tissue, agitated and vortexed vigorously to dissolve the pellet and incubated 

for 24 hours at < 20°C with rotation at a speed of 4 rpm. Tissue was then centrifuged at 
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2500 x g for 1 hour at 4 °C, and supernatant was transferred to a new tube for salt 

precipitation. Appropriate volumes of sterile filtered 5M NaCl were added to 

supernatants in order to get a final concentration of 0.9 M NaCl or 2.5 M NaCl for 

Collagen II or Collagen X salt precipitation respectively. Tubes were mixed by inverting 

several times and the mixture was allowed to equilibrate overnight at 4°C. Tubes were 

centrifuged at 2500 x g for 2 hour at 4°C, and the supernatant was discarded. The pellet 

was resuspended in sterile filtered 1.5 N acetic acid and allowed to dissolve overnight at 

< 20°C with rotation at 4 rpm. This salt precipitation was repeated a further time. The 

acid solubilised collagens were then transferred to a dialysis membrane (MWCO 10 kDa) 

which had been soaked in diH2O for at least 30 minutes. This was dialyzed against 0.02 

Na2HPO4 (pH 9.4) for 24 hours at 4°C. The dialysate was removed after 2 hours and new 

dialyzing solution added. The outside of the dialysis tubing was then rinsed in PBS, and 

the dialyzed collagen was transferred to Petri dishes and freeze dried using a drying 

temperature of -10°C for 20 hours. Once freeze drying is complete, lyophilized collagen 

can be stored in Petri dishes closed with IMS-sprayed parafilm at -20°C for short term 

use.  

 

2.2.17.2  Scaffold cross-linking 

 
Collagen scaffolds were first chemically cross-linked with Glyoxal solution. Lyophilized 

ECM was resuspended in high glucose DMEM+Glutamax (DMEM - Gibco) to give a final 

concentration of 10 mg/ml. This ECM slurry was mixed with either micron particles or 

nanoparticles at a ratio of 1:1. Appropriate volume of 1.5 N acetic acid was added to the 

collagen solution to give a final concentration of 0.06 N acetic acid, this was mixed well 

and a colour change of pink to slightly yellow was observed as the pH changes. The 

solution was then neutralised by the addition of 0.1 M NaOH, accompanied with a colour 

change back to pink until the solution matches that of control media with no collagen, 

indicating that the solution has a reached a neutral pH. 100 mM Glyoxal solution was 

added to the collagen solutions to give a final concentration of 10 mM Glyoxal; this was 

mixed well and incubated for 30 minutes at 37°C to allow crosslinking to occur. After 30 

minutes, the solution was mixed and the collagen gel was transferred to the custom 

made moulds (containing wells 7mm in diameter and 4mm in height)  and freeze dried 
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for 28 hours. AC or GP scaffolds then underwent DHT cross linking and sterilizing in a 

vacuum oven (VD23, Binder, Germany), at 115°C, in 2 mbar for 24 hours. Scaffold 

Biochemical analysis  

 

2.2.17.3 Determination of scaffold pore size and porosity  

 
SEM images were obtained using a Zeiss Ultra Plus (Zeiss, Germany) with an acceleration 

voltage of 5 kV and working distance of 5 mm.  To quantify the mean pore size of the 

various scaffolds, 5 images (containing a minimum of 100 pores) from 3 different 

scaffolds were measured using the analyse particle function of ImageJ following 

thresholding of the images. Scaffold porosity was determined by gravimetry, where 

scaffolds were weighed using a digital mass balance and dimensions obtained using 

vernier callipers to calculate density value. Total porosity is measured by gravimetry 

according to the equation (1– ρ scaffold/ρ material), where ρ=density. 

 

2.2.18 Rat femoral defect model  
 

2.2.18.1 Surgical procedure  

 
Critically-sized (5 mm) femoral defects were created in immune-competent adult 

Fischer rats (>12 weeks old) following an established procedure (221). Constructs were 

press-fit into the defect site, and repair tissue was harvested for analysis at 1 and 4 

weeks post-implantation. One defect was created per animal and n = 5-8 constructs 

were implanted per time point. Briefly, anaesthesia was induced and maintained by 

isoflurane-oxygen throughout the surgery. The rats were also injected with 

buprenorphine (0.03 mg/ml) to provide pain relief during and after surgery. The shaft of 

the left femur was exposed by dissections and the periosteum was scraped back to allow 

access to the bone. A custom-made weight-bearing polyetheretherketone (PEEK) 

internal fixation plate was secured to the exposed femur with four screws into pre-

drilled holes. A 5 mm mid-diaphyseal defect was then created using a dental drill fitted 

with 2 small circular parallel saw blades welded to a narrow straight rod separated with 

a 5 mm spacer. The defect site was thoroughly irrigated with saline to remove bone 
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debris before it was treated with a construct. The wounds were closed with sutures and 

the rats were allowed to recover. On dates of scheduled explant retrieval, rats were 

sacrificed by CO2 asphyxiation. The repaired femur, with the PEEK plate fixator intact, 

was carefully separated from the adjacent hip and knee joints for analysis. 

 

2.2.18.2 Characterization of immune cell subsets  

 
Punch biopsies (4 mm) of the defect site were performed 1 week post-surgery and cells 

were recovered by digestion in a Collagenase digestion cocktail (Collagenase VI (2 

mg/ml), DNAse I (0.1 mg/ml) and Hyaluronidase (0.5 mg/ml) at 37°C under agitation on 

an orbital shaker at 7 x g for 45 minutes . Cells were blocked by incubating in Fcγ blocker 

(BD Pharmingen; 1 μg/ml) for 10 min. To discriminate live from dead cells, cells were 

stained with LIVE/DEAD Aqua for an additional 30 min. Staining was performed with 

fluorescent antibodies specific for CD11b (M1/70), CD3 (17A2), Ly6G (1A8), CCR2 

(SA203G11), CX3CR1 (SA011F11), Ly6C (AL-21), CD19 (1D3), F4/80 (BM8), Siglec F (E50-

2440), CD45 (30-F11), MHCII (M5144.15.2), and CD86 (GL-1) (Supplementary Table 3). 

Cells were acquired using FACS Canto II (BD), or LSRFortessa (BD). Analysis was 

completed using FlowJo version 9.2 (Tree Star). Gating strategies utilised in all 

experiments are detailed in Figure app.1.2 and 1.3. 

In order to assess circulating cytokines 1 week post-surgery, cardiac punctures were 

performed and blood samples were centrifuged at 300 x g for 20 minutes and serum 

was collected. IL-10 and IFNg cytokine concentrations were quantified by ELISA (R&D 

systems). 

 

2.2.18.3 In vivo μCT analysis 

 
 μCT scans were performed on constructs using a Scanco Medical vivaCT 80 system 

(Scanco Medical, Bassersdorf, Switzerland). Rats (n = 8) were scanned at 4 weeks post-

surgery to assess defect bridging and bone formation within the defect. First, 

anaesthesia was induced in an induction chamber. Next, the rats were placed inside the 

vivaCT scanner and anaesthesia was maintained by isoflurane-oxygen throughout the 

scan. Next, a radiographic scan of the whole animal was used to isolate the rat femur. 
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The animal's femur was aligned parallel to the scanning field-of view to simplify the bone 

volume assessments. Scans were performed using a voltage of 70 kVp, and a current of 

114 mA. A Gaussian filter (sigma = 0.8, support = 1) was used to suppress noise and a 

global threshold of 210 corresponding to a density of 399.5 mg hydroxyapatite/cm3 was 

applied. A voxel resolution of 35 mm was used throughout. 3D evaluation was carried 

out on the segmented images to determine bone volume and density and to reconstruct 

a 3D image. Bone volume and bone density in the defects was quantified by measuring 

the total quantity of mineral in the central 130 slices of the defect. The variance of bone 

density with depth through the constructs was analysed qualitatively by examining 

sections at a depth of 25%, 50% and 75% from the top of the construct (one quarter, 

mid and three-quarter sections). The bone volume and densities were then quantified 

using scripts provided by Scanco. 

 

2.2.18.4 Histological and immunohistochemical analysis  

 
Constructs were fixed in 4% paraformaldehyde, dehydrated in a graded series of 

ethanols, embedded in paraffin wax, sectioned at 10 µm and affixed to microscope 

slides. Post-implantation constructs were decalcified in EDTA for 1 week. The sections 

were stained with haematoxylin and eosin (H&E) to assess tissue architecture and cell 

infiltration. Von Willibrand (vWF) and alpha smooth muscle actin (α-SMA) staining was 

performed as follows: Antigen retrieval was performed using enzymatic digestion with 

proteinase K solution (20 minutes at 37° C) in a humidified chamber. Slides were washed 

with PBS-Tween 0.5% v/v and blocked (3% donkey serum, 1% BSA in PBS) for 1 hour at 

room temperature. Slides were incubated in primary antibody overnight (1:250 and 

1:200 dilution for α-SMA and vWF respectively), washed with 1% BSA prior to incubation 

with secondary antibody (both 1:200) for 1 hour. Slides were washed with 1% BSA, 

mounted with fluoroshield mounting media, dried and imaged using a Leica SP8 

scanning confocal microscope. 

 

 

 



63 

2.2.19 Statistical Analysis 
 
A one-way ANOVA or Kruskal-Wallis test were used for the comparison of more than 

two groups for parametric and non-parametric analysis respectively, with the Tukey or 

Dunn’s post-test (where applicable). A paired Student’s t-test was used when there were 

only two groups for analysis and the data was normally distributed and a Two-tailed 

paired Wilcoxon Signed rank test was used for normally distributed data. All statistical 

analysis was performed on GraphPad Prism 7.00 (GraphPad Software). P values of <0.05 

were considered significant and denoted with an asterisk. Normality tests were carried 

out to ensure that the data was normally distributed for parametric statistical tests.  
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Figure 2.1: Isolation of PBMC from buffy coat blood packs. Blood was diluted 1 in 2 with 

sterile PBS and centrifuged at 1250 g for 10 minutes at room temperature with the brake 

off. The blood separates into its constituent parts (A). The buffy coat layer containing 

leukocytes was removed, diluted in sterile PBS, layered over Lymphoprep and 

centrifuged at 800 g for 20 minutes at 20oC, with the brake off. The desired 

mononucleocyte-enriched layer is the cloudy interface between the PBS-containing 

layer and the Lymphoprep™ layer (B). 
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Figure 2.2: Analysis of macrophage purity by flow cytometry. Human monocyte-

derived macrophages were identified as CD14+/CD11b+ by flow cytometry. (A) Dead 

cells and cellular debris were excluded on the basis of size (FSC) and granularity (SSC). 

Single cells were then gated for based on FSC-H and FSC-A. FMO defined CD14 vs CD11b 

gate was then applied to macrophage sample to determine purity of the macrophage 

population.  
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Figure 2.3:   Isolation of articular cartilage (AC) and growth plate (GP).  Harvested AC 

(A) and GP (B) from the femoral condyle of four month old pigs.  AC was harvested by 

biopsy punch and GP was scraped away after breaking the bone at the epiphyseal line. 
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 Chapter 3: Investigation of 
osteoarthritis-associated basic 

calcium phosphate crystal-induced 
alterations in immune cell 

metabolism and M1 macrophage 
polarization 
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3.1 Introduction  
 
Osteoarthritis (OA) is the most common form of chronic arthropathy and a leading cause 

of disability worldwide. It affects 10% of males and 18% of females over the age of 45, a 

figure that is set to rise as life expectancy increases (222, 223). In addition, the current 

obesity epidemic has resulted in an increased incidence of OA in younger individuals, 

many of whom will undergo multiple joint replacements due to the limited lifespan of 

artificial joints. Extensive research has highlighted a complex interplay between 

chondrocytes, synovial fibroblasts and the innate immune network, and while much 

progress has been made in elucidating the cellular and molecular events contributing to 

OA, the complex nature of the disease has hampered the development of a successful 

disease-modifying drug. Current therapies are focused on providing symptomatic relief 

rather than halting or reversing disease progression, hence, there is a clear need to 

identify specific orchestrators that initiate and/or contribute to eventual joint 

destruction.  

 

Immunometabolism is an emerging field of research that focuses on changes in 

intracellular metabolic pathways in immune cells and how these alterations impact on 

cell fate and function (41, 224, 225). It is now recognised that a metabolic shift from 

oxidative phosphorylation to a highly metabolically active glycolytic state (designed to 

maintain energy homeostasis under conditions of low oxygen and acute stress) can lead 

to an accumulation of reactive oxygen species (ROS) and metabolic intermediates that 

promote the synthesis of degradative enzymes and inflammatory mediators (226). 

Increased glycolytic rates and glucose consumption are associated with enhanced 

expression of the glucose transporter, GLUT1, as well as elevated lactate production 

(227). Furthermore, activated immune cells exhibit Warburg metabolism and HIF-1α 

induction even under normoxic conditions (228, 229).  Recent studies have also 

demonstrated that macrophage activation and phenotype is intricately linked to cellular 

metabolic status. For example, lipopolysaccharide (LPS)-activated M1 macrophages 

exhibit an enhanced glycolytic profile characterised by increased expression of glucose 

transporters, glycolytic enzymes and rapid production of ATP (41, 49, 230). While this 

metabolic switch is required to meet the energy demands of the cell during infection 
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and provide biosynthetic components required to carry out effector functions, 

dysregulated immune-cell metabolism which results in sustained inflammatory 

responses, has been linked to a number of debilitating diseases and it has been strongly 

suggested that strategies to modulate metabolic reprogramming represents a novel 

approach to regulate disease pathology (231–234). Furthermore, a number of 

metabolites have been shown to alter macrophage polarization and there is now a host 

of studies demonstrating how inhibitors of metabolism (e.g. glycolysis, fatty acid 

synthesis and fatty acid oxidation) can regulate immune responses providing potential 

new avenues to manipulate immune cell activation (234).  

 

Altered immunometabolism has been recognised as a component of a number of 

inflammatory and autoimmune conditions (65, 66, 232–234) and while it is well 

established that glycolysis is important for energy production in chondrocytes, there is 

now also evidence for increased glycolysis and deregulated cellular metabolism in OA 

(67, 235–237). Indeed, mitochondrial dysfunction is a hallmark of OA and previous 

studies have shown increased mitochondrial DNA damage in OA chondrocytes 

compared to healthy controls suggesting that cartilage degradation during OA and 

normal cartilage aging may be metabolically different processes (68). Furthermore, 

lactate levels are elevated in OA and are frequently co-associated with crystal 

arthropathy comorbidities (69, 70). One notable link between mechanical and 

inflammatory mechanisms in OA pathogenesis is calcium crystal deposition. As 

mentioned previously, basic calcium phosphate (BCP) crystals are uniquely associated 

with OA. While several pathological cellular mechanisms have been identified, studies 

examining the effects of BCP crystals in humans are lacking, as are drugs that prevent 

crystal deposition, permit crystal dissolution or specifically target the pathogenic effects 

that result in clinical manifestations. Furthermore, characterization of the metabolic 

pathways induced by BCP crystals has not yet been examined and may provide insights 

into new therapeutic targets for crystal related arthropathies. Therefore, the purpose of 

this chapter is to determine if BCP crystals impact on macrophage phenotype and 

immune cell metabolism.  
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3.2 Specific Aims:  
 

• To determine if BCP crystals alter macrophage phenotype and the metabolic 

profile of primary human macrophages. 

• To determine if blockade of metabolic pathways affects BCP induced responses 

in primary human macrophages.  
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3.3 Results 
 

3.3.1 BCP crystals do not affect macrophage viability.  
 
Prior to carrying out assays in primary human macrophages, BCP crystals were imaged 

by scanning electron microscopy (SEM) to investigate their size and morphology. The 

crystals appear to range in diameter from 1 µm to 5 µm and are irregular in shape. High 

magnification images also reveal that they have a rough surface topography (Figure 3.1 

A & B). The effect of BCP crystals on the viability of purified macrophages was next 

assessed. Primary human macrophages were treated with BCP crystals at 50 µg/ml  (BCP 

crystal concentration detected in OA joints ranges between 20-120 μg/ml (91, 238) ) for 

24 hours and stained with a fixable viability dye before assessing cell viability by flow 

cytometry. The viability of BCP-treated macrophages was comparable to untreated 

control cells and typically in the range of 90-95% (Figure 3.1 C).  

 

3.3.2 BCP crystals are not contaminated with endotoxin. 
 
In order to first verify that BCP crystal preparations were endotoxin free, crystals were 

tested for lipopolysaccharide (LPS) contamination using the HEK-BlueTM hTLR4 assay 

system. HEK-blue cells expressing TLR4 were stimulated with LPS (1, 10 and 100 ng/ml; 

positive control), or BCP crystals (25, 50 and 100 µg/ml) for 24 hours. The expression of 

SEAP which is under the control of NF-kB and AP-1 was tested by incubating cell 

supernatants with HEK-blue detection medium for 30 min at 37 °C and absorbance was 

read at 650 nm. Results demonstrate that the concentration of endotoxin (LPS) was 

below the threshold level for TLR4 activation as determined using the HEK-Blue LPS 

detection kit and particle preparations were therefore deemed suitable for further in 

vitro assays (Figure 3.2).  
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3.3.3 BCP crystals induce foreign body giant cell formation in human 
macrophages. 

 
It has previously been demonstrated that endogenous particles such as MSU crystals 

can drive formation of foreign body giant cells (FBGCs) (239–241) which form due to the 

fusion of phagocytic cells (242). This process is part of the foreign body response and is 

associated with a pro-inflammatory phenotype. In order to determine whether BCP 

crystals also induce these morphological changes, primary human macrophages were 

treated with BCP crystals for 24 hours. Immunofluorescent staining for actin 

demonstrated that treatment of cells with BCP crystals induced a ‘sheet-like’ cell 

morphology with some cells appearing to fuse with one another to form multinucleated 

cells (Figure 3.3 B) compared to untreated control cells which had a more elongate 

morphology (Figure 3.3 A). Semi quantitative analysis of the cell shape parameters 

revealed that BCP crystals induced a significant increase in cell area and cell circularity 

(Figure 3.4 C & E), while cell perimeter was significantly decreased (Figure 3.4 D). 

 

3.3.4 BCP crystals drive IL-8 but not TNFa or IL-6 cytokine expression in primary 
human macrophages. 

 
In order to determine the cytokine profile induced by BCP crystals in primary human 

macrophages, cells were stimulated with BCP crystals for 24 hours and cytokine 

expression was analysed by ELISA. In line with previous findings (100), BCP-crystals did 

not induce secretion of the cytokines TNFa or IL-6 in primary human macrophages 

(Figure 3.5 A & B), however, BCP-treated macrophages significantly enhanced secretion 

of the chemokine IL-8 (Figure 3.4 C). While this data, together with results from the HEK-

BlueTM hTLR4 assay system (Figure 3.2), confirms a lack of endotoxin contamination in 

our BCP crystal preparation, it also demonstrates that these crystals are capable of 

directly driving IL-8 chemokine production. This is in agreement with a previous study 

by Nadra et al, which also demonstrates significant IL-8 release from primary human 

macrophages upon stimulation with BCP crystals (243).  
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3.3.5 BCP crystals upregulate CD86, CD80 and CD40 maturation markers in 
primary human macrophages. 

 
In addition to CXCL9/10 expression, M1-like macrophages also upregulate surface 

maturation markers such as CD80, CD86 and CD40 (244). These markers are involved in 

antigen presentation to the adaptive immune system and act as co-stimulatory 

molecules during the antigen presentation process, interacting with CD28 and CD40L 

receptors on T cells. In order to determine if BCP crystals impact on M1 surface marker 

expression, macrophages were stimulated with BCP crystals for 24 hours and surface 

marker expression was assessed by flow cytometry. BCP crystal stimulation induced a 

significant increase in the expression of CD86 and CD40, and although not significant, a 

trend towards increased CD80 surface marker expression was also observed (p=0.0874) 

(Figure 3.5). This data further supports the hypothesis that BCP treatment can directly 

promote macrophage maturation and an M1-like phenotype. 

 

3.3.6 BCP crystals promote M1 macrophage polarization. 
 
It has been reported that an imbalance between M1 and M2 macrophages occurs in 

osteoarthritic knees with a higher M1:M2 ratio correlating with OA severity (245). 

Furthermore, it has recently been reported that calcium oxalate crystals can promote 

M1 macrophage polarization (246). In order to determine if BCP crystals directly impact 

on macrophage polarization, primary human macrophages were treated with BCP 

crystals (50 μg/ml) for 24 hours and expression of established genes associated with M1 

and M2 macrophage polarization was assessed by real-time PCR. BCP-stimulated 

macrophages exhibited significantly enhanced mRNA expression of the M1 associated 

markers, CXCL9 and CXCL10, compared to control cells (Fig 3.6 A & B). Conversely, 

treatment of macrophages with the crystals led to a significant decrease in basal levels 

of the M2 macrophage markers, MRC1 and CCL13 (Figure 3.6 C & D), suggesting that 

BCP is primarily driving an M1-like phenotype in primary human macrophages.  

 

 

3.3.7 BCP induced M1 macrophage polarization occurs in an ERK and p38 MAP 
kinase dependent manner. 
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It has been reported that endogenous crystals such as MSU crystals are capable of 

driving membrane affinity-triggered signaling (MATS) and the downstream activation of 

the membrane-proximal tyrosine kinase, Syk (247). Furthermore, it has previously been 

demonstrated by the Dunne laboratory that BCP crystals activate MAPKs including ERK 

and p38, downstream of Syk activation in a receptor independent manner (100, 248). 

Therefore, it was of interest to next assess whether BCP induced changes in macrophage 

phenotype was dependent on ERK and p38 MAP kinases. Macrophages were pre-

treated with either SB203580 or PD98059 (both 20 µM) to inhibit p38 and ERK, 

respectively, prior to stimulation with BCP for 24 hours. Pre-treatment with both MAP 

kinase inhibitors significantly inhibited BCP-induced IL-8, CXCL9 and CXCL10 mRNA 

expression (Figure 3.7 A-C), demonstrating that MAPK activation is also involved in BCP 

crystal-induced macrophage polarization. Of note, inhibition of MAPKs had no effect on 

MRC1 or CCL13 mRNA expression in BCP crystal treated macrophages (Figure 3.7 D & E). 

 

3.3.8 BCP crystals decrease the phagocytic capacity of primary human 
macrophages. 

 
Upon maturation, antigen presenting cells, such as macrophages, reduce their 

phagocytic capacity as their role switches from tissue surveillance to antigen 

presentation (249). The phagocytic capacity of M1 or activated macrophages has been 

shown to be much lower than that of resting or M2 macrophages (250–252). Having 

established that BCP crystals can induce the upregulation of M1 associated macrophage 

markers, it was of interest to also assess the functionality and the phagocytic capacity 

of BCP treated macrophages. Primary human macrophages were treated with BCP 

crystals for 6 hours and then incubated with FITC-conjugated DQ-Ovalbumin (DQ-Ova) 

at 500 ng/ml and analysed for antigen uptake by flow cytometry.  As expected, 

unstimulated macrophages displayed high DQ-Ova uptake, however, this was 

significantly reduced upon stimulation of cells with BCP crystals (Figure 3.8 A & B) 

demonstrating that the macrophages are becoming more activated and losing their 

phagocytic capacity after BCP treatment. This data provides further evidence that BCP 

crystals induce macrophage polarization towards an M1-like state.  
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3.3.9  BCP crystals upregulate surrogate markers of glycolysis 
 
A number of studies have demonstrated that activated macrophages exhibit an 

enhanced glycolytic profile characterized by increased expression of glucose 

transporters and glycolytic enzymes (253). In order to determine whether BCP crystal-

induced macrophage polarization coincided with a metabolic switch favouring 

glycolysis, macrophages were treated with BCP crystals and established markers of 

glycolysis were assessed by real-time PCR and immunoblotting. BCP crystals significantly 

upregulated mRNA expression of the glycolytic enzyme, hexokinase 2 (HK2), the glucose 

transporter, GLUT 1 and the transcription factor, HIF1a. There was also a trend towards 

increased expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(p=0.0634). Interestingly there was no change in mRNA expression of PFKFB3, the first 

enzyme in the glycolysis pathway or in mRNA expression of HIF2a (Figure 3.9 A). The 

upregulation of glycolytic markers was also confirmed at the protein level, with both 

HK2 and GLUT1 exhibiting increased expression at 24 hours post BCP crystal treatment, 

while increased expression of HIF1α was observed at 3, 6 and 24 hours post stimulation 

(Figure 3.9 B). Densitometric analysis revealed a time dependent upregulation of HK2 

and Glut 1 proteins at 3, 6 and 24 hours with maximal and significant upregulation 

occurring at 24 hours for both proteins (Figure 3.9 C). Therefore, it appears that BCP 

crystal treatment upregulates proteins and transcription factors associated with a 

metabolic switch favouring glycolysis.  

 

3.3.10 Human macrophages temporally increase glycolysis and oxidative 
phosphorylation after LPS stimulation. 

 
Having demonstrated that BCP crystals alter the expression of glycolytic enzymes in 

primary human macrophages, experiments were next carried out to examine the rates 

of glycolysis and oxidative phosphorylation in treated cells in order to provide an in-

depth understanding of metabolic pathways. To this end, the Agilent Seahorse XF Cell 

Mito and Glycolysis Stress Test assays were used to measure glycolytic and 

mitochondrial functions (oxidative phosphorylation), respectively. Glycolysis involves 

the conversion of glucose to lactate which is accompanied by extrusion of H+ protons 

into the extracellular medium and thus acidification of the medium. This acidification 



76 

rate can be measured by the instrument and is reported as extracellular acidification 

rate (ECAR). This then provides a method to assess the key parameters of glycolytic flux 

such as glycolysis, glycolytic capacity, and glycolytic reserve. Additionally, oxidative 

phosphorylation consumes oxygen and this can be directly measured and reported as 

the oxygen consumption rate (OCR). It was necessary in the present study to first 

optimize the conditions for this technique for primary human macrophages. Therefore, 

the metabolic changes in primary human macrophages were characterised using the 

well-known TLR agonist, LPS.  Human macrophages were seeded into a Seahorse 

microplate and stimulated with LPS for 3, 6 or 24 hours prior to placement into a 

Seahorse XF96 analyser. The rates of glycolysis and oxidative phosphorylation were 

determined by the measured ECAR and OCR respectively, after treatment with 

metabolic inhibitors oligomycin, FCCP, Rotenone and Antimycin A and 2-DG (as 

described in Section 2.2.13). The ECAR of LPS stimulated macrophages was high at all 

timepoints compared to unstimulated control cells, with the highest glycolytic rate 

observed at 3 and 6 hours (Figure 3.10 A). This was reflected in the calculated glycolytic 

profile with the basal rate of glycolysis being significantly increased after 3 hours of LPS 

stimulation (Figure 3.10 B). Furthermore, the calculated max glycolysis, which is used as 

an indication of the cellular maximum glycolytic capacity, of LPS-stimulated cells, was 

greatest at 3 and 6 hours post-stimulation and was lowest at 24 hours post-stimulation 

(Figure 3.10 C). Interestingly, the glycolytic reserve, of LPS-treated cells was significantly 

higher than that of untreated macrophages at all timepoints (Figure 3.10 D). Therefore, 

while stimulation of human macrophages with LPS transiently increases the basal 

glycolytic and max glycolytic rate, peaking at 3-6 hours post-activation, the glycolytic 

potential of LPS-stimulated macrophages is significantly enhanced and appears to be 

sustained over 3, 6 and 24 hours.  

 

The respiratory profiles of macrophages appeared to mirror their observed glycolytic 

activity. LPS stimulated macrophages displayed an enhanced OCR compared to 

untreated cells (Figure 3.11 A). The calculated basal respiratory rate of LPS stimulated 

macrophages was higher than that of unstimulated at all timepoints, peaking at 6 hours 

(Figure 3.11 B). Interestingly the max respiration, which gives an indication of the 

maximal rate of respiration that the cell can achieve, was increased at 3 and 6 hours, 
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whereas at 24 hours post-LPS stimulation, macrophages displayed a max respiration 

similar to unstimulated cells (Figure 3.11 C). Furthermore,  the capability of the cell to 

utilize oxidative phosphorylation, as measured by the respiratory reserve, was enhanced 

at 3 and 6 hours returning to basal levels at 24 hour post-stimulation (Figure 3.11 D). 

Taken together, these data indicate that, human macrophages temporally upregulate 

both glycolytic metabolism and oxidative phosphorylation upon LPS stimulation. This 

differs from reports of metabolism in murine macrophages, which strongly upregulate 

aerobic glycolysis and downregulate oxidative phosphorylation upon TLR stimulation 

(254). However, human monocyte derived macrophages do not readily express iNOS, 

which is required to produce NO and therefore allows for engagement of Warburg 

metabolism (57). Therefore, human macrophages likely produce a different metabolic 

response when activated compared to their murine counterparts. 

 

3.3.11 Human macrophages alter their metabolism in response to BCP crystal 
stimulation.  

 
Having observed an upregulation of surrogate markers of glycolysis upon BCP 

stimulation and having optimized the parameters for Seahorse analysis in section 3.3.11, 

it was of interest to next assess the metabolic profile of BCP crystal-stimulated cells. 

Macrophages were seeded into a Seahorse microplate and stimulated with BCP crystals 

for 3, 6 or 24 hrs. The rate of glycolysis was determined by the measurement of ECAR 

(extracellular acidification rate), before and after injections of metabolic inhibitors, as 

described above. Overall, stimulation of cells with BCP crystals resulted in a temporal 

increase in glycolytic metabolism. The ECAR was increased at all time-points tested, 

peaking at 3 hours post -stimulation and was lowest at 24 hours post-BCP crystal 

treatment (Figure 3.12 A). The calculated basal rate of glycolysis was increased at all 

timepoints, with a significant enhancement at 3 hours (Figure 3.12 B). The maximum 

rate of glycolysis was also enhanced in cells stimulated with BCP crystals for 3 hours, and 

although not significant, there was a trend toward increased max glycolytic capacity at 

the 6 and 24 hour time-point (Figure 3.12 C). The glycolytic reserve of BCP treated cells 

was also higher than that of untreated control cells (Figure 3.12 D). Taken together these 
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data suggest that BCP crystals enhance the cells capacity and capability to utilize glucose 

for their metabolic needs.  

 

The respiratory profile of BCP crystal stimulated macrophages was also assessed by 

measuring the OCR. The OCR of cells treated with BCP crystals for 3 and 6 hours was 

enhanced compared to that of unstimulated cells, while at 24 hours there was a 

marginally reduced OCR (Figure 3. 13 A). Moderate changes in the basal respiration rate 

were observed at each timepoint tested with a slight enhancement at 3 hours and a 

decrease at 6 and 24 hours post stimulation (Figure 3.13 B). Maximal respiration peaked 

at 3 hours but decreased at 6 and 24 hour post BCP treatment (Figure 3.13 C).  

Furthermore, the capability of the cells to utilize oxidative phosphorylation, as measured 

by the respiratory reserve, was enhanced at 3 and 6 hour post BCP treatment but 

returned to basal levels at 24 hours and was comparable to that of untreated cells 

(Figure 3.13 D).  

 

As a greater effect was observed on the glycolytic vs respiratory profile of macrophages 

treated with BCP crystals, the overall preference for glycolysis or oxidative 

phosphorylation in these cells was determined via calculation of the basal ECAR:OCR 

ratio. Interestingly, the ECAR:OCR ratio of BCP-treated macrophages was significantly 

increased at 3 and 6 hour post-BCP stimulation compared to control cells (Figure 3.14 

A). These results indicate that BCP-stimulated macrophages are more glycolytic than 

untreated cells, and that BCP treated cells upregulate glycolysis to a greater degree than 

oxidative phosphorylation. We also compared the metabolic profile of BCP crystal-

treated cells to LPS-treated cells. While both treatments enhanced glycolysis as well as 

oxidative phosphorylation, overall the ECAR:OCR ratio was higher for BCP crystal-

treated macrophages compared to LPS stimulated macrophages, suggesting that the 

crystals may be more potent inducers of glycolysis overall (Figure 3.14 B).  

 

3.3.12  BCP treated cells primarily derive their ATP from glycolysis. 
 
Having observed that BCP crystal-treated macrophages preferentially utilize glycolytic 

metabolism, it was of interest to further verify this metabolic switch by assessing the 
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rate and cellular source of ATP production which is a highly informative parameter used 

to assess cellular metabolism and bioenergetics (255). Using obtained ECAR and OCR 

values at 3, 6 and 24 hr post BCP crystal stimulation, the glycoATP production rate, i.e. 

the rate of ATP production associated with the conversion of glucose to lactate in the 

glycolytic pathway and the mitoATP production rate, i.e. the rate of ATP production 

associated with oxidative phosphorylation in the mitochondria, was determined using a 

series of calculations described in Section 2.2.13. Results demonstrate a significant 

increase of total cellular ATP at 3 and 6 hour post BCP crystal stimulation. The 

percentage of glycoATP was increased to 51% (3 hr), 48 % (6 hr) and 66% (24 hr) 

following BCP crystal stimulation, compared to that of untreated control cells (19%). 

Furthermore, the mitoATP production rate was decreased from 81 % in untreated cells 

to 41%, 52% and 34 % at 3, 6 and 24 hour post BCP crystal stimulation (Figure 3.15). 

Taken together, this data indicates that the majority of ATP produced by these cells is 

derived from glycolysis rather than mitochondrial oxidative phosphorylation, further 

verifying that human macrophages utilize glycolytic metabolism upon BCP crystal 

stimulation.  

 

3.3.13 Macrophage polarization and metabolic reprogramming by BCP crystals 
is dependent on particle uptake. 

 
Having established that BCP crystals can induce a metabolic and phenotypic switch in 

human macrophages, it was of interest to determine if these responses are dependent 

on particle uptake. Particle internalization requires orchestration of a number of 

processes including actin cytoskeleton rearrangement, the extension of the plasma 

membrane, and fusion to form a phagolysosome (256). Latrunculin B, a commonly used 

phagocytosis inhibitor, can bind actin monomers and subsequently prevent F-actin 

assembly. Therefore, macrophages were pre-treated with Latrunculin B (1 µM) for 45 

minutes prior to stimulation with BCP crystals in order to inhibit particle uptake. BCP 

induced CXCL9 and CXCL10 mRNA expression was significantly reduced in the presence 

of latrunculin B (Figure 3.16 A & B) as was BCP crystal induced IL-8 production (Figure 

3.16 C). Furthermore, mRNA expression of the glycolytic markers, HK2, Glut1 and HIF1α 

was reduced upon inhibition of particle uptake (Figure 3.16 D-F). For further validation 
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of these results, cells were pre-treated with alternative phagocytosis inhibitors to 

ensure that the observed were not due to loss of membrane integrity.  Cells were pre-

treated with Cytochalasin D or B (5 µM), which both inhibit 

polymerization/depolymerization of F-actin (257), or Dynasore (80 µM), which inhibits 

dynamin (258), prior to stimulation with BCP crystals.  Similar trends were observed with 

all three inhibitors of phagocytosis, with a reduction in BCP-induced M1 and glycolytic 

markers (Figure 3.17 A-E). Taken together, this indicates that particle uptake by 

phagocytosis is essential for BCP crystal mediated activation of macrophages and 

glycolytic gene expression. 

 

3.3.14 BCP crystal-induced M1 macrophage polarization is reduced in the 
presence of the glycolytic inhibitor 2-DG. 

 
Having established that BCP crystals directly alter macrophage metabolism and promote 

polarization towards an M1 phenotype, it was next of interest to elucidate if direct 

inhibition of glycolysis abrogates BCP crystal induced macrophage polarization. Cells 

were stimulated with BCP crystals as described, in the presence or absence of the 

glycolytic inhibitor, 2-DG (25 mM). Pre-treatment of cells with 2-DG resulted in a 

significant decrease of BCP induced CXCL9 and CXCL10 mRNA expression (Figure 3.18 A 

& B). Moreover, inhibition of glycolysis with 2-DG resulted in a trend towards decreased 

surface maker expression of CD40, CD80 and CD86 in BCP treated macrophages (Figure 

3.19 A-F). Taken together, these results suggest that BCP crystals induce metabolic 

reprogramming and that glycolytic blockade inhibits BCP-induced macrophage 

polarization. 

 

 

3.3.15 Inhibition of glycolysis abrogates BCP crystal-induced alarmin expression. 
 
Studies have demonstrated that mRNA and protein levels of the alarmin, S100A8, are 

highly elevated in human OA biopsy samples, and that, together with S100A9, S100A8 

is heavily implicated in driving catabolic processes in OA (82, 85, 89). It has also 

previously been demonstrated that BCP crystals strongly upregulate expression of 
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S100A8 in human macrophages and fibroblasts (100, 248).  Furthermore, 

pharmacological targeting of membrane proximal kinases and MAP kinases has been 

shown to prevent induction of BCP crystal-induced S100A8 expression (248), therefore, 

it was of interest to determine whether inhibition of glycolysis also prevents S100A8 

upregulation in primary human macrophages. To test this, macrophages were treated 

with BCP crystals for 24 hours in the presence or absence of the glycolytic inhibitor, 2-

DG and S100A8 mRNA expression was measured by real-time PCR.  Results demonstrate 

that S100A8 expression is significantly inhibited in the presence of 2-DG (Figure 3.20), 

suggesting that inhibition of macrophage metabolic reprogramming may impact on the 

ability of BCP crystals to induce expression of this highly catabolic alarmin. 
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Figure 3.1: BCP crystals do not effect macrophage viability. (A) Low magnification 
and (B) high magnification scanning electron micrographs of BCP crystals. (C) Primary 
human macrophages (1 x 106 cells/ml) were left untreated or stimulated with BCP 
crystals (50 µg/ml).  After 24 hours cells were stained with a live/dead viability stain and 
assessed by flow cytometry. Results shown are from one healthy donor and are 
representative of data from 3 independent experiments.  
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Figure 3.2: BCP crystals are not contaminated with endotoxin. BCP crystal preparations 

were shown to be endotoxin free, using the HEK-BlueTM hTLR4 assay system 

(Invivogen). HEK TLR4 cells were treated with 25, 50 or 100 µg/ml of BCP crystals, or 

cells were treated with LPS (1 ng/ml, 10 ng/ml or 100 ng/ml) as a positive control. The 

expression of SEAP was measured by absorbance at 650nm. Data was analysed using 

one-way ANOVA with Tukey post-test and is represented as mean ± SEM of 3 

independent experiments (****P≤0.0001). 
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Figure 3.3: BCP crystals induce foreign body giant cell formation in human 
macrophages. (A & B) Primary human macrophages were seeded at 0.5 x 106cells/ml 
and treated with 50µg/ml BCP crystals for 24 hours. Cells were fixed with 4% 
paraformaldehyde for 10min, washed with PBS and permeabilised with 0.5% Triton X-
100 for 10 min. Cells were then stained with Rhodamine-Phalloidin (for actin) for 2 hours 
at room temperature and counterstained with DAPI (for nuclei). Subsequently, stained 
cells were imaged using a fluorescent microscope (Leica SP8 scanning confocal). Shape 
parameters including (C) area, (D) perimeter and (E) circularity, of 50-100 individual 
imaged cells per condition were quantified using Image J software. Data was analysed 
using one-way ANOVA with Tukey post-test and is representative of 2 independent 
experiments (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 3.4: BCP crystals drive IL-8 but not TNFa or IL-6 cytokine expression in primary 
human macrophages.  Primary human macrophages (1 x 106 cells/ml) were treated with 
BCP crystals (50 µg/ml) or LPS (100 ng/ml) as a positive control for 24 hours. Cytokine 
levels of (A) TNFa, (B) IL-6 and (C) IL-8 in cell supernatants were measured by ELISA. 
Pooled data (n=4-5) is represented as mean ± SEM was analysed using Kruskal Wallis 
with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 3.5: BCP crystals upregulate CD86, CD80 and CD40 maturation surface markers 
in primary human macrophages. Primary human macrophages (1 x 106 cells/ml) were 
stimulated with BCP crystals (50 µg/ml) for 24 hours. (A) Representative histograms 
from one experiment of the macrophage maturation markers CD86, CD80 and CD40 
were determined by flow cytometry. (B) Pooled data (n=5) depicts Mean Fluorescence 
Intensity (MFI) of surface marker expression. Data is represented as mean ± SEM and 
was analysed using Wilcoxon Signed Rank test (**P≤0.01, ***P≤0.001). 
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Figure 3.6: BCP crystals promote M1 macrophage polarization. Primary human 
macrophages (1 x 106 cells/ml) were stimulated with BCP crystals (50 µg/ml) for 24 
hours.  mRNA expression of (A) CXCL9, (B) CXCL10, (C) MRC1 and (D) CCL13 was analysed 
by real-time PCR. For each sample, mRNA concentration was normalised using the 
crossing threshold of the housekeeping gene 18s ribosomal RNA. Gene expression, 
relative to untreated control cells, was determined using the 2-∆∆CT algorithm. Pooled 
data (n=6) is represented as mean ± SEM was analysed using Kruskal Wallis with Dunn’s 
post-test for cytokine assays and one-way ANOVA with Tukey post-test (*P≤0.05, 
**P≤0.01).  
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Figure 3.7: BCP induced M1 macrophage polarization occurs in an ERK and p38 MAP 
kinase dependent manner. Primary human macrophages (1 x 106 cells/ml) were pre-
treated with the p38 and ERK MAP kinase inhibitors (SB203580; 20 µM, PD98059; 20 
µM) for 45 min prior to stimulation with BCP crystals (50 µg/ml) for 24 hours. (A) IL-8 
cytokine production in cell supernatants was analysed by ELISA. mRNA levels of (B) 
CXCL9, (C) CXCL10, (D) MRC1 and (E) CCL13 were analysed by real-time PCR. mRNA 
concentration was normalised to the housekeeping gene 18s ribosomal RNA. Gene 
expression, relative to untreated control cells, was determined using the 2-∆∆CT 
algorithm. Pooled data (n=3-4) is represented as mean ± SEM. Data was analysed using 
Kruskal Wallis with Dunn’s post-test for cytokine assays and one-way ANOVA with Tukey 
post-test for real-time PCR assays (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 3.8: BCP crystals decrease the phagocytic capacity of primary human 
macrophages. Primary human macrophages (1 x 106 cells/ml) were stimulated with BCP 
crystals (50 µg/ml) for 24 hours and then incubated with FITC-conjugated DQ-ovalbumin 
(DQ-Ova; 500 ng/ml) for 20 min prior to analysis by flow cytometry. (A) Representative 
dot plots depicting DQ-Ova uptake by BCP treated macrophages. (B) Pooled data (n=6) 
depicts percentage DQ-Ova uptake. Data is represented as mean ± SEM and was 
analysed using Wilcoxon Signed Rank test (*P≤0.05). 
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Figure 3.9: BCP crystals upregulate surrogate markers of glycolysis. Primary human 
macrophages (1 x 106 cells/ml) were stimulated with BCP crystals (50 µg/ml) for 24 
hours. (A) mRNA expression of glycolytic markers HK2, GLUT1, HIF1a, GAPDH, PFKB3, 
and HIF2a were analysed by real-time PCR (n=6). mRNA concentration was normalised 
to the housekeeping gene RPLPO ribosomal RNA and gene expression, relative to 
untreated control cells, was determined using the 2-∆∆CT algorithm. (B) Representative 
western blots demonstrating expression of HK2, Glut 1 and HIF1a in whole cell lysates 
in response to BCP crystals post 3, 6 or 24 hour stimulation. (C) Pooled data (n=3) 
depicting densitometric analysis of immunoblots using ImageJ software. Bar graphs 
illustrate the mean ± SEM increase in protein expression relative to untreated control 
and normalised to b-actin housekeeping protein. Data was analysed using Student’s t 
test for real-time PCR and one-way ANOVA with Tukey post-test for western blotting 
(*P≤0.05, **P≤0.01). 
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Figure 3.10: Human macrophages temporally increase glycolytic metabolism after LPS 
stimulation. Primary human macrophages (1 x 106 cells/ml) were stimulated with LPS 
(100 ng/ml) for 3, 6 or 24 hours prior to placement in a Seahorse XF96 analyser. The 
extracellular acidification rate (ECAR) was measured before and after injections of 
oligomycin (1 µM), FCCP (1 µM), antimycin A (500 nM)/Rotenone (500 nM), and 2-DG 
(25mM). (A) Representative glycolysis (ECAR) measurements over time for each LPS 
stimulation time-point.  Data depicts one representative experiment. (B-D) Pooled data 
(n=3) depicting the calculated mean basal glycolytic rate, max glycolytic rate and 
glycolytic reserve for each LPS stimulation time-point. All data is represented as mean ± 
SEM and was analysed using was analysed using Kruskal Wallis with Dunn’s post-test 
(*P≤0.05, **P≤0.01). 
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Figure 3.11: Human macrophages temporally increase oxidative phosphorylation after 
LPS stimulation. Primary human macrophages (1 x 106 cells/ml) were stimulated with 
LPS (100 ng/ml) for 3, 6 or 24 hours prior to placement in a Seahorse XF96 analyser. The 
oxygen consumption rate (OCR) was measured before and after injection of oligomycin 
(1 µM), FCCP (1 µM), antimycin A (500 nM)/Rotenone (500 nM), and 2-DG (25mM). (A) 
Representative OCR measurements over time for each LPS stimulation time-point. Data 
depicts one representative experiment. (B-D) Pooled data (n=3) depicting the calculated 
mean basal respiratory rate, max respiratory rate and respiratory reserve for each LPS 
stimulation time-point. All data is represented as mean ± SEM and was analysed using 
was analysed using Kruskal Wallis with Dunn’s post-test. 
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Figure 3.12: Human macrophages temporally increase glycolytic metabolism in 
response to BCP crystal stimulation. Primary human macrophages (1 x 106 cells/ml) 
were stimulated with BCP crystals (50 µg/ml) for 3, 6 or 24 hours prior to placement in 
a Seahorse XF96 analyser. The extracellular acidification rate (ECAR) was measured 
before and after before and after injection of oligomycin (1 µM), FCCP (1 µM), antimycin 
A (500 nM)/Rotenone (500 nM), and 2-DG (25 mM). (A) Representative glycolysis (ECAR) 
measurements over time for each LPS stimulation time-point.  Data depicts one 
representative experiment. (B-D) Pooled data (n=3) depicting the calculated mean basal 
glycolytic rate, max glycolytic rate and glycolytic reserve for each LPS stimulation time-
point. All data is represented as mean ± SEM and was analysed using was analysed using 
Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01). 
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Figure 3.13: Human macrophages temporally increase oxidative phosphorylation in 
response to BCP crystal stimulation. Primary human macrophages (1 x 106 cells/ml) 
were stimulated with BCP crystals (50 µg/ml) for 3, 6 or 24 hours prior to placement in 
a Seahorse XF96 analyser. The oxygen consumption rate (OCR) was measured before 
and after injection of oligomycin (1 µM), FCCP (1 µM), antimycin A (500 nM)/Rotenone 
(500 nM), and 2-DG (25 mM).  (A) Representative OCR measurements over time for each 
LPS stimulation time-point. Data depicts one representative experiment. (B-D) Pooled 
data (n=3) depicting the calculated mean basal respiratory rate, max respiratory rate 
and respiratory reserve for each LPS stimulation time-point. All data is represented as 
mean ± SEM and was analysed using was analysed using Kruskal Wallis with Dunn’s post-
test. 
 

0 2 0 4 0 6 0 8 0 1 0 0
0

1 0 0

2 0 0

3 0 0

4 0 0

T im e  (m in u te s )

O
C

R
 (

p
m

o
l/m

in
) C tr l

B C P  3  h r
B C P  6  h r
B C P  2 4  h r

O lig o m y c in
F C C P R o t/A A 2 D G

B a s a l R e s p ira t io n

O
C

R
 (

p
m

o
l/m

in
)

C tr l 3 6 2 4
0

5 0

1 0 0

1 5 0

B C P  (5 0 µg /m l)

(h rs )

M a x  R e s p ir a t io n

O
C

R
 (

p
m

o
l/m

in
)

C tr l 3 6 2 4
0

1 0 0

2 0 0

3 0 0

B C P  (5 0 µg /m l)

(h rs )

R e s p ir a to r y  R e s e r v e

O
C

R
 (

p
m

o
l/m

in
)

C tr l 3 6 2 4
0

5 0

1 0 0

1 5 0

2 0 0

B C P  (5 0 µg /m l)

(h rs )

A 

B C D 



95 

 

 

Figure 3.14: BCP crystal stimulated macrophages favour glycolytic metabolism 
compared to LPS stimulated macrophages. Primary human macrophages (1 x 106 

cells/ml) were stimulated with BCP crystals (50 µg/ml) or LPS (100 ng/ml) for 3, 6 or 24 
hours prior to placement in a Seahorse XF96 analyser. Basal rates of glycolysis and 
oxidative phosphorylation were measured by ECAR and OCR respectively.  (A) Pooled 
data (n=3) the calculated mean ratio of ECAR:OCR for each BCP stimulation time-point. 
(B) Pooled data (n=3) the calculated mean ratio of ECAR:OCR for each BCP and LPS 
stimulation time-point. All data is represented as mean ± SEM and was analysed using 
Kruskal Wallis with Dunn’s post-test (*P≤0.05). 
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Figure 3.15: BCP crystal treated cells primarily derive their ATP from glycolysis.  
Primary human macrophages (1 x 106 cells/ml) were stimulated with BCP crystals (50 
µg/ml) for 3, 6 or 24 hours prior to placement in a. Seahorse XF96 analyser. The 
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) was 
measured before and after injection of oligomycin (1 µM) and antimycin A (500 
nM)/Rotenone (500 nM). Pooled data (n=3) depicting ATP production rate in response 
to BCP crystal stimulation. All data is represented as mean ± SEM and was analysed using 
Kruskal Wallis with Dunn’s post-test was used for all Seahorse calculations. (** denotes 
statistical significance for changes in GlycoATP vs untreated control, ## denotes 
statistical significance for changes in MitoATP vs untreated control). 
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Figure 3.16: Macrophage polarization and metabolic reprogramming by BCP crystals is 
dependent on particle uptake. Primary human macrophages (1 x 106 cells/ml) were 
treated with BCP crystals (50 µg/ml) alone or were pre-treated with the actin 
polymerization inhibitor, Latrunculin B (1 µM), prior to treatment with BCP (50 µg/ml). 
Graphs demonstrating mRNA expression levels of (A) CXCL9 and (B) CXCL10 (n=4). (C) 
Cytokine levels of IL-8 in cell supernatants (n=6). mRNA expression of the glycolytic 
markers (D) HK2, (E) Glut1 and (F) HIF1a (n=4). mRNA concentration was normalised to 
the housekeeping genes 18s (A-C) or RPLPO (D-F) ribosomal RNA. Gene expression, 
relative to untreated control cells, was determined using the 2-∆∆CT algorithm. Data is 
represented as mean ± SEM and analysed using Kruskal Wallis with Dunn’s post-test for 
cytokine assays and one-way ANOVA with Tukey post-test (*P≤0.05, **P≤0.01). 
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Figure 3.17: Macrophage polarization and metabolic reprogramming by BCP crystals is 
dependent on particle uptake. Primary human macrophages (1 x 106 cells/ml) were 
treated with BCP  crystals (50 µg/ml) alone or were pre-treated with the actin 
polymerization inhibitors, Cytochalasin D (5 µM), Cytochalasin B (5 µM) or the Dynamin 
inhibitor, Dynasore (80 µM) prior to treatment with BCP crystals (50 µg/ml). Graphs 
demonstrating mRNA expression levels of (A) CXCL9, (B) CXCL10, the glycolytic markers 
(C) HK2, (D) Glut1 and (E) HIF1a (n=3). mRNA concentration was normalised to the 
housekeeping genes 18s (A & B) or RPLPO (C-E) ribosomal RNA. Gene expression, 
relative to untreated control cells, was determined using the 2-∆∆CT algorithm. Data is 
represented as mean ± SEM and analysed using one-way ANOVA with Tukey post-test 
(*P≤0.05, **P≤0.01). 
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Figure 3.18:  BCP crystal-induced M1 macrophage polarization is reduced in the 
presence of the glycolytic inhibitor 2-DG. Primary human macrophages (1 x 106 cells/ml) 
were stimulated with BCP crystals (50 µg/ml) in the presence or absence of the glycolytic 
inhibitor 2-DG (25 mM) for 24 hours. Cells were lyzed and mRNA expression of (A) CXCL9 
or (B) CXCL10 was assessed by real-time PCR. mRNA concentration was normalised to 
the housekeeping gene 18s ribosomal RNA. Gene expression, relative to untreated 
control cells, was determined using the 2-∆∆CT algorithm. Data is represented as mean ± 
SEM (n=4) and analysed using one-way ANOVA with Tukey post-test (**P≤0.01, 
***P≤0.001). 
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Figure 3.19: There is a trend towards a reduction in BCP crystal-induced maturation 
marker expression in the presence of the glycolytic inhibitor, 2-DG. Primary human 
macrophages (1 x 106 cells/ml) were stimulated with BCP crystals (50 µg/ml) in the 
presence or absence of 2-DG (25 mM) for 24 hours. Representative histograms from one 
experiment demonstrating (A) CD40, (B) CD80 and (C) CD86 surface marker expression. 
(D-F) Graphs of pooled data (n=4) depicts Mean Fluorescence Intensity (MFI) of surface 
marker expression. Data is represented as mean ± SEM Data and was analysed using 
Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01). 
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Figure 3.20: BCP crystal induced-S100A8 expression is dependent on glycolysis. 
Primary human macrophages (1 x 106 cells/ml) were stimulated with BCP crystals (50 
µg/ml) in the presence or absence of 2-DG (25 mM) for 24 hours. Cells were lysed and 
mRNA expression of S100A8 was assessed by real-time PCR. mRNA concentration was 
normalised to the housekeeping gene 18s ribosomal RNA. Gene expression, relative to 
untreated control cells, was determined using the 2-∆∆CT algorithm. Data is represented 
as mean ± SEM (n=4) and analysed using one-way ANOVA with Tukey post-test 
(*P≤0.05). 
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3.4 Discussion 
  

While several studies have demonstrated that impaired mitochondrial dysfunction 

contributes to pro-catabolic processes in OA chondrocytes, the factors contributing to 

this phenomenon have not been fully characterized (67). Furthermore, there have been 

few studies examining metabolic reprogramming in OA synovial fibroblasts or 

macrophages. During infection, stimulation of pattern recognition receptors (PRRs) 

leads to enhanced glycolysis which enables immune cells to generate sufficient ATP and 

pro-inflammatory mediators required to carry out effector functions (41). It is now well 

accepted that sterile tissue injury can provoke an immune response analogous to that 

seen during infection and that endogenous molecules generated upon tissue damage 

are capable of exerting similar effects on cellular processes. Hence, while the switch to 

a highly active metabolic state is necessary for immune cell activation during infection, 

metabolic reprogramming by DAMPs/alarmins in the absence of infection has the 

potential to exacerbate existing inflammation. The data presented in this chapter 

demonstrates that BCP crystals, which are OA-associated DAMPs, polarize primary 

human macrophages towards an M1-like phenotype, enhancing expression of M1-

macrophage associated markers and elevating expression of surface maturation 

markers. Furthermore, BCP crystal stimulation promotes a bioenergetic switch 

favouring glycolysis and this is accompanied by increased expression of HIF1α, GLUT1 

and hexokinase 2, all of which are surrogate markers of glycolysis. Finally, BCP-induced 

expression of M1 markers and the alarmin, S100A8, was inhibited in the presence of 

glycolytic inhibitor, 2DG, suggesting that BCP-induced macrophage polarization and 

inflammation may be dependent on metabolic reprogramming. 

 

Particulates such as calcium oxalate crystals have previously been reported to promote 

M1 macrophage polarization (246) and, while a number of studies have investigated 

metabolic reprogramming in human immune cells in response to exogenous pathogen 

associated molecules (i.e. PAMPs), there have been no studies to date examining the 

impact of endogenous particulates on immune cell metabolism. In this chapter, it was 

demonstrated that human macrophages stimulated with BCP crystals upregulate both 

glycolysis and oxidative phosphorylation within hours of activation, however, the overall 
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glycolytic and ATP production rate is higher. LPS stimulation also resulted in enhanced 

glycolysis and oxidative phosphorylation in human macrophages however, BCP crystals 

promoted a higher ECAR:OCR ratio than LPS which is considered a potent PAMP. The 

observed effects of LPS on ECAR and OCR rates differs from reports in murine DC 

demonstrating that LPS strongly upregulates aerobic glycolysis whilst simultaneously 

downregulating oxidative phosphorylation via the action of iNOS-derived NO (259, 260). 

There is, however, controversy regarding the expression/activity of iNOS in human 

immune cells (55, 57) and the data presented in this chapter is in agreement with a 

recent study by Malinarich et al who reported that, while mature human DC are more 

glycolytic than immature DC, they do not entirely downregulate oxidative 

phosphorylation, and instead display a more “balanced” switch to glycolysis whereby 

glycolysis and oxidative phosphorylation are both upregulated (261).  

 

BCP crystals have previously been reported to upregulate the expression of 

inflammatory and catabolic mediators in a number of cell types implicated in OA (70, 

262–264).  The data presented here demonstrates that, in addition to cytokines, 

chemokines and MMPs, BCP crystals can also upregulate expression of the key glycolytic 

enzymes, hexokinase 2, GLUT1 and HIF1α, an effect, which was attenuated in the 

presence of phagocytosis inhibitors. Furthermore, when glycolysis was inhibited with 

the glucose analog, 2-DG, a notable decrease in M1-macrophage marker expression was 

observed, in addition to S100A8, which is a key OA-associated DAMP. Further study is 

required to determine if metabolic targeting impacts on downstream targets of S100A8 

which include cytokines such as IL-6 and IL-8, as well as MMPs 1, 9 and 13 (100, 248). Of 

note, paquinimod, a quinoline-3-carboxamide derivative that binds to S100A9 and 

prevents interaction with TLR/RAGE, is currently under investigation as a potential 

treatment for OA (265). Prophylactic treatment with paquinimod reduced osteophyte 

size, synovial thickening, and cartilage damage in the collagenase-induced OA model 

(266). It has also been demonstrated that ex vivo treatment of human OA synovium with 

paquinimod prior to S100A9 stimulation reduced IL-6, IL-8, TNFα, MMP1 and MMP2 

secretion. Furthermore, clinical scores of RA patients was improved by 50 % upon 

treatment with an anti-S100A9 (267). A phase Ib clinical trial has reported paquinimod 
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to be well-tolerated in SLE (268), therefore, this molecule may also be a promising 

DMOAD for OA patients given their high synovial concentrations of S100A8/9.   

 

Interestingly, results presented in this chapter demonstrate that BCP crystals 

themselves were potent drivers of IL-8 expression, whose primary role is to act as 

chemoattractant for neutrophils. While OA is not necessarily considered a neutrophil 

mediated disease, elevated levels of IL-8 have been observed in the serum, synovial fluid 

and synovium of OA patients, where enhanced IL-8 levels were found to be positively 

correlated with radiographic score and joint pain (269, 270). Furthermore, IL-8 

expression was found to be 37-fold higher in chondrocytes from OA knee tissue 

compared to that of non-OA control tissue (271)  Additionally, neutrophils themselves 

can actively perpetuate cartilage damage through secretion of elastase, a protease 

capable of degrading collagens, elastin and proteoglycans (272). Furthermore, 

neutrophils have been implicated in driving angiogenesis, which in turn can promote 

hypertrophy of chondrocytes, propagating joint damage (273). Therefore, IL-8 may play 

a significant role in OA pathogenesis and indeed, neutralization of IL-8 was found to 

attenuate clinical symptoms in a mouse model of OA  (274). While the specific factors 

involved in the upregulation of IL-8 have not yet been elucidated, data presented in this 

chapter demonstrate that BCP crystals can directly drive IL-8 secretion in macrophages. 

This is in line with Nadra et al, which demonstrated enhanced IL-8 release from BCP 

crystal treated macrophages (243). Furthermore, calcium pyrophosphate dihydrate 

(CPPD) crystals, associated with pseudogout have also been shown to induce expression 

of IL-8 in monocytes and macrophages (273). As S100A8 is known to stimulate the 

synovial membrane to generate pro-inflammatory mediators, including IL-8 in OA (275), 

BCP-induced IL-8 observed in this chapter may represent a feed forward mechanism 

whereby BCP-induced S100A8 drives expression of IL-8. Further study is required to fully 

elucidate the relationship between BCP crystals, IL-8 and the downstream effects of 

S100A8 production. It will also be necessary to determine whether the effects observed 

here are heightened in synoviocytes from OA patient samples and whether glycolytic 

inhibitors impact on inflammatory/catabolic processes. Indeed, upregulation of glucose 

transport and an increase in glycolytic metabolism has been demonstrated in OA and 

particularly in chondrocytes where accumulation of lactic acid contributes to matrix 
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acidification and impaired ECM synthetic function (276–279). Less is known regarding 

metabolic disturbances in OA-synoviocytes, however an increase in the 

glycolysis/OXPHOS ratio has been observed in OA-FLS (67). Silencing of PHD2, one of 

several PHDs that when active, are involved in the targeted proteasomal degradation of 

HIF-1α, resulted in decreased expression of angiogenic genes (273). Furthermore, high 

glucose levels were shown to induce ROS and VEGF in OA-FLS further implicating a 

metabolic switch and increased glucose transport in synovial joint cells in OA (274).  

 

In summary, the results presented in this chapter contribute to our current 

understanding of the pathogenic role of BCP crystals and their pro-inflammatory 

properties. The data presented herein supports a model whereby BCP crystals can drive 

metabolic reprogramming to a glycolytic state resulting in the production of ATP via 

glycolysis rather than oxidative phosphorylation in primary human macrophages. It also 

provides evidence of polarization of macrophages to an M1 state upon crystal 

stimulation (Figure 3.21). While the field of immunometabolism is still in its infancy and 

much remains to be learned regarding the impact of metabolic reprogramming on 

disease pathogenesis, ultimately the data presented in this chapter supports the idea 

that the it may be possible to modulate metabolic changes in polarized macrophages by 

specifically targeting key glycolytic enzymes. However, extreme caution is required 

given the strong potential for off target effects. This is of particular importance in OA 

given that chondrocytes, in particular, exist in a hypoxic environment and rely on HIF1α 

and glycolysis to maintain homeostasis. Currently, there are no drugs available to target 

BCP crystal deposition in the OA joint and subsequent inflammatory responses, 

however, based on the above findings, it is possible that targeting BCP-and DAMP-

induced metabolic reprogramming represents a novel avenue that requires further 

consideration and exploration.  
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Figure 3.21: Model of BCP crystal mediated macrophage metabolic reprogramming 

and M1 polarization. BCP crystals are internalized via phagocytosis and mediate direct 

upregulation of M1 surface markers including CD40, CD80 and CD86 and the M1 

associated genes, CXCL9 and CXCL10. Additionally, BCP crystals promote a metabolic 

switch favouring glycolysis and this is accompanied by increased expression of the 

glycolytic enzymes HK2, Glut1 and HIF1α. Inhibition of glycolysis in turn abrogates BCP 

crystal induced M1 marker and alarmin expression.  
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 Chapter 4: Investigation of the 
signalling pathways activated by 
orthopaedic implant particulates 

and their involvement in 
macrophage polarization 
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4.1 Introduction 
 
Total joint replacements (TJR) are costly procedures required to alleviate pain and 

improve ambulation in patients with end stage osteoarthritis (OA) and rheumatoid 

arthritis. While many advances have been made in implant technology, revision 

surgeries are often required due to the limited lifespan of orthopaedic devices. The 

predominant factor contributing to implant failure is aseptic loosening which arises due 

to progressive inflammation at the bone-implant interface. Several studies have shown 

that synthetic materials currently marketed for orthopaedic applications drive potent 

host immune responses during the early post-implantation period and contribute 

significantly to local bone loss or osteolysis (282). Specifically, ‘wear debris’ from ceramic 

and metal based prostheses can drive macrophage-mediated inflammatory responses 

leading to chronic synovitis, osteoclast activation and eventual implant loosening. In 

fact, periprosthetic osteolysis accounts for 75% of implant failures, and as a result, 

individuals must undergo revision surgery which, in itself, is associated with shorter 

duration of implant survival and higher patient risk (114).  

 

A number of studies have demonstrated that macrophages play an integral role in the 

initiation of periprosthetic osteolysis (283–285). These cells can undergo phenotypic 

polarization to pro-inflammatory M1 macrophages, which promote pathogen killing and 

are associated with chronic inflammation, or anti-inflammatory M2 macrophages, which 

are associated with immunoregulation, tissue repair and remodelling. In the case of TJR, 

classically activated M1 macrophages are required to initiate the foreign body response 

necessary for early post-implantation wound healing, while their eventual transition to 

alternatively activated M2 macrophages is required to prevent fibrous capsule 

formation and chronic inflammation (203). However, it has been demonstrated that 

synovial tissues from patients undergoing revision surgery exhibit higher ratios of M1 

versus M2 macrophages compared to tissues from patients undergoing primary TJR and 

that PMMA particles can enhance the expression of the M1 macrophage marker, iNOS 

(140). Furthermore, several studies have demonstrated that wear-particles directly 

activate M1 macrophages leading to a sustained inflammatory response characterised 

by the production of chemokines and pro-inflammatory cytokines such as TNFα, IL-1 and 



109 

IL-6 (286–290).  As well as causing tissue damage, this increased production of pro-

inflammatory mediators contributes to an imbalance in the levels the key 

osteoclastogenesis regulators, RANKL and OPG, and facilitates the formation and 

activation of bone-resorbing osteoclasts (139, 150, 291, 292). As a result, efforts are 

underway to develop strategies to modulate periprosthetic inflammatory responses 

using selective small molecule inhibitors or anti-cytokine therapies. For example, studies 

have demonstrated that the COX-2 inhibitor, Celecoxib, suppresses wear-debris induced 

osteolysis in both the murine calvarial model and rabbit prosthesis model (293, 294). 

Furthermore, Etanercept, the decoy receptor for TNF-α, has been shown to reduce bone 

resorption and osteoclastogenesis in mice (138), as has gene delivery of the anti-

inflammatory cytokine,  IL-10 (159). In addition to specific targeting, efforts are also 

being made to manipulate the interplay between the implant material itself and the host 

immune system, and recent evidence suggests that promoting specific interactions 

between the two can boost immune tolerance and positive healing outcomes (201).  

 

Despite these efforts, many aspects of macrophage mediated responses to particulate 

wear debris remain poorly characterised. Furthermore, most studies to date have 

focused on murine macrophages. Therefore the aim of this chapter is to carry out a 

detailed analysis of the effects of two commonly used biomaterials in primary human 

macrophages. This study will focus on hydroxyapatite (HA), which is widely used to coat 

orthopaedic implants given it’s biocompatible and osteogenic capabilities (295, 296) 

PMMA particles, known to be generated from PMMA bone cement (the fixative used to 

hold implants in place), will also be examined as they have been shown to induce 

inflammatory responses in murine macrophages and ex vivo patient samples (140, 141, 

297).  

        

While micron sized HA is routinely used in orthopaedic devices, more recently, nanoHA 

has been explored for use in orthopaedic applications due to its high surface area and 

superior cell adhesive properties (220). Commercial HA particles are available in a range 

of shapes and sizes and it has been well documented that the immune response induced 

by HA particles depends heavily on their size and morphology. For example, it has been 

demonstrated that needle shaped HA particles of approximately 0-25 µm in size 
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enhance both IL-1β and IL-18 production in LPS primed murine macrophages and 

dendritic cells, compared to their spherical counterparts of the same size. Furthermore, 

HA particles larger than 100 µM do not drive production of either cytokine (101, 298). 

While, the use of nano-HA coatings is becoming more common, the effects of these 

particles on macrophage activation/phenotype has not yet been examined. Therefore, 

the final aim of this chapter is to assess macrophage responses to nano sized HA 

particles and to determine if there are differences in responses when compared to 

micro-sized HA particles.   

 

4.2 Specific Aims 
 

• To examine human immune cell activation and macrophage polarization 

following exposure to orthopaedic wear particles in primary human 

macrophages.  

• To compare macrophage responses to micron and nano sized HA particles in 

primary human macrophages.  
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4.3 Results  
 

4.3.1 Physical characterisation of PMMA and HA particles. 
 
Prior to assessing cellular responses to hydroxyapatite (HA) and PMMA particulates, it 

was first of interest to characterise the size and morphology of the individual particles. 

HA and PMMA particles were imaged using scanning electron microscopy (SEM) and, as 

expected, the PMMA particles are microspheres ranging in diameter from 

approximately 1µm to 10µm, with a smooth even surface (Figure 4.1 A). HA particles 

were found to be very irregular in shape with a rough surface and range in size from 

1µm to 5µm (Figure 4.1 A).  Unlike the PMMA particles, HA particles are prone to 

aggregation and as result their actual size is difficult to determine by imaging analysis 

alone. Therefore, dynamic light scattering was performed to accurately determine their 

size range. Using this method, the mean particle size was found to be approximately 1.3 

µm (Figure 4.1 B). The zeta potential of the HA particles was also assessed using 

electrophoretic light scattering and was determined to be -10.13 mV. This small value 

obtained for zeta potential is indicative of the tendency of the particles to aggregate.  

 

Prior to undertaking biological assays, it was necessary to first verify that the particles 

were endotoxin free. Particles were tested for lipopolysaccharide (LPS) contamination 

using the HEK-BlueTM hTLR4 assay system. HEK-blue cells expressing TLR4 were 

stimulated with LPS (1, 10 and 100 ng/ml; positive control), PMMA particles (500 μg/ml) 

or HA particles (250 μg/ml) for 24 hours. The expression of SEAP, which is under the 

control of NF-kB and AP-1 was measured by incubating cell supernatants with HEK-blue 

detection medium for 30 min at 37 °C and absorbance was read at 650 nm. Results 

demonstrate that the concentration of endotoxin (LPS) was below the threshold level 

for TLR4 activation as determined using the HEK-Blue LPS detection kit and particle 

preparations were therefore deemed suitable for further in vitro assays (Figure 4.1 C).  

 

4.3.2 PMMA and HA particles directly promote M1 macrophage polarization. 
 
It has previously been demonstrated that periprosthetic tissues exhibit increased 

M1/M2 macrophage ratios compared to non-operated osteoarthritic synovial tissues, 
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and that PMMA particles can enhance the expression of the M1 macrophage marker, 

iNOS (140). In order to examine the direct impact of HA and PMMA particles on 

macrophage polarization, primary human macrophages were treated with previously 

published doses of PMMA particles (500 μg/ml) or HA (250 μg/ml) for 24 hours and 

expression of established M1 associated genes was assessed by real-time PCR. PMMA 

significantly enhanced the mRNA expression of the M1 markers, CXCL9, CXCL10 and 

CXCL11 compared to control samples (Figure 4.2 A, C & E).  HA particles also significantly 

enhanced the expression of CXCL9, CXCL10 and CXCL11 (Figure 4.2 B, D & F). 

Interestingly the relative fold increase in mRNA of these M1 associated genes was higher 

in HA treated macrophages (200-550) than PMMA treated macrophages (20-100) 

indicating that HA particles may be a more potent inflammatory particulate than PMMA 

particles.   

 

4.3.3 PMMA and HA particles decrease M2 macrophage marker expression and 
phagocytic capacity. 

 
Having assessed the impact of HA and PMMA particles on M1 macrophage associated 

gene expression, their impact on M2 associated genes was next assessed. Primary 

human macrophages were stimulated with HA or PMMA particles for 24 hours and 

mRNA expression of MRC1 and CCL13 was analysed by real-time PCR. In contrast to the 

observed induction of M1 markers upon HA or PMMA treatment, there was a significant 

decrease in the basal level of M2 macrophage marker gene expression upon particle 

treatment (Figure 4.3 A-D).  

 

It has been reported that the phagocytic capacity of M1 activated macrophages is much 

lower than that of non-activated or M2 polarized macrophages which retain a high 

phagocytic capacity (250–252, 299). Having established that PMMA and HA particles 

enhance M1 macrophage marker but decrease M2 marker gene expression, it was next 

of interest to assess the phagocytic capacity of macrophages following stimulation with 

wear particles as an indication of their functionality. Primary human macrophages were 

treated with PMMA or HA (250 μg/ml) for 6 hours. Cells were then incubated with FITC-

conjugated DQ-Ovalbumin (DQ-Ova) at 500 ng/ml and analysed for antigen uptake by 
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flow cytometry. Unstimulated macrophages had high basal DQ-Ova uptake (66.4%), 

however upon HA particle stimulation, antigen uptake was reduced to 17%. Similar 

results were observed with PMMA particle treatment with a reduction to 57.8% (Figure 

4.3 E) demonstrating that both particles reduce macrophage phagocytic capacity which 

is associated with a more mature and activated phenotype. Taken together this indicates 

that both particle types promote macrophage activation and polarization to an M1-like 

state.  

 

4.3.4 PMMA and HA particles activate the membrane-associated tyrosine 
kinase, Syk in primary human macrophages. 

 
Having established that HA and PMMA particles preferentially polarize macrophages 

towards an M1-like phenotype, the signalling events involved in this transition were next 

examined. The Dunne laboratory has previously reported that BCP and cholesterol 

crystals activate the membrane proximal kinase, Syk, in a receptor-independent manner 

and by a process known as membrane affinity-triggered signalling (MATS) which involves 

lipid raft formation (99, 300). Syk inhibition has also been reported to inhibit HA-induced 

IL-6 production in murine chondrocytes (97) and PMMA induced IL-1β production and 

cell binding in murine macrophages (297). Therefore, in order determine if HA and 

PMMA particles can directly activate Syk, primary human macrophages cells were 

stimulated with PMMA particles (500μg/ml) or HA (250 μg/ml) over the course of 30 

min and activation of Syk, as indicated by phosphorylation, was examined by 

immunoblotting. Phosphorylation of Syk was detected within 10-15 min of PMMA 

particle treatment (Figure 4.4 A) and within 5 min of HA stimulation (Figure 4.4 B). 

Densitometric analysis of western blots from three individual donors revealed that 

maximal phosphorylation occurs at 30 minutes post-stimulation with both particle types 

inducing an approximate 15-30 fold increase in Syk phosphorylation compared to 

control cells (Figure 4.4 C & D). 

 

4.3.5 PMMA and HA particles drive pro-inflammatory cytokine production in a 
Syk dependent manner in human macrophages.  
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In order to investigate if Syk is involved in PMMA and HA-induced pro-inflammatory 

cytokine production in primary human macrophages, cells were pre-treated with 

previously published doses of either piceatannol (25 µM) or the orally available Syk 

inhibitor, R788 (25 µM), for 1 hour, prior to stimulation with HA or PMMA for 24 hours. 

In the case of PMMA, pre-treatment with both inhibitors resulted in a significant 

reduction in IL-6 production (Figure 4.5 A) with R788 also significantly reducing TNFα 

production (Figure 4.5 C). HA-induced IL-6 and TNFα was significantly reduced upon Syk 

inhibition with piceatannol while the alternative Syk inhibitor, R788, also abrogated HA-

induced IL-6 and TNFα (Figure 4.5 B & D).  It has been reported that wear particles can 

drive expression of the chemokine, IL-8 (301), and while  IL-8 production was enhanced 

in PMMA and HA treated cells, pre-treatment with either Syk inhibitor did not 

significantly alter the levels of this protein suggesting that it is regulated in a distinct 

manner (Figure 4.5 E & F). 

 

4.3.6 PMMA and HA particles induce IL-1β production in an NLRP3 dependent 
manner in human macrophages.  

 
In addition to IL-6, TNFα and IL-8, PMMA and HA particles are known to drive the 

production of IL-1β which contributes significantly to periprosthetic inflammation (302). 

In an in vitro setting, PMMA and HA driven IL-1β production has been shown to be 

dependent on activation of the NLRP3 inflammasome in murine macrophages (98, 297), 

however there is evidence to suggest that this complex may be dispensable for the in 

vivo production of IL-1β (303, 304). In order to determine whether NLRP3 is required for 

wear particle-induced IL-1β production in primary human macrophages, cells were 

primed with LPS (100 ng/ml) for 2 hrs to drive the intracellular expression of pro-IL-1β 

before being treated with the specific NLRP3 inflammasome inhibitor, MCC950 (1 & 5 µ, 

for 1 hr prior to exposure to PMMA or HA particles for 24 hours. Both PMMA and HA 

treatment induced secretion of IL-1β, however, this was significantly reduced upon 

treatment with MCC950 (Figure 4.6) suggesting that NLRP3 is required for production of 

this cytokine in human macrophages, at least in an in vitro setting. Syk is reportedly 

activated upstream of NLRP3 inflammasome assembly (305). In order to determine if 

Syk is involved in wear particle-induced IL-1β production, primary human macrophages 
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were primed with LPS (100 ng/ml) for 2 hrs before being treated with the Syk inhibitors 

piceatannol (25 µM) and R788 (25 µM), for 1 hr prior to exposure to PMMA or HA 

particles for 24 hours. IL-1β production was attenuated upon treatment with both Syk 

inhibitors confirming that Syk is also involved in PMMA and HA induced IL-1β production 

in vitro (Figure 4.7).  

 

4.3.7 PMMA and HA-induced cytokine production occurs via lipid raft formation 
in primary human macrophages. 

 
As mentioned previously, it has been demonstrated that particulates can activate Syk 

and drive cytokine production via lipid raft formation in a process known as MATS (100, 

104, 248). In order to ascertain whether MATS is involved in wear particle-induced IL-1β 

production in primary human macrophages, LPS-primed cells were depleted of 

membrane cholesterol with M-βCD (10 mM) to prevent lipid sorting, prior to stimulation 

with PMMA or HA. Treatment with M-βCD significantly reduced PMMA-induced IL-1β 

production (Figure 4.8 A) and there was a trend towards reduced IL-1β in HA treated 

cells (p = 0.0889; Figure 4.8 B). A similar study was performed to establish whether MATS 

is involved in PMMA and HA-induced TNFα and IL-6 production. There was a significant 

reduction in HA-induced TNFα and IL-6 (Figure 4.8 C & E), however only a modest 

reduction was observed with PMMA-induced TNFα and IL-6 upon depletion of 

membrane cholesterol (Figure 4.8 D & F). 

 

4.3.8 PMMA and HA particles activate ERK and p38 MAP kinases in primary 
human macrophages. 

 
It is known that MAPKs are activated downstream of Syk activation following Fc receptor 

engagement (306, 307). In addition, previous work in the Dunne laboratory has 

demonstrated that BCP and cholesterol crystals activate MAPKs downstream of Syk in a 

receptor independent manner (99, 300). In order to examine whether wear particles can 

activate MAPKs, primary human macrophages were stimulated with PMMA and HA over 

the course of 30 minutes and ERK/p38 activation, as indicated by phosphorylation, was 

assessed by immunoblotting. Robust phosphorylation of ERK was evident from the 15 

minute time point, with maximal phosphorylation evident at 30 minutes post 
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stimulation for both particle types (Figure 4.9 A & B). Densitometric analysis of western 

blots from three individual donors revealed that phosphorylation of ERK was 

significantly increased by PMMA (maximal phosphorylation approx. 80-fold) (Figure 4.9 

C) and in the case of HA, an approximate 200-fold increase in ERK phosphorylation was 

observed (Figure 4.9 D). A similar trend was observed for p38 phosphorylation with 

phosphorylation occurring at 15 minutes for PMMA simulation (Figure 4.9 E), while 

phosphorylation was observed as early as 5 minutes upon HA article stimulation (Figure 

4.9 F). Similar to ERK phosphorylation, maximal activation was evident at 30 minutes 

post stimulation with each particle type. Densitometric analysis of three western blots 

from individual donors revealed that phosphorylation of p38 MAP kinase was 

significantly increased by approximately 30-fold at 30 minutes post PMMA treatment 

(Figure 4.9 G) and approximately 80-fold in HA treated macrophages at same time point 

(Figure 4.9 H). 

 

4.3.9 Pharmacological inhibition of ERK and p38 MAP kinases reduces PMMA 
and HA-induced TNFα and IL-6 production in primary human 
macrophages. 

 
Having observed that PMMA and HA activate MAPKs, experiments were carried out to 

establish whether particle induced cytokine production is dependent on ERK and p38 

MAPK activation. Primary human macrophages were pre-treated with SB203580 or 

PD98059 (20 μM) to inhibit p38 and ERK, respectively, prior to stimulation with PMMA 

particles or HA for 24 hours. Inhibition of p38 resulted in a significant decrease in PMMA-

induced IL-6 and TNFα production while inhibition of ERK also significantly reduced 

PMMA-induced TNFα. A trend towards inhibition, although not significant, was 

observed in the case of PMMA-induced IL-6 (Figure 4.10 A & C). In the case of HA, both 

IL-6 and TNFα were significantly reduced upon p38 inhibition while inhibition of ERK also 

abrogated HA-induced IL-6 (Figure 4.10 B & D). Taken together this data demonstrates 

that MAPK activation is directly coupled to PMMA and HA-induced pro-inflammatory 

cytokine expression. As was the case for Syk inhibition, MAPK inhibition had no effect 

on particle-induced IL-8, again suggesting an alternative activation pathway (Figure 4.10 

E & F). 
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4.3.10 PMMA and HA particles induce M1 macrophage marker expression in a 
Syk and MAP kinase dependent manner.  

 
Having observed that PMMA and HA particles drive M1-associated gene expression, and 

both Syk and ERK/p38 MAP kinases were coupled to HA- and PMMA-induced pro-

inflammatory cytokine production, the next step was to establish whether wear particle 

induced M1 macrophage polarization is dependent on Syk and MAP kinase activation.  

To test this, primary human macrophages were pre-treated with the MAP kinase 

inhibitors, SB203580 (p38) and PD98059 (ERK), or the Syk inhibitors, piceatannol and 

R788, prior to stimulation with PMMA or HA particles and mRNA expression levels of 

M1-associated genes were measured. Inhibition of p38 resulted in a significant decrease 

in mRNA expression of CXCL9 and CXCL10 in PMMA particle-treated macrophages, while 

ERK inhibition also significantly reduced expression of both genes (Figure 4.11 A & B). 

Inhibition of p38 significantly reduced HA-induced CXCL9 and CXCL10 mRNA expression 

and, as with PMMA, this was also the case upon ERK inhibition (Figure 4.11 C & D). 

Similarly, blockade of Syk prior to particle treatment resulted in a significant inhibition 

of these M1-associated genes (Figure 4.11 A-D). 

 

4.3.11 Chemical and physical characterization of micron and nano-sized 
Hydroxyapatite particles. 

 
While micron sized HA is routinely used in orthopaedic devices, nanoHA is now being 

given significant attention due to its high surface area and superior cell adhesive 

properties (220). However, the immune response induced by different sized HA particles 

(especially in the nanometre range), has not yet been characterised in primary human 

macrophages. In order to explore this in more detail, nanoHA particles were produced 

using the dispersant-aided precipitation method described in section 2.2.5.1. A number 

of physical characterization techniques were applied to analyse the structural and 

compositional features of the newly synthesized nanoHA and the commercially available 

micron-sized HA. Powder X-ray diffraction (XRD) analysis showed that the Bragg 

diffraction peaks of nanoparticles were largely broadened compared to those of micron 

particles indicating that the nanoparticles are a “poorly crystalline apatite”, while micron 
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particles appear as a well crystallized apatite (Figure 4.12 A). Transmission electron 

microscopy (TEM) revealed nanoparticles were in the form of nanosized rod-like 

particles whose length and width range from approximately 50 to 100 nm and from 15 

to 25 nm, respectively, consistent with previous reports (194, 220). In contrast, scanning 

electron microscopy (SEM) observations show that micron particles were 1-2µM in size 

and irregular in shape. (Figure 4.12 B). The size of the nanoparticles was confirmed using 

dynamic light scattering (Figure 4.12 C). Analysis of the chemical composition, 

specifically the presence of hydroxyl (OH-) and carbonate (CO3
2-) ions and of water 

molecules, of both particle types was performed using Fourier-transform infrared (FTIR) 

spectroscopy. A broad absorption band spreading from approximately 3000 to 3600 cm-

1 attributed to water molecules, together with the asymmetric stretching band (ν3 

mode, from approximately 1360 cm-1 to 1580 cm-1) and the out-of-plane bending band 

(ν2 mode, at around 870 cm-1) of the carbonate ions are clearly visible for nanoparticles 

but not for micron particles. In contrast, the stretching band at 3570 cm-1 originating 

from OH- ions is visible for micron but not for nanoparticles (Figure 4.12 D). Solid-state 

one dimensional (1D) 1H and 31P single-pulse (SP) magic angle spinning (MAS) Nuclear 

Magnetic Resonance (NMR) was performed to provide further information on 

compositional and structural features. Spectra of the nano and micron particles differ 

greatly in their spectral widths (full width at half maximum, FWHM = 2.9 ± 0.1 ppm and 

0.9 ± 0.1 ppm for nano and micron particles, respectively), with a broader distribution 

of chemical environments appearing in nano particles, supporting the earlier XRD 

analysis data. In addition, the 1H SP MAS NMR spectrum of nanoparticles also display a 

broad and intense composite signal observable in the range of δ1H = 5-17 ppm. This 

signal not only shows the presence of structural water molecules observable at δ1H = 

5.5 ppm, but also the presence of acidic phosphate species observable in the form of a 

downfield shoulder up to δ1H = 17.0 ppm (Figure 4.13). These acidic phosphate species, 

that are also detected in bone hydroxyapatite (308), were recently demonstrated to be 

HPO4
2- ions based on accurate interatomic distance measurements (309).  

 

To further investigate the chemical environments of these hydrogen-bearing species, 

two-dimensional (2D) {1H} 31P Heteronuclear Correlation (HetCor) MAS NMR spectra of 

nano and micron HA particles were recorded (Figure 4.14 A i & ii). These spectra are in 
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the form of proton-phosphorus correlation maps in which the different signals, named 

“correlation peaks”, reveal the presence of atomic-scale spatial proximities among rigid 

hydrogen-bearing [displayed along the vertical (F1) dimension] and phosphorus-bearing 

species [displayed along the horizontal (F2) dimension]. On the one hand, the upper 

correlation peak observable at δ1H = 0.0 ppm in the vertical (F1) dimension is present 

both particles and corresponds to OH- ions near PO4
3-  ions in hydroxyapatite structure. 

On the other hand, a lower correlation peak observable in the range of δ1H = 5-17 ppm 

in the vertical (F1) dimension is only present for the nanoparticles. The molar proportion 

of HPO4
2- and PO4

3- ions respectively present in the amorphous surface layer and in the 

apatitic crystalline core were found to be approximately 40/60 for nanoparticles (Figure 

4.14 B & C) whereas a value of 50/50 was determined for bone hydroxyapatite from a 

mature bone tissue sample (309).  

 

4.3.12 HA and nanoHA particles drive differential cytokine expression.  
 
Data presented earlier in this chapter demonstrated that micron-sized HA particles 

directly drive polarization of human macrophages towards a pro-inflammatory M1 

phenotype. The immune response to nano-sized hydroxyapatite particles has not yet 

been assessed in human immune cells, therefore, experiments were performed to 

compare the immune modulating properties of nanoHA to the commercially available 

micron-sized HA particles. As demonstrated, micron-sized HA can activate the NLRP3 

inflammasome to drive maturation of IL-1β in human macrophages (Figure 4.6). In order 

to examine if nanoHA drives IL-1β production, primary human macrophages were 

primed with LPS for 3 hours prior to treatment with both particle types for 24 hours. As 

expected, treatment with HA significantly enhanced secretion of both IL-1β and its co-

secreted isoform, IL-1α, however cytokine production was not observed upon treatment 

with nanoHA particles, suggesting that the smaller particles are below the size range 

required to activate the NLRP3 inflammasome (Figure 4.15 A & B). This is in contrast to 

findings in murine dendritic cells which demonstrated NLRP3-dependent IL-1β 

production by hydroxyapatite particles in the 100 nm size range (310).  In addition to IL-

1, particulate matter has been shown to drive TNFα production (101). In order to 

ascertain whether HA or nanoHA were capable of driving TNFα production in primary 
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human macrophages, cells were treated with particles for 24 hrs and TNFα production 

was measured by ELISA. As previously demonstrated, micron sized HA significantly 

enhanced production of the pro-inflammatory cytokine, TNFα, and the chemokine, IL-8, 

when compared with untreated controls, whereas nanoHA treatment failed to induce 

production of either of these inflammatory mediators (Figure 4.15 C & D). Of note, only 

micron sized HA particles were capable of inducing the pleiotropic cytokine, IL-6 (Figure 

4.16 E). Taken together these results suggest that nano-sized particles are significantly 

less inflammatory than micron-sized HA particles. 

 

4.3.13 NanoHA activates STAT3 and drives IL-10 production. 
 
In addition to pro-inflammatory cytokines, it has recently been demonstrated that some 

particles have the capacity to drive anti-inflammatory cytokine production. For example, 

particles of alum (a common vaccine adjuvant), with an average size of approximately 

1-10 μm has recently been reported to drive robust induction of IL-10 in murine 

macrophages and DC (311). In order to establish whether micron or nano particles are 

capable of driving IL-10 production in primary human macrophages, cells were treated 

with both particle types (250 µg/ml) for 24 hrs and IL-10 production was measured by 

ELISA. While micron HA particles did not appear to significantly drive IL-10 production, 

significant induction of IL-10 was observed upon treatment of cells with nanoHA 

particles (Figure 4.16 A). It was next of interest to identify potential factors involved in 

nanoparticle-induced IL-10 secretion. It has been reported that IL-10 expression is 

regulated by the transcription factor, c-Maf, which is in turn upregulated by the signaling 

molecule, STAT3 (312, 313). Treatment of macrophages for 24 hours with micron HA or 

nanoHA particles revealed that the latter is indeed capable of driving cMaf expression 

with robust induction of this protein observed in nanoHA treated macrophages 

compared to untreated controls and micron HA treated macrophages (Figure 4.16 B). 

Given that STAT3 activation is upstream of c-Maf activation, it was next assessed 

whether nano HA particles are capable of phosphorylating, and therefore activating, 

STAT3. To test this, cells were stimulated with nanoHA particles at the indicated time 

points. Transient activation, as indicated by phosphorylation, was observed upon 

nanoHA particle treatment, with enhanced phosphorylation of STAT3 occurring at 15 
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minutes post cell stimulation and maximal phosphorylation occurring at 30 minutes 

(Figure 4.16 C). Taken together, these results suggest that nano-sized HA particles are 

significantly less inflammatory than micron-sized HA particles and are capable of driving 

the production of the anti-inflammatory cytokine IL-10 in a STAT3/cMaf-dependent 

manner.  

 

4.3.14 NanoHA particles upregulate M2 macrophage associated genes.  
 
Having observed clear differences in cytokine production between the two particle types 

and having previously established that micron sized HA particles drive M1 macrophage 

polarization, macrophage phenotype in response to nanoparticles was next assessed by 

examining the expression of M1 and M2 macrophage-associated markers. Micron sized 

HA particles were used as a control. Primary human macrophages were stimulated with 

HA or nanoHA particles (250 µg/ml) for 24 hours and mRNA expression of M1 and M2 

associated genes was assessed by real-time PCR. In agreement with our earlier findings, 

treatment with HA particles lead to robust expression of the M1-associated genes, 

CXCL11 and CCL19, however the expression of these genes was not affected by nanoHA 

particles (Figure 4.17 A & B). In contrast, the M2 associated genes, MRC1 and CCL13, 

were significantly enhanced with nanoHA treatment compared to untreated control and 

HA-treated macrophages (Figure 4.17 C & D). Taken together this suggests that nano HA 

particles are capable of driving M2 macrophage polarization. 

 

4.3.15 NanoHA particles alter macrophage surface marker expression. 
 
In order to further validate the results described above, the expression of surface 

markers associated with polarized M1 and M2 macrophages was next assessed using 

flow cytometry following treatment of cells with either HA (250 µg/ml) or nanoHA (250 

µg/ml) particles. Cells treated with LPS (100 ng/ml) and IFN-γ (10 ng/ml) were included 

as positive controls for M1 macrophages, while cells treated with IL-4 (10 ng/ml) were 

included as a positive control M2 macrophages. Flow cytometric analysis revealed that 

HA particles significantly enhanced surface expression of the M1-associated marker, 

CD86, above the level of the both positive controls (IFNγ and LPS), however no induction 
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was observed upon nanoHA particle stimulation (Figure 4.18 A). The M2 surface 

markers, CD206 and CD163, were also assessed. In this case, HA particle treatment 

resulted in a modest decrease in CD163 surface expression, while nanoHA particles 

significantly enhanced surface expression of this marker to a level above that of the 

positive control, IL-4 (Figure 4.18 B). Similar results were obtained with CD206, with no 

apparent change upon HA treatment, however a significant increase was observed with 

the highest dose of nanoHA particles (Figure 4.18 C). This was confirmed at the protein 

level by immunoblotting for CD163 and CD206 (Figure 4.18 D & E). 

 

To further validate these findings, immunofluorescent staining for CD206 and CD80 was 

performed. To this end, cells were stimulated with HA or nanoHA particles (250 μg/ml) 

for 24 hours. Cells were fixed and stained overnight with primary antibodies specific for 

CD206 and CD80, then stained with fluorescently conjugated secondary antibodies and 

imaged under a confocal microscope. HA treated cells exhibited intense fluorescence 

for CD80 compared to untreated control cells. This was comparable to the M1 positive 

control, IFNy. Conversely, and in line with the immunoblotting data, cells stimulated 

with nanoHA particles stained highly positive for CD206, to a comparable level of that 

of the M2 positive control, IL-4 (Figure 4.19 A).  

 

Recent research suggests that M1 and M2 macrophages exhibit differences in cell shape 

and morphology (314), with M1 macrophages assuming a more elongate and irregular 

shape compared to M2 macrophages which are circular in appearance (315). In order to 

determine whether changes in macrophage phenotype upon particle stimulation also 

results in changes in cell morphology, cell shape parameters were determined from 

immunofluorescent images. Image J software was utilised to determine cell perimeter 

and circulatory index from individual cells. Nanoparticle-treated macrophages exhibited 

a higher circularity index compared to macrophages treated with micron sized HA 

particles, which appeared to have a decreased circularity index and a large perimeter 

value. This is in line with suggested changes that occur in cell shape upon macrophage 

polarization (Figure 4.19 B).  
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4.3.16 Micron and nano HA particles are internalised by macrophages within 3 
hours of stimulation.  

 
Particle internalization can occur by a range of processes including phagocytosis or 

pinocytosis, among others. Given the observed differences in macrophage phenotype 

driven by the HA and nano HA particles, it was next of interest to determine whether 

the particles are taken up by different mechanisms and to compare their level of uptake. 

To test this, the particles were fluorescently tagged and their uptake by macrophages 

was assessed using confocal microscopy. Both particle types are internalized within 1 hr 

of treatment, and while not significant, it would appear that the nano sized HA particles 

are taken up at a higher level than the micron sized HA particles (Figure 4.20 A & B). 

Furthermore, both particles are localised to the cytoplasmic space, with some clustering 

evident at the cell membrane. Pre-treatment of cells with Latrunculin B (a commonly 

used inhibitor of phagocytosis) significantly reduced microparticle-induced expression 

of M1 markers, while having no effect on nanoparticle-induced M2 marker expression 

(Figure 4.20 C). While further study is required, it can be suggested from this data, that 

the larger particles are taken up by phagocytosis while the nanoparticles may enter the 

cell via by pinocytosis or endocytosis. Indeed, this has previously been demonstrated for 

particles in the nanometre range (316).  

 

4.3.17 HA particles potentially drive metabolic reprogramming in primary 
human macrophages. 

 
As outlined in Section 1.2.1 recent studies have demonstrated a direct link between 

macrophage polarization and metabolic reprogramming (49). Having observed such 

striking differences in macrophage phenotype upon particle stimulation, it was of 

interest to next assess the metabolic profile of particle stimulated cells. In order to do 

this, an emerging technique called fluorescence lifetime imaging microscopy (FLIM) was 

utilized. This technique allows for a non-invasive and quantitative live read-out of 

cellular metabolism based on the excited state lifetime of a fluorophore. It relies on the 

sensitive detection of endogenously fluorescent NAD(P)H, using a two-photon 

microscope fitted with time correlated single photon counting (TCSPC) unit enabling the 

downstream analysis of the fluorescence decay by fitting a multi-exponential equation. 
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Free NAD(P)H is associated with glycolysis and has a short emission lifetime whereas 

protein-bound NAD(P)H is associated with oxidative phosphorylation and has a longer 

emission lifetime. This therefore allows for discrimination between both forms of 

respiration under a given treatment (317). NAD(P)H exhibits a multi-exponential 

fluorescence decay, which is fitted using a double-exponential equation:  

 

derived from two different lifetimes and corresponding fractions (τ1-2, α1-2).  The short 

fluorescence lifetime τ1 and fraction α1 relate to free NAD(P)H, while long fluorescence 

lifetime τ2 and fraction α2 correspond to protein-bound NAD(P)H. Based on the 

calculation τ avg = (α1. τ 1) + (α2. τ 2)/ (α1 + α2), a ratio of bound: free NADH can be 

calculated to give indications of the metabolic state of the cell. In order to determine if 

the particles have any impact on metabolic reprogramming, primary human 

macrophages were stimulated with HA or nano HA (250 µg/ml) and imaged 24 hours 

post particle treatment. Macrophages stimulated with micron sized HA particles 

exhibited a significant decrease in the ratio of bound to free NADH (Figure 4.21) 

suggesting that micron HA treated cells are more glycolytic compared to untreated cells, 

while nanoHA treated cells appear to favour oxidative phosphorylation. Further analysis 

using the Seahorse flux Analyzer is required to fully validate these results.  

 

4.3.18 Micron HA particles upregulate surrogate markers of glycolysis in primary 
human macrophages.  

 
Given the suggested alteration in cellular metabolism induced by the particles, it was 

next of interest to determine whether HA particles alter the expression of key glycolytic 

genes. To test this, macrophages were treated with micron and nano HA particles for 6 

and 24 hours, and established markers of glycolysis were assessed by real-time PCR and 

immunoblotting. Micron sized HA particles significantly upregulated mRNA expression 

of the glycolytic enzyme, hexokinase 2 (HK2) at the 6 and 24 hour time-point (Figure 

4.22 A), while the glucose transporter, GLUT 1 and PFKFb3, the first enzyme in the 

glycolysis pathway, were both significantly upregulated at 24 hours post micron HA 

particle stimulation (Figure 4.22 B & C). Furthermore, there was a significant increase in 



125 

mRNA expression the transcription factor, HIF1a and the enzyme, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) at 24 hours post micron HA particle treatment 

(Figure 4.22 D &E). Interestingly, stimulation with nanoHA particles did not drive any 

increase in expression of these markers, however, the particles did significantly increase 

mRNA expression of HIF2a which has been associated with M2 macrophages (318) 

(Figure 4.22 F).  

 

In order to further confirm the upregulation of glycolytic markers by micron sized HA 

particles, cells were stimulated over the course of 3, 6 or 24 hours with either micron or 

nanoHA particles and expression of the proteins, HK2 and Glut1, was examined by 

immunoblotting. Minimal Glut1 protein was detected upon nanoHA particle treatment, 

however robust protein expression was evident at 24 hours stimulation with micron HA 

particles. Upregulation of HK2 was observed at 6 and 24 hour post micron HA particle 

treatment (Figure 4.22 G). Densitometric analysis of western blots from 5 individual 

donors revealed maximal and significant upregulation occurring at 24 hours for both 

proteins (Figure 3.22 H). Therefore, it appears that HA particle treatment upregulates 

proteins and enzymes associated with a metabolic switch favouring glycolysis.  

 

4.3.19 Micron sized HA particles decrease macrophage mitochondrial mass and 
drive mitochondrial ROS production.  

 
It has been reported that M1 macrophages utilise glycolysis and therefore exhibit 

reduced mitochondrial biogenesis (259). This can be assessed by measuring 

mitochondrial mass using mitochondrial specific dyes such as Mitotracker red or 

equivalent dyes that stain and accumulate in the mitochondria. In order to determine if 

HA particle size impacts on mitochondrial biogenesis, primary human macrophages 

were stimulated with micron or nano HA particles (100 µg/ml) for 6 or 24 hours prior to 

staining with Mitotracker Red. Mitochondrial mass was then measured by flow 

cytometry. Macrophages stimulated with nanoHA particles exhibited no discernible 

difference in mitochondrial mass and displayed similar Mitotracker staining as untreated 

cells.  Interestingly, cells stimulated with micron sized HA particles showed a loss of 

mitochondrial mass and a significant decrease in Mitotracker staining at both 6 and 24 
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hours post stimulation (Fig 4.23). Taken together this indicates that reduced 

mitochondrial expansion, indicative of glycolysis, is occurring following micron particle 

stimulation, while nanoHA treated cells maintain their mitochondrial mass. 

 

Mitochondrial ROS (mROS) production is linked to activated macrophages and M1 

polarization, and it has been postulated that ROS production can promote an M1-like 

phenotype (259, 319). mROS production can be measured using MitoSox Red reagent 

which is a fluorogenic dye specifically targeted to mitochondria in live cells. Oxidation of 

MitoSOX Red reagent by superoxide produces red fluorescence allowing for detection 

of mROS by flow cytometry. Having observed changes in mitochondrial biogenesis, it 

was next of interest to assess mROS production in particle treated cells. To test this, cells 

were incubated with MitoSox Red reagent following treatment of macrophages with HA 

or nanoHA (100 µg/ml) at 6 or 24 hours. NanoHA treatment did not alter mROS 

production at either the 6 or 24 hour time-point, however micron HA particles drove 

mROS production at both 6 and 24 hours, as evidenced by a higher percentage of cells 

that stained positive for MitoSOX red (Figure 4.24 A and B). Taken together, this suggests 

that micron sized HA particles, but not nano HA particles, impact on mitochondrial 

function and ROS production, providing further evidence that the two particle types 

differentially effect the metabolic status of innate immune cells. 
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Figure 4.1: Characterization of PMMA and HA particles. (A) Low and high magnification 
SEM images of PMMA (top) and HA (bottom) particles. (B) Zeta potential determination 
and particle size distribution using Electrophoretic Light Scattering (ELS) and Dynamic 
Light Scattering (DLS) respectively. (C) HA and PMMA particle preparations were shown 
to be endotoxin free, using the HEK-BlueTM hTLR4 assay system (Invivogen). HEK TLR4 
cells (5 x 105 cell/ml) were treated with HA particles (250 µg/ml) or PMMA particles (500 
µg/ml) or cells were treated with LPS (1 ng/ml, 10 ng/ml or 100 ng/ml) as a positive 
control. The expression of SEAP was measured by absorbance at 650nm. Results shown 
are means ± SD for triplicate cultures and are representative of three independent 
experiments. Data was analysed using one-way ANOVA with Tukey post-test (**P≤0.01, 
***P≤0.001). 
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Figure 4.2: PMMA and HA particles promote M1 macrophage polarization. Primary 
human macrophages (1 x 106 cells/ml) were stimulated with PMMA (500 μg/ml) or HA 
particles (250 μg/ml) for 24 hours. mRNA levels of (A & B) CXCL9, (C & D) CXCL10 and (E 
& F) CXCL11 were analysed by real-time PCR. mRNA concentration was normalised to 
the housekeeping gene 18s ribosomal RNA. Gene expression, relative to untreated 
control cells, was determined using the 2-∆∆Ct algorithm. Pooled data (n=5) is 
represented as mean ± SEM. Data was analysed using a student’s T-test (*P≤0.05, 
**P≤0.01). 
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Figure 4.3: PMMA and HA particles decrease expression of M2 associated genes. 
Primary human macrophages (1 x 106 cells/ml) were stimulated with PMMA (500 μg/ml) 
or HA particles (250 μg/ml) for 24 hours. mRNA levels of (A & B) MRC1 and (C & D) CCL13 
were analysed by real-time PCR. mRNA concentration was normalised to the 
housekeeping gene 18s ribosomal RNA. Gene expression, relative to untreated control 
cells, was determined using the 2-∆∆CT algorithm. Pooled data (n=5) is represented as 
mean ± SEM. Data was analysed using a student’s T-test (* P≤ 0.05, ** P≤ 0.01 and *** 
P≤ 0.001). (E) Primary human macrophages were stimulated with PMMA (500 μg/ml) or 
HA particles (250 μg/ml) for 24 hours and then incubated with FITC-conjugated DQ-
ovalbumin (DQ-Ova; 500 ng/ml) for 20 minutes prior to analysis by flow cytometry. 
Representative dot plots depicting DQ-Ova uptake by HA and PMMA treated 
macrophages.  
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Figure 4.4: PMMA and HA particles phosphorylate Syk tyrosine kinase. Primary human 
macrophages (1 x 106 cells/ml) were stimulated with PMMA (500 μg/ml) or HA particles 
(250 μg/ml) for the indicated time points. (A & B) Phosphorylation of Syk was detected 
by immunoblotting using phospho-specific antibodies. (C & D) Densitometric analysis of 
3 immunoblots was performed using ImageJ software. Bar graphs illustrate the mean ± 
SEM increase in phosphorylation of p-Syk relative to the untreated sample (0) and 
normalised to total Syk protein. Statistical differences were assessed using one-way 
ANOVA with Tukey Post-Test. (* P≤ 0.05). 
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Figure 4.5: PMMA and HA particles drive TNFα and IL-6, but not IL-8 in a Syk dependent 
manner. Primary human macrophages (1 x 106 cells/ml) were treated with the two Syk 
inhibitors, Piceteannol (20 µM) and R788 (25 µM) for 45 minutes prior to stimulation 
with PMMA (500 μg/ml) or HA particles (250 μg/ml) for 24 hours. Cytokine production 
of (A & B) IL-6, (C & D) TNFα and (E & F) IL-8 in cell supernatants was analysed by ELISA. 
Pooled data (n=3) is represented as mean ± SEM. Data was analysed using Kruskal Wallis 
with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 4.6: PMMA and HA particles drive IL-1 cytokine production in an NLRP3 
dependent manner. Primary human macrophages (1 x 106 cells/ml) were primed with 
LPS (100 ng/ml) for 2 hours prior to treatment with an NLRP3 inhibitor, MCC950 (1 & 
5μM) for 45 minutes prior to stimulation with (A) PMMA (500 μg/ml) or (B) HA particles 
(250 μg/ml) for 24 hours. Cytokine production of IL-1β in cell supernatants was analysed 
by ELISA. Pooled data (n=4) is represented as mean ± SEM. Data was analysed using 
Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 4.7: PMMA and HA particles drive IL-1 cytokine production in Syk dependent 
manner. Primary human macrophages (1 x 106 cells/ml) were primed with LPS (100 
ng/ml) for 2 hours prior to treatment with the Syk inhibitors Piceatannol (20 µM) and 
R788 (25 µM) for 45 minutes prior to stimulation with (A) PMMA (500 μg/ml) or (B) HA 
particles (250 μg/ml) for 24 hours. Cytokine production of IL-1β in cell supernatants was 
analysed by ELISA. Pooled data (n=4) is represented as mean ± SEM. Data was analysed 
using Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 4.8: PMMA and HA-induced IL-1 production occurs via lipid raft formation in 
primary macrophages. LPS-primed human macrophages (1 x 106 cells/ml) were treated 
M-βCD (10 mM) for 1 hour prior to stimulation with PMMA or HA particles (250 µg/ml) 
for 24 hours. Cell supernatants were assessed for IL-β, TNFa and IL-6 by ELISA. Cytokine 
production of (A & B) IL-1β, (C & D) TNFa and (E & F) IL-6 in cell supernatants was 
analysed by ELISA. Pooled data (n=3) is represented as mean ± SEM. Data was analysed 
using Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 4.9: PMMA and HA particles activate ERK and p38 MAP kinase. Primary human 
macrophages (1 x 106 cells/ml) were stimulated with PMMA (500 μg/ml) or HA particles 
(250 μg/ml) for the indicated time points. Phosphorylation of (A & B) ERK and (E & F) 
p38 were detected by immunoblotting using phospho-specific antibodies. (C & D and G 
& H) Densitometric analysis of 3 immunoblots for PMMA and HA was performed using 
ImageJ software. Bar graphs illustrate the mean ± SEM increase in phosphorylation of 
ERK or p38 relative to the untreated sample (0) and normalised total ERK or p38 protein. 
Statistical differences were assessed using one-way ANOVA with Tukey Post-Test. (* P≤ 
0.05 and ** P≤ 0.01).  
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Figure 4.10: PMMA and HA particles drive TNFα and IL-6 production in a MAP kinase 
dependent manner. Primary human macrophages (1 x 106 cells/ml) were treated with 
the p38 inhibitor, SB203580 (20 µM) or the ERK inhibitor, PD98059 (20 µM) for 45 
minutes prior to stimulation with PMMA particles (500 µg/ml) or HA particles (250 
μg/ml) for 24 hours. Cytokine production of (A & B) TNFα, (C & D) IL-6 and (E & F) IL-8 
in cell supernatants was analysed by ELISA. Pooled data (n=3) is represented as mean ± 
SEM. Data was analysed using Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01, 
***P≤0.001). 
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Figure 4.11: PMMA and HA particles induce M1 macrophage marker expression in a 
Syk and MAP kinase dependent manner. Primary human macrophages (1 x 106 cells/ml) 
were pre-treated with SB203580 (20 μM) or PD98059 (20 μM) in order to inhibit p38 
and ERK MAP kinases, respectively, or the Syk inhibitors, Piceatannol (20 μM) and R788 
(25 μM) for 45 minutes prior to stimulation with PMMA particles (500 µg/ml) or HA 
particles (250 µg/ml). mRNA Expression levels of (A & C) CXCL9 and (B & D) CXCL10 were 
analysed by real-time PCR. mRNA concentration was normalised to the housekeeping 
gene 18s ribosomal RNA. Gene expression, relative to untreated control cells, was 
determined using the 2-∆∆CT algorithm. Pooled data (n=3) is represented as mean ± SEM. 
Data was analysed using one-way ANOVA with Tukey Post-Test (*P≤0.05, **P≤0.01, 
***P≤0.001). 
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Figure 4.12: Characterisation of structural and compositional features of micron and 
nano sized hydroxyapatite particles. (A) Powder X-ray diffraction (XRD) patterns of 
nanoHA (orange line) and micron HA (blue line), together with the theoretical XRD 
pattern of hydroxyapatite (red lines, JCPDS file No. 9-432). (B) A representative scanning 
electron micrograph (SEM) of the micronHA particles and a representative transmission 
electron micrograph (TEM) of the nanoHA particles. (C) Particle size distribution using 
Dynamic Light Scattering (DLS) respectively.  (D) Fourier-transform infrared (FTIR) 
spectra of nano (orange line) and micron (blue line) Hydroxyapatite particles. This 
experiment was performed with assistance from Dr. Stanislas Von Euw.  
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Figure 4.13: Assessment of the chemical composition of nanoHA and micronHA. One 
dimensional (1D) 1H (left) and 31P (right) single-pulse (SP) magic angle spinning (MAS) 
solid-state Nuclear Magnetic Resonance (NMR) spectra of nano (orange lines) and 
micron (blue lines) Hydroxyapatite particles. This experiment was performed with 
assistance from Dr. Stanislas Von Euw.  
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Figure 4.14: Assessment of the chemical environments of nanoHA and micronHA. (A) 
Two-dimensional (2D) {1H} 31P Heteronuclear Correlation (HetCor) NMR spectra of (i) 
nanoparticles and (ii) micron particles. (B) One-dimensional (1D) individual 31P NMR 
signals of the apatitic crystalline core (orange spectrum) and the amorphous surface 
layer (violet spectrum) of the nanoparticles. These individual 31P NMR signals were 
extracted from the two-dimensional (2D) {1H} 31P Heteronuclear Correlation (HetCor) 
MAS NMR spectrum of nanoparticles that is shown here. To do this, the sums of the F2 
slices taken at the OH- ions position (orange area, from δ1H = -2 to 2 ppm) in F1 have 
been used to generate the individual 31P signal of the crystalline nanoparticle core. In 
addition, the sums of the F2 slices taken at the structural water molecules together with 
HPO4

2- ions position (violet area, from δ1H = 4 to 20 ppm) in F1 have been used to 
generate the individual 31P signal of the amorphous surface layer. (C) Quantification of 
the molar proportion of HPO4

2- and PO4
3- ions respectively present in the amorphous 

surface layer and in the apatitic crystalline core of the nanoparticles. Quantitative 31P 
single-pulse (SP) magic angle spinning (MAS) solid-state Nuclear Magnetic Resonance 
(NMR) spectrum of nanoparticles (blue line) and its corresponding fitting (red dashed 
line) with two peaks. Those two peaks correspond to the PO43--containing apatitic 
crystalline core (orange peak) and the HPO4

2--containing amorphous surface layer 
(purple peak). This experiment was performed with assistance from Dr. Stanislas Von 
Euw.  
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Figure 4.15: Micron sized HA particles but not nanoHA drive pro-inflammatory 
cytokine production. Primary human macrophages (1 x 106 cells/ml) were stimulated 
with micron HA (250 μg/ml) or nanosized HA particles (250 μg/ml) for 24 hours. Cytokine 
production of (A) IL-1a, (B) IL-1b, (C) TNFα, (D) IL-8 and (E) IL-6 in cell supernatants was 
analysed by ELISA. Pooled data (n=3-5) is represented as mean ± SEM. Data was 
analysed using Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 4.16: Nanoparticles activate the STAT 3 and drive IL-10. (A) Primary human 
macrophages (1x 106 cells/ml) were treated with micron particles or nanoparticles (250 
µg/ml) for 24 hours. Cytokine production of IL-10 in cell supernatants was analysed by 
ELISA. Pooled data (n=4) is represented as mean ± SEM. (B) Primary human 
macrophages (1x 106 cells/ml) were treated with LPS (100 ng/ml), IL-4 (20 ng/ml) or 
particles (250 µg/ml) for 24 hours, and upregulation of c-Maf protein was detected by 
immunoblotting. Alternatively, cells were stimulated with nanoparticles (250 µg/ml) 
over the course of 60 minutes and Stat-3 activation, as indicated by phosphorylation, 
was detected by immunoblotting using phospho-specific antibodies. Data was analysed 
using Kruskal Wallis with Dunn’s post-test (*P≤0.05, **P≤0.01, ***P≤0.001). 
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Figure 4.17: Polarization of macrophages is dependent on particle size. Primary human 
macrophages (1x 106 cells/ml) were stimulated with particles (250 µg/ml) for 24 hours. 
mRNA expression of (A & B) CXCL11 and CCL19 and (C & D) MRC1 and CCL13 were 
analysed by real-time PCR. mRNA concentration was normalised to the housekeeping 
gene 18s ribosomal RNA. Gene expression, relative to untreated control cells, was 
determined using the 2-∆∆CT algorithm. Pooled data (n=5) is represented as mean ± SEM. 
Data was analysed using one-way ANOVA with Tukey post-test (*p<0.05). 
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Figure 4.18: Nanoparticles drive M2 macrophage polarization.  Primary human 
macrophages (1x 106 cells/ml) were treated with micron particles or nanoparticles (100 
or 250 µg/ml) for 6 hours prior to staining with fluorochrome-conjugated antibodies 
against (A) CD86, (B) CD163 or (C) CD206 and analysed by flow cytometry. Pooled data 
(n=3) is represented as mean ± SEM. Data was analysed using Kruskal Wallis test with 
Dunn’s post-test. (D) Primary human macrophages (1x 106 cells/ml) were treated with 
LPS (100 ng/ml), IFNγ (20 ng/ml), IL-4 (20 ng/ml) or particles (250 µg/ml) for 24 hours. 
Upregulation of CD206 and CD163 protein was detected by immunoblotting using 
antibodies specific for CD206 and CD163. (E) Densitometric analysis of 2 immunoblots 
was performed using image J software. Bar graphs illustrate the mean ± SEM increase 
in protein expression of CD206 or CD163 relative to untreated sample (C) and 
normalized to β-actin protein. Data was analysed using one-way ANOVA with Tukey 
post-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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Figure 4.19: Polarization of macrophages by particles alters cell shape. (A) 
Immunofluorescence staining images of primary human macrophages (0.5 x 106 

cells/ml) treated with particles (250 µg/ml) for 24 hours or the positive controls IL-4 (20 
ng/ml) or IFNγ (20 ng/ml). CD206 (green) and CD80 (red), DAPI in blue. Magnification 
=20x. Scale bar = 50µm. (B) Cell shape parameter analysis using image J software. Data 
was analysed using one-way ANOVA with Tukey post-test (*p<0.05, ***p<0.001, 
****p<0.0001).  
 

 

C
ir

cu
la

ri
ty

 in
d

e
x

C IF N y IL -4 H A n H A  
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0
* * * *

*
*

* * * *

p
e

ri
m

e
te

r 
( µ

m
)

C IF N y IL -4 H A n H A  
0

5 0

1 0 0

1 5 0

2 0 0 * * * *

*

* * *

A 

B 



147 

 
Figure 4.20: Cellular uptake of fluorescently tagged particles by primary human 
macrophages. (A) Primary human macrophages (1x 106 cells/ml) were stimulated with 
FITC (green) tagged micron or nano particles (250 µg/ml) for 1 or 3 hours. Cells were 
fixed with PFA, and with rhodamine red to stain F-actin and DAPI to stain nuclei. 
Magnification =40x Scale bar = 20 µm. (B) FITC fluorescence quantification from images 
was assessed using Image J. (C-F) Primary human macrophages (1 x 106) were treated 
with micron or nano particles (250 µg/ml) alone or were pre-treated with the actin 
polymerization inhibitor, Latrunculin B (1 µM), prior to treatment with micron (C & D) 
or nano particles (E & F) for 24 hours. mRNA levels of the M1 genes CXCL9 and CXCL10 
(C & D), and the M2 genes (E & F) MRC1 and CCL13 were analysed by real-time PCR. 
mRNA concentration was normalised to the housekeeping gene 18s ribosomal RNA. 
Gene expression, relative to untreated control cells, was determined using the 2-∆∆CT 
algorithm. Pooled data (n=3) is represented as ± SEM. Data was analysed using one-way 
ANOVA with Tukey post-test (*p<0.05, **p<0.01).  
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Figure 4.21: Metabolic profile of macrophages is dependent on particle size. Primary 
human macrophages (1 x 106) were stimulated with stimulated with particles (250 
µg/ml) for 24 hours. Cells were imaged using Fluorescence lifetime imaging microscopy 
(FLIM) to assess the endogenously fluorescent metabolic molecule NADH. (A) 
Representative FLIM images from control, micron HA or nano HA treated macrophages. 
(B) Bar graphs the ratio of bound: free NADH (τ avg) Pooled data (n=3) is represented as 
± SEM. Data was analysed using one-way ANOVA with Tukey post-test (*p<0.05). This 
experiment was performed with assistance from Nuno Neto.  
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Figure 4.22: Micron but not nano particles upregulate surrogate markers of glycolysis. 
Primary human macrophages (1 x 106 cells/ml) were stimulated with stimulated with 
particles (250 µg/ml) for 6 or 24 hours. mRNA expression of glycolytic markers (A) HK2, 
(B) GLUT1, (C) PFKB3, (D) HIF1a, (E) HIF2a and (F) GAPDH were analysed by real-time 
PCR. mRNA concentration was normalised to the housekeeping gene RPLPO ribosomal 
RNA. Gene expression, relative to untreated control cells, was determined using the 2-

∆∆CT algorithm. Pooled data (n=6) is represented as mean ± SEM. (G) Representative 
western blots demonstrating expression of HK2, Glut 1 and HIF1a in whole cell lysates 
in response to micron or nanoHA particles post 3, 6 or 24 hour stimulation. (H) Pooled 
data (n=5) depicting densitometric analysis of immunoblots using ImageJ software. Bar 
graphs illustrate the mean ± SEM increase in protein expression relative to untreated 
control and normalised to b-actin housekeeping protein. Data was analysed using one-
way ANOVA with Tukey post-test for western blotting (*P≤0.05, **P≤0.01, ***p<0.001). 
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Figure 4.23: Micron HA particles reduce mitochondrial mass in primary human 

macrophages. Primary human macrophages (1 x 106) were stimulated with stimulated 

with particles (250 µg/ml) for 6 or 24 hours. Cells were then stained with Mitotracker 

Red and mitochondrial biomass was measured by flow cytometry. (A) Histogram 

depicting Mitotracker Red staining in control-, micron HA- and nanoHA-treated 

macrophages from one representative experiment. (B) Pooled data (n=5) depicting 

Mitotracker Red staining in control-, micron HA- and nanoHA-treated macrophages. 

Results shown are mean ± SEM of the measured Mean Fluorescence Intensities (MFI). 

Data was analysed using Kruskal Wallis with Dunn’s post-test (*P≤0.05). 
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Figure 4.24: Micron particles drive mitochondrial ROS production in primary human 
macrophages. Primary human macrophages (1 x 106 cells/ml) were stimulated with 
stimulated with particles (250 µg/ml) for 6 or 24 hours. Cells were then stained with 
MitoSox Red and mitochondrial ROS was measured by flow cytometry. (A) 
Representative dot plots depicting MitoSox Red staining in control-, micron HA- and 
nanoHA-treated macrophages from one representative experiment. (B) Pooled data 
(n=4) depicting MitoSox Red staining in control-, micron HA- and nanoHA-treated 
macrophages. Results shown are mean percentages ± SEM of MitoSox positive cells Data 
was analysed using Kruskal Wallis with Dunn’s post-test (**p<0.01). 
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4.4 Discussion 
 
Due to increased life expectancy and the current obesity crisis, the number of individuals 

requiring joint replacement surgeries is predicted to rise to 4 million annually by 2030 

(320, 321). Several studies have reported that wear particles generated from 

orthopaedic implants can activate innate immune cells to drive deleterious 

inflammatory responses and osteolysis leading to aseptic loosening and implant failure. 

The findings presented in this chapter demonstrate that PMMA and HA particles polarize 

macrophages towards an M1 phenotype which is associated with pro-inflammatory 

activity. It is also demonstrated that the binding of these particles to the cell surface 

likely leads to the formation of lipid rafts and activation of the proximal kinase, Syk. This 

in turn leads to activation of the downstream signalling molecules, ERK and p38, and, as 

was the case with Syk inhibition, pharmacological blockade of these molecules prevents 

M1 macrophage polarization and inflammatory gene expression. Furthermore, this 

chapter provides evidence that in-house generated nanoHA particles, in contrast to the 

commercially available micron sized HA particles, preferentially polarize primary human 

macrophages towards an M2 phenotype and specifically drive the production of the 

anti-inflammatory cytokine, IL-10. These effects may be coupled to metabolic changes 

in particle stimulated cells, with micro sized HA particles driving a metabolic switch 

favouring glycolysis, a phenomenon now recognised as being directly linked to M1 

macrophage polarization. 

 

In most circumstances, Syk is activated following Fc receptor engagement on immune 

cells and upon phagocytosis (322). However, recent studies have reported that Syk is 

activated by particulates via MATS, a receptor-independent process that involves direct 

binding of particulates to the cell membrane. This results in lipid raft formation and 

aggregation of ITAM-containing molecules which mediate the recruitment of Syk, to the 

plasma membrane and facilitate its subsequent activation (247, 323). Syk been 

implicated in both the internalisation of gout-associated MSU crystals and subsequent 

MSU-induced signalling in neutrophils and dendritic cells (247, 324). It has also 

previously been reported that atherosclerosis-associated cholesterol crystals and 

osteoarthritis-associated BCP crystals activate Syk via MATS leading to IL-1β processing 
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and secretion (99, 300).  In this chapter, treatment of macrophages with M-βCD, which 

is used to prevent lipid raft formation, effectively reduced PMMA- and HA-induced IL-

1β production which is in agreement with a previous study showing similar effects in 

PMMA-activated murine macrophages (297). It was also demonstrated that 

pharmacological inhibition of the NLRP3 inflammasome, which is activated downstream 

of Syk (305), prevents wear particle induced IL-1β production. This is in agreement with 

in vitro studies using NLRP3 deficient murine macrophages (98, 297), however there is 

evidence to suggest that this complex may be dispensable for the in vivo production of 

IL-1β (303, 304) and further study is required to determine if MCC950 (or derivatives of) 

represents a viable therapeutic for the treatment of periprosthetic inflammation.  

Atomic force microscopy should also be performed to confirm that Syk activation is 

required for high affinity interactions between wear particles and the cell membrane of 

human macrophages.   

 

Interestingly, while the depletion of membrane cholesterol and prevention of lipid raft 

formation with M-βCD significantly reduced HA-induced IL-6 and TNFa cytokine 

production, only partial inhibition of PMMA-induced IL-6 an TNFa was observed in the 

presence of this inhibitor. It has been demonstrated that lipid rafts, in addition to being 

involved in MATS,  play an important role in the internalization of particles such as HA 

(325, 326). While this study does not assess the mechanism of particle uptake, previous 

studies have demonstrated that the degree of particle internalization is very much 

governed by physicochemical properties such as shape, size and charge (326–328). 

Given the difference in chemistry, shape, size and presumably charge of HA and PMMA 

particles, it is tempting to speculate that their internalization may require distinct 

pathways.   Particles may be internalized via a number of endocytic pathways, including 

clathrin-mediated endocytosis (CME) and clathrin-independent (caveolae-mediated) 

endocytosis (CIE)  pathways (316, 329–331), the latter of which is dependent on the 

clustering of lipid rafts. As HA-induced inflammatory responses were nearly completely 

mitigated in the presence of M-βCD, a commonly used inhibitor of caveolae-mediated 

endocytosis, it is likely that, in addition to blockade of MATS and downstream signalling, 

this inhibitor also blocked internalisation of this particle and therefore completely 

abrogated particle-induced cell responses. In contrast, it is possible that PMMA 
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particles, in addition to uptake via caveolae-mediated endocytosis, may also be 

internalised via a secondary pathway such as clathrin mediated endocytosis, which does 

not involve lipid clustering, and therefore only partial inhibition of PMMA internalization 

and downstream intracellular responses occurred with M-βCD. Studies using specific 

inhibitors of clathrin mediated endocytosis, such as Dynasore, are required to elucidate 

the mechanism of PMMA particle uptake and to determine whether it differs to that of 

HA particle uptake.  

 

PMMA and HA particles were also shown to activate the downstream MAPKs, ERK and 

p38, in primary human macrophages and, as with Syk inhibition, pharmacological 

blockade of these molecules prevents M1 macrophage polarization and inflammatory 

gene expression. It has previously been reported that PMMA particles activate MAPKs 

in murine osteoclast precursor cells, contributing to osteoclast differentiation (332) 

hence, MAPK targeting has the potential to modulate the two key processes leading to 

aseptic implant loosening i.e. periprosthetic inflammation and osteoclast formation. 

Interestingly, while inhibition of IL-1β, TNFα and IL-6 was observed, wear particle-

induced IL-8 production was not affected by Syk or MAPK inhibitors suggesting that this 

chemokine is regulated in a different manner. The findings that PMMA particles drive 

M1 macrophage polarization are consistent with previous in vitro/ex vivo studies 

reporting M1 polarization upon PMMA particle stimulation, however this chapter now 

demonstrates that HA particles are also capable of directly polarizing macrophage to an 

M1 phenotype.  Efforts to alter M1 polarization by wear debris particulates and mitigate 

these inflammatory processes are ongoing and primarily involve the use of anti-

inflammatory cytokines. Antonios et al demonstrated that stimulation of murine 

macrophages with PMMA particles in combination with IL-4, decreased particle induced 

TNFα and IL-1β mRNA expression. Furthermore pre-treatment of macrophages with IL-

4 decreased particle induced iNOS expression (141). Similarly Rao et al demonstrated 

that co-administration of polyethylene (PE) particles with IL-4 mitigated wear particle 

induced osteolysis in vivo and this was accompanied by a decreased M1/M2 ratio (140, 

149). Additionally administration of the anti-inflammatory cytokine, IL-10, was shown to 

suppress osteolysis in the calvarial model in response to titanium particles (159). While 

the use of anti-inflammatories like IL-4 or IL-10 may ameliorate particle induced 
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osteolysis and prove a beneficial strategy, the results presented in this chapter now 

position Syk and/or MAPKs as novel therapeutic targets for wear debris induced M1 

polarization in periprosthetic osteolysis. Therefore, it will now be of interest to 

determine whether Syk and/or MAPK inhibitors can alter macrophage phenotype and 

prevent bone loss in in vivo osteolysis models.  

 

There are currently no drugs specifically approved to prevent or inhibit peri-implant 

inflammation and subsequent periprosthetic osteolysis. Inhibitors of osteoclastogenesis 

and osteoclast function are being considered. For example, bisphosphonates are a class 

of drugs known to have anti-osteoclast activity through the induction of osteoclast 

apoptosis (127, 138, 333–335). They are commonly used for metabolic bone diseases 

such as osteoporosis, osteogenesis imperfecta and hypercalcemia (336). 

Bisphosphonates such as risedronate and zoledronic acid have proven to be particularly 

potent and, in addition to alendronate, have been shown to reduce wear debris-induced 

osteolysis in animal models  (138, 333–335). Statins such as HMG-CoA reductase 

inhibitors are another class of osteoclast inhibitors and can act in a similar manner to 

bisphosphonates by targeting the mevalonate pathway. In this case, simvastatin has 

been shown to inhibit UHMWPE-induced osteolysis in the murine calvarial model (165). 

Statins and inhibitors of RANKL and recombinant parathyroid hormone are also reported 

to show efficacy in animal models, however it remains to be determined if any of these 

agents are efficacious in osteolysis patients (138, 153, 166, 337). 

 

Given the pathological similarities between periprosthetic osteolysis and arthritis, it has 

also been suggested that treatments that have been developed for the latter may be 

applicable for the prevention of aseptic implant loosening (152, 338). Specific targeting 

of TNFα with etanercept (a decoy receptor for TNFα), has been shown to have anti-

resorptive effects in a murine calvarial model. However, in a pilot study of 20 patients 

with established periprosthetic osteolysis, no significant difference in osteolysis 

progression was observed between the etanercept-treated group and placebo controls 

(although the small sample size may have been a factor here) (167). More recently 

inhibition of TNFα secretion by the phosphodiesterase inhibitor pentoxifylline, was 

shown to reduce wear debris induced inflammation in healthy monocytes, however its 
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efficacy is yet to be tested in vivo (168). As mentioned previously, the COX-2 inhibitor, 

celecoxib has also shown efficacy in murine osteolysis models (294) however, one of the 

limitations with these existing therapeutics is that they only allow for the targeting of 

single inflammatory mediators and therefore may not be efficacious in osteolysis 

patients where a plethora of cytokines contribute to peri-inflammation and osteolysis. 

Furthermore, while anti-cytokine therapies are indeed promising candidates for 

periprosthetic osteolysis, preventing cytokine expression rather than inhibiting their 

activity may prove more efficient. Given the data presented in this chapter, which 

demonstrates that inhibition of Syk activity reduces the production of pro-inflammatory 

cytokine production following particle stimulation, it now positions Syk as an attractive 

target for the treatment of particle-induced inflammation. The orally available Syk 

inhibitor used in this study (R788) has previously shown efficacy in clinical trials for 

rheumatoid arthritis, however, reports of side effects during phase III trials led to trial 

termination (339). Nevertheless, a modification on the current drug or indeed, an 

alternate method of administration, such as local delivery into the joint, is worthy of 

consideration given our in vitro results showing dual inhibition of IL-1β and TNFα, both 

of which are known to promote osteoclastogenesis even when RANKL levels are low 

(340). It is apparent that an improved understanding of the signalling cascades activated 

by wear particles may pave the way for new treatments to either prevent or modulate 

inflammation and periprosthetic osteolysis. Furthermore, the development of early 

detection methods for osteolysis would aid the prevention of aseptic implant loosening, 

which continues to represent a major complication of total joint replacement.  

 

The second aim of this chapter focused on elucidating the human macrophage response 

to nano sized HA particles. In-house generated nanoHA particles were synthesized and 

their structural, physical and chemical properties were compared to commercially 

available micron sized HA particles. The results presented demonstrate that micron HA 

particles appear as a more stoichiometric hydroxyapatite with a formula close to 

Ca10(PO4)6(OH)2 (308). This is in contrast to the in-house generated nano-sized 

hydroxyapatite particles, which are very similar to that of natural bone hydroxyapatite, 

with a crystalline core in the form of hydroxyapatite, coated by a mineral amorphous 

surface layer (341–343). However, it should be noted that differences in stoichiometry 
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between the two particles formulations may be attributed to the fabrication 

process(es). Unlike micron HA particles, these bone mimetic nanoparticles did not 

promote IL-1, TNFa and IL-8 cytokine secretion. Furthermore, the nanoHA particles used 

in this study are capable of driving production of IL-10. While there are a number of 

transcription factors that regulate IL-10 expression, stimulation of human macrophages 

with nanoHA particles was found to upregulate c-MAF, a well-known IL-10 inducing 

transcription factor.  To our knowledge this is the first time hydroxyapatite nanoparticles 

have been shown to drive IL-10 production, however this has been demonstrated with 

other non-biological/polymer particulates. PLGA particles ranging in size from 500 nm-

2 μm have been found to promote  IL-10 induction in DC, while  alum particles, with an 

average size of around 1-10 μm, are capable of significantly promoting IL-10 secretion 

in BMDCs in vitro and in vivo at the injection site and in draining lymph nodes (311).  

 

In addition to observing robust IL-10 induction by nanoHA-treated macrophages, which 

is indicative of a more anti-inflammatory phenotype, data also demonstrated that these 

particles are capable of preferentially polarizing human macrophages towards an M2 

phenotype. These results parallel with a recent study by Schoenenberger et al which 

demonstrated that larger TiO2 particles of 2 μM, but not nano TiO2 particles, 

significantly enhanced the M1 macrophage markers, TNFα and CD197, in a human 

monocytic cell line. In contrast to the findings with nanoHA in this chapter, there was no 

discernible effect on the M2 macrophage markers upon TiO2 nano particle treatment 

(344). The use of a cell line rather than primary macrophages, and the difference in 

composition of the two particles may account for the observed differences between the 

two studies.  

It has been reported that different sized particles have different uptake rates in 

macrophages (345), with PLGA particles of 100 nm taken up more rapidly than larger 

particles (346). Here it is demonstrated that, while both particle types are taken up 

within 1 hour of cell treatment, it would appear that the nano sized HA particles are 

taken up at a higher level than micron sized particles.  Internalization of particles by 

phagocytosis (for particles larger than 0.5 μm) and micropinocytosis (for particles less 

than 0.5 μm) requires actin machinery and cytoskeletal rearrangement (347, 348). 

Inhibition of actin polymerization resulted of in a loss of HA-induced M1 responses, 
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whereas no effect on nanoHA-induced M2 polarization was observed indicating that a 

non-actin dependent pathway may be involved in the uptake of the nano HA particles. 

It has been demonstrated that alternative processes such as clathrin-mediated 

endocytosis (CME) and clathrin-independent endocytosis (CIE) can also mediate 

nanoparticle uptake (316, 329–331). Further studies involving the use of inhibitors such 

as Chlorpromazine or Dynasore/Dynoles to inhibit CIE and CME, respectively (349),  are 

required to determine if these processes are involved in the uptake of nanoHA by 

macrophages. It has also been demonstrated  that lipid rafts play a role in the 

phagocytosis of PS microspheres (325), and data presented earlier in this chapter indeed 

suggest that disruption of lipid rafts, using M-βCD, abrogates PMMA and HA induced 

inflammatory responses. Therefore, it would be of interest to determine whether 

inhibition of this process also affects nanoHA induced cellular responses.  

 

This chapter also provides preliminary evidence of particulate matter-induced metabolic 

reprogramming. Stimulation of macrophages with different size particulates appeared 

to drive distinct metabolic profiles with micron HA particles dampening mitochondrial 

biogenesis and enhancing glycolytic metabolism in macrophages. While alterations in 

metabolism are known to be intricately linked to differentiation and maturation of 

immune cells, the molecular links between metabolic signalling and immunological 

function have yet to be fully elucidated. Further studies using RNA sequencing or 

metabolomics are required to fully characterise the metabolic profile of macrophages 

post-particle stimulation. This avenue of research represents a novel aspect of material-

induced immune response as it has recently become apparent that intrinsic properties 

of materials may be utilised to direct cellular metabolism and cell behaviour (350). With 

this in mind, consideration of how the intracellular metabolic pathways are influenced 

by material properties is an important aspect of material design, and indeed materials 

may be designed to specifically alter cellular metabolism and downstream tissue repair 

responses.  

 

In conclusion, the results presented in this chapter (summarised in Figure 4.25) describe 

the signalling pathways activated by HA and PMMA particles and implicate Syk tyrosine 

kinase and ERK/p38 MAPKs in particle-induced M1 macrophage polarization. This now 
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positions these kinases as novel therapeutic targets for periprosthetic osteolysis. This is 

an interesting area for future research with the prospects of incorporating small-

molecule inhibitors of these targets into coatings of the implants or even direct intra-

articular injection of these inhibitors for a targeted approach. Furthermore, this chapter 

provides evidence that in-house generated nanoHA particles, in contrast to 

commercially available micron sized HA, are inherently anti-inflammatory, therefore 

coating implants with HA particles in the nanometre size range could mitigate 

inflammatory responses in periprosthetic osteolysis and improve implant longevity. 

Moreover, micron-size HA particles alter the metabolic status of cells and appear to 

drive a metabolic switch favouring glycolysis. This switch has been linked to macrophage 

polarization towards an inflammatory phenotype and provides a new avenue for 

exploration into design of biomaterials that can dictate innate immune responses, which 

may have important implications for regenerative engineering.  
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Figure 4.25: Model of particle-induced macrophage polarization and activation of 

signalling pathways. Micron sized particles, HA and PMMA upregulate M1-associated 

markers in a Syk tyrosine kinase dependent manner and drive production of pro-

inflammatory cytokines, IL-1β, TNFα and IL-6. nanoHA particles polarize macrophages 

toward an M2-like phenotype and activate STAT3 and the IL-10 transcription factor, c-

Maf, culminating in downstream IL-10 cytokine production.  
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 Chapter 5: Investigation of the 
immunomodulatory capacity of 

HA/nanoHA functionalised scaffolds 
for use in bone tissue regeneration 
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5.1 Introduction 
 
The field of tissue engineering has placed significant focus on designing biomaterial 

scaffolds capable of directing the fate of tissue-specific progenitor cells. A number of 

studies have demonstrated that the specific composition of engineered constructs can 

impact mesenchymal stromal cell (MSC) differentiation and that properties inherent to 

biomaterials such as topography and stiffness can direct lineage specific cell 

differentiation and promote successful tissue integration (351–354). In addition to 

scaffold composition, efforts are being made to manipulate the interplay between MSCs 

and the host immune system given that innate immune cells, including macrophages, 

interact will tissue specific progenitor cells to direct tissue regeneration (355). Despite 

the fact that promoting an appropriate immune response is integral to the success of 

any implant (208), there has been less focus on the design of scaffolds capable of 

eliciting immune responses that specifically direct functional tissue regeneration.  

 

While it is well accepted that an early inflammatory response is required to initiate pro-

regenerative responses post-injury, a shift from pro-inflammatory to anti-inflammatory 

function is required to maximize the regenerative capacity of progenitor cells and 

minimize the destructive effects of prolonged inflammation. In the field of bone 

regeneration, it has been demonstrated that administration of pro-inflammatory 

cytokines such as TNFα to fracture sites immediately after injury accelerates fracture 

repair (356), while prolonged administration inhibits cartilage formation in the early 

phase of bone induction (357). The temporal nature of the inflammatory responses is 

largely attributed to the transition of macrophages from a classically activated ‘M1’ 

state, to alternatively activated ‘M2’ macrophages. While M1 macrophages play a role 

in early angiogenesis, a prolonged M1 presence can propagate tissue destruction and 

lead to fibrous scar formation and inferior tissue regeneration (201, 202). M2 

macrophages promote ECM synthesis, vessel formation and osteogenic differentiation 

(203, 204). Scaffolds loaded with IFNγ and IL-4 to promote sequential polarization of M1 

and M2 macrophages, respectively, have shown promising results in fracture repair 

models, further attesting to the contribution of innate immune cells in bone 

reconstitution (358). In the context of biomaterial implantation, the contribution of the 
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adaptive immune system to bone healing has also been explored using RAG knockout 

mice and the results indicated that functional T and B cell responses decelerate bone 

repair (211). Overall, these studies provide compelling evidence that modulation of 

immune responses may serve as a beneficial strategy to consider when designing 

scaffolds for efficient osteoinduction. 

 

It was demonstrated in Chapter 4 that micron-sized HA particles promote M1 

macrophage polarization in primary human macrophages and the specific signaling 

pathways involved in driving activation of M1 macrophages were identified. 

Furthermore, it was demonstrated that nanoHA particles were capable of polarizing 

macrophages to an M2 phenotype and driving IL-10 production. While this data is highly 

important from an immunological perspective, the influence of HA-dependent 

macrophage phenotype on MSC differentiation has not yet been established. Therefore, 

the first aim of this chapter is to examine whether the impact of HA/nanoHA on 

macrophage phenotype can influence MSC differentiation and bone tissue formation in 

vitro.  

 

Extracellular matrix derived materials such as collagen are commonly used as 3D 

biological constructs for bone and cartilage engineering as they can promote 

chondrogenesis and osteogenesis both in vitro and in vivo (359, 360). Studies have 

focused on incorporating HA particles into ECM derived 3D scaffolds for in vivo bone 

repair given that HA-collagen pairing occurs naturally in bone and such scaffolds have 

previously shown excellent biocompatibility and osteoinductivity (361). Furthermore, 

seeding of pre-osteoblast cells  onto nanoHA-collagen scaffolds showed superior 

osteogenic capacity and enhanced mineral deposition compared to those seeded on 

collagen only scaffolds (361). While much progress has been made in developing 

osteoinductive scaffolds, the in vivo immune response is still poorly understood and 

remains to be elucidated. Therefore, the final aim of this chapter is to establish the 

immune response to HA functionalised ECM scaffolds in order to determine whether 

early immune responses are predictive of downstream bone tissue repair. 
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5.2 Specific Aims 
 

• To determine whether HA/nanoHA driven macrophage phenotype can influence 

MSC osteogenic differentiation in vitro.  

• To examine the immune and tissue healing response to HA/nanoHA 

functionalised scaffolds using a rat femoral defect model. 
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5.3 Results  
 

5.3.1 Conditioned media from nanoparticle treated macrophages upregulates 
osteogenic genes in human MSCs. 

 
It is well established that macrophages play a significant role in tissue repair and 

regeneration. Data presented in Chapter 4 demonstrated that, in contrast to micron-

sized HA particles, nanoHA particles specifically promote an M2-like phenotype. It was 

next of interest to determine whether the osteogenic differentiation capacity of MSCs 

is influenced by macrophage phenotype/secreted factors following exposure to 

hydroxyapatite particles. To test this, macrophages were treated with HA or nanoHA 

particles (250 µg/ml) for 24 hours. Media was removed and centrifuged for 1 hour at 

1200 x g to remove any residual particles and generate particle free conditioned media.  

Human MSCs were then cultured for 48 hours in either control media or particle free 

conditioned media (CM) from macrophages treated with micron or nano-sized HA 

particles. Quantitative PCR was then carried out to assess the impact of the CM on 

osteogenic gene expression. Results revealed that CM from nanoparticle treated 

macrophages significantly enhanced mRNA expression of the osteogenic genes, bone 

morphogenetic protein 2 (bmp2) and alkaline phosphatase (alp) in MSCs, when 

compared to CM from untreated macrophages or CM from micron HA particle treated 

macrophages (Figure 5.1 A & B).  While there was a non-significant trend (p=0.0753) 

towards increased osteopontin (OPN) expression with CM from micronHA particle-

treated macrophages (Figure 5.1 C), expression of osteocalcin (OCN) was not 

significantly affected by any treatment (Figure 5.1 D). Furthermore, no discernible 

difference in mRNA expression of the osteogenic transcription factors, Runx2 and 

Osterix, which work together to upregulate OPN, was observed (Figure 5.1 E & F). To 

further support the finding that nanoHA CM may be driving osteogenesis, MSCs were 

pre-treated with CM from nanoHA/HA treated macrophages for 48 hours. The medium 

was then removed and the MSCs were cultured for a further 7 days in osteogenic 

induction media. Assessment of mineralization and calcification by Alizarin Red staining 

after 7 days revealed an enhanced appearance of calcification granules in the 

nanoparticle-CM treated MSCs (Figure 5.2 A). This was further verified following dye 

extraction and quantification demonstrating significantly enhanced mineralization in 
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the nanoHA CM group compared to control and HA CM (Figure 5.2 B). Importantly, CM 

was shown to be free of any residual particles (Figure 5.3 A), and while there was a trend 

towards osteogenic gene expression upon treatment with the particles alone, this was 

not significant. Furthermore, no difference was observed between the micron HA and 

nanoHA particle groups under these conditions. (Figure 5.3 B).  Furthermore, particles 

were incubated for 24h in cell-free media to control for any material release and no 

discernible differences in MSC osteogenic gene expression was observed under these 

conditions (Figure 5.3 C). Taken together this data suggests that nanoHA macrophage 

CM, which consists primarily of an M2-like secretome, can enhance early matrix 

mineralization of MSCs in an in vitro setting.  

 

5.3.2 Conditioned media from nanoHA treated macrophages enhances MSC 
migration. 

 
Infiltration and recruitment of host MSCs into any tissue-engineered construct is an 

important factor for consideration given their role in ECM deposition. Therefore, in 

addition to osteogenic differentiation, the migratory capacity of the MSCs was assessed 

using an in vitro scratch assay as a model of wound healing. To this end, a single scratch 

was made through a monolayer of MSCs before culture in media alone, or conditioned 

media from untreated, HA and nanoHA treated macrophages. MSC migration across the 

wound margins was then assessed visually at 24 hours and cells migrating into the 

wound site were counted by blinded individuals. Enhanced migration and repopulation 

of the wound site was apparent by eye in cells cultured in the nanoHA macrophage CM 

group (Figure 5.4 A). Semi-quantitative analysis of cell repopulation at the wound site 

within 24 hours revealed a significantly higher number of MSCs migrating back across 

the wound margin (Figure 5.4 B). Importantly there were no differences in the total cell 

number in each group, eliminating the possibility that the differences observed were 

due to cell proliferation (Figure 5.4 C). Taken together, these results suggest that 

secreted factors from nanoparticle polarized macrophages enhance MSC migratory 

capacity.  
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5.3.3 HA and nanoHA particles induce differential angiogenic gene expression 
in primary human macrophages and endothelial cells. 

 
Vascularization and angiogenesis are crucial processes for functional and efficient bone 

tissue repair (362). Several growth factors such VEGF and Ang1 have well established 

roles in vascularization and angiogenesis as well as possessing chemotactic properties 

(363). While VEGF promotes endothelial cell proliferation, Ang-1 promotes vessel 

maturation and prevents endothelial cell apoptosis and permeability (364). Due to their 

complementary functional relationship, it was next of interest to assess the capacity of 

micron and nano particles to induce these growth factors in primary human 

macrophages. Cells were stimulated with micron and nano particles for 24 hours and 

mRNA expression of VEGF and Ang1 were assessed using real-time PCR. Both micron HA 

and nanoHA particles significantly increased mRNA expression of VEGF compared to 

untreated control cells (Figure 5.5 A). In contrast, increased expression levels of Ang1 

were only observed in nano particle treated cells (Figure 5.5 B). The capacity of 

macrophage CM to influence endothelial cell angiogenic responses was also assessed. A 

GFP-tagged human endothelial cell line (HUVEC) was utilized to analyse tubule 

formation using CM from macrophages treated with micron HA or nanoHA particles, or 

a positive control, VEGF. Conditioned media from nanoHA particle treated macrophages 

significantly enhanced tube formation in HUVECs at 2, 4 and 6 hours (Figure 5.6 A). 

Furthermore, increased branching, branch length and junction formation between cells 

was significantly increased in nanoHA conditioned media, which was comparable to 

treatment with the positive control, VEGF (Figure 5.6 B). Taken together, this suggests 

that the secretome from nanoHA treated macrophages enhances the capacity of 

endothelial cells to undergo pro-angiogenic processes.  

 

5.3.4 Conditioned media from nanoparticle treated macrophages drives 
osteogenesis and mineralization of human MSCs in an IL-10 dependent 
manner.  

 
The role of various cytokines, such as TNFα and IL-1β in osteogenesis has gained much 

attention (365–367). Given that nanoparticles were capable of driving robust IL-10 

expression, it was of interest to determine if this cytokine plays a role in nanoparticle-
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driven MSC osteogenic differentiation. To test this, macrophages were pre-treated with 

an anti-IL-10 neutralizing antibody or an isotype control antibody prior to treatment 

with micronHA or nanoHA particles for 24 hours. MSC were then cultured for 48 hours 

in CM from treated macrophages. Consistent with earlier observations, CM from 

nanoparticle treated macrophages enhanced BMP2 and ALP mRNA expression, however 

expression of both genes was significantly reduced when MSC were cultured in CM from 

particle-treated macrophages that were pre-incubated with anti-IL-10 (Figure 5.7 A & 

B), demonstrating that IL-10 signaling is coupled to BMP2 and ALP induction.  

Interestingly, OPN expression was enhanced in MSC cultured in CM from micron HA 

particle-treated macrophages, however, IL-10 neutralization had no effect on gene 

expression (Figure 5.7 C), suggesting that OPN induction by HA CM is occurring 

independently of this cytokine. As before, no differences in expression of OCN, Runx2 or 

Osterix were observed (Figure 5.7 D-F). 

 

To further support the finding that nanoHA CM may be driving osteogenesis in an IL-10 

dependent manner, macrophages were pre-treated with an anti-IL-10 neutralizing 

antibody or an isotype control antibody prior to treatment with micron or nanoparticles 

for 24 hours. MSC were then cultured for 48 hours in CM from particle treated 

macrophages. The medium was then removed and the MSCs were cultured for a further 

7 days in osteogenic induction media. Downstream mineralization and calcification was 

analysed by AR staining as before. Consistent with the gene expression findings, 

calcification and mineralization was not apparent by eye at day 7 in the nanoHA CM 

group when IL-10 was neutralized (Figure 5.8 A). Moreover, extraction of Alizarin Red 

and measurement by spectrophotometry indicated a significant decrease in 

mineralisation in the IL-10 neutralizing antibody treated group (Figure 5.8 B). No 

differences were observed in cells treated with the IgG isotype control antibody, 

confirming the role of IL-10 (Figure 5.8 C). Taken together, this data suggests that that 

the pro-osteogenic effects of nanoparticles may be largely attributed to IL-10.  
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5.3.5 Neutralization of IL-10 does not affect M2 macrophage polarization. 
 
In order to confirm that neutralization of IL-10 was not inhibiting the polarization of the 

macrophages towards an M2 phenotype in response to the nanoHA particles, the 

phenotype of the macrophages after IL-10 neutralization was assessed. Macrophages 

were stimulated with nanoHA particles, or the M2 polarizing cytokine IL-4, in the 

presence of the IL-10 neutralizing antibody and M2 gene expression was assessed by 

real-time PCR. Pre-treatment of macrophages with the IL-10 neutralizing antibody did 

not appear to affect nanoHA-induced M2 macrophage polarization, based on expression 

of the M2 markers, MRC1 and CCL13 (Figure 5.9 A & B). This was also the case with the 

positive control, IL-4, with robust induction of both MRC1 and CCL13 observed even in 

the presence of the IL-10 neutralizing antibody (Figure 5.9 C & D). This suggests that the 

effects observed are more likely mediated by IL-10 signaling in the MSCs rather than IL-

10-induced macrophage polarization. 

 

5.3.6 IL-10 is a direct driver of osteogenesis in human MSCs. 
 
In order to further validate the role of IL-10 in osteogenic gene expression, recombinant 

human (Rh) IL-10 was added directly to the MSCs for 48 hr prior to carrying out real-

time PCR. Supplementation with 1ng/ml of IL-10 did not appear to drive osteogenic 

responses, however addition of 10 ng/ml, (a dose close to that produced by the nanoHA-

treated macrophages; Figure 5.10) resulted in a significant induction of ALP, OPN and 

BMP2 but not OCN (Figure 5.11 A-D). Furthermore, supplementation of culture media 

with Rh IL-10 resulted in significantly more calcification and mineralization of MSCs after 

7 days (Figure 5.11 E & F), providing further evidence for a direct role for IL-10 in early 

osteogenesis and mineralization of MSCs in vitro. 

 

5.3.7 Solubilized ECM from differential tissue sources differentially influence 
macrophage immune response. 

 
In order to translate the in vitro data to a physiologically relevant in vivo system, it was 

next necessary to characterize the immune response to hydroxyapatite functionalized 

scaffolds using a rat femoral defect model (221). Extracellular matrix (ECM)-based 
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scaffolds are commonly used in bone and cartilage tissue engineering and several 

growth factors or bioceramics, such as HA particles, have been incorporated into these 

scaffolds in order to enhance osteogenesis (360, 361, 368).  In order to develop 

HA/nanoHA functionalized scaffolds for our in vivo femoral defect model, porcine 

growth plate (GP) and articular cartilage (AC) tissue was harvested from the femur of 

skeletally immature pigs and subjected to a collagen solubilization protocol recently 

established in the Kelly laboratory, as described in Section 2.2.16.1. Mass spectrometry 

protein analysis of GP and AC ECM provided in Figure app.4. 

 

The inherent immunomodulatory capacity of AC and GP ECM was compared by culturing 

primary human macrophages in the presence of solubilised ECM for 24 hr before 

assessing cytokine production. LPS (1–100 ng/ml) was included as a positive control. GP 

but not AC derived ECM induced IL-6 and TNFα cytokine production (Figure 5.12 A & B). 

Interestingly, high levels of the chemokine IL-8 were observed in macrophages cultured 

in the presence of both AC and GP derived ECM (Figure 5.12 C). The precise role of this 

chemokine in chondrogenesis and osteogenesis has not yet been established, however 

IL-8, in the presence of bone marrow concentrate, has been shown to upregulate 

chondrogenic markers in MSCs, while IL-8 alone has also been shown to promote 

osteoclastogenesis. Neither of the ECM types induced IL-12 or IL-10 cytokine production 

(Figure 5.12 D & E). Analysis of chemokine expression revealed that GP derived ECM 

specifically induced expression of the M1 associated chemokines, CXCL9 and CXCL10 

(Figure 5.12 F& G). Both AC and GP derived ECM significantly induced expression of the 

M2 associated chemokine, CCL13 (Figure 5.12 H).  

 

In addition to cytokines and chemokines, the AC and GP derived ECMs enhanced 

expression of growth factors that are known to be important in the maintenance and 

regeneration of the source tissue from which they are derived. AC-derived ECM 

specifically upregulated FGF (Figure 5.13 A) while only GP-derived ECM was found to 

significantly upregulate mRNA expression of VEGF (Figure 5.13 B). No effect was 

observed on Ang1 mRNA expression in the presence of LG derived ECM, however both 

AC-and GP-derived ECMs significantly drove expression of this growth factor (Figure 5.13 

C).  In order to verify that the macrophage responses were not due to any contaminating 
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endotoxin, solubilized ECM preparations were tested for lipopolysaccharide (LPS) 

contamination using the HEK-BlueTM hTLR4 assay system (Invivogen). HEK-blue cells (5 

x 105 cells/ml) expressing TLR4 were stimulated with LPS (1–100 ng/ml; positive control), 

or ECM for 24 h. The expression of SEAP which is under the control of NF-κB and AP-1 

was tested by incubating cell supernatants with HEK-blue detection medium for 30 min 

at 37 °C and absorbance was read at 650 nm. Results demonstrate that the 

concentration of endotoxin (LPS) was below the threshold level for TLR4 activation as 

determined using the HEK-Blue LPS detection kit (Figure 5.14). 

 

5.3.8 Fabrication of HA and nanoHA functionalised scaffolds. 
 
Given the minimal inflammatory responses to AC-derived ECM, this ECM source was 

deemed the most appropriate for use as a collagen based scaffold.  AC derived scaffolds 

were functionalized with micron or nano-sized HA particles for use in subsequent in vivo 

studies. HA and nanoHA particles were incorporated into the scaffolds by mixing with 

solubilised AC at a 1:1 ratio. Glyoxal was then added to chemically cross-link the 

collagens before freeze drying. Finally, the freeze-dried scaffolds were physically cross-

linked by dehydrothermal (DHT) treatment. This allows for the production of porous and 

highly elastic ECM derived scaffolds as described previously (369). In order to ensure 

that HA particles remained in the ECM scaffold post the freeze drying process and that 

a HA–collagen composite construct was successfully synthesised, SEM imaging with 

Energy Selective Backscatter (ESB) and Energy Dispersive X-ray (EDX) was performed to 

analyse compositional contrast and chemical characterisation of the sample, 

respectively. Imaging of the composite scaffolds revealed particle-like structures at the 

highest magnification which, when analysed by ESB, revealed phase contrast to the 

surrounding material, suggesting that there are two different materials in the nHA 

functionalised scaffold (Figure 5.15 A). This was also the case for the micron HA 

functionalised scaffolds, where phase contrast using ESB clearly showed the presence of 

two different materials (Figure 5.15 B). To further confirm the presence of micron and 

nanoHA particles within the ECM scaffolds, EDX was performed to distinguish individual 

elements. As calcium and phosphorous are the principal elements of HA, these were 

chosen for analysis and were found to be almost absent in the ECM scaffolds alone, 
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however a higher intensity was present in both the HA and nanoHA composite scaffolds 

(Figure 5.16). Electromagnetic emission spectral analysis to estimate relative abundance 

revealed peaks (indicated by arrows) for all three elements in the nanoHA composite 

scaffolds but not the ECM scaffolds alone (Figure 5.17) confirmed the presence of HA 

particles in the collagen scaffold. Taken together, it was confirmed that HA particle 

functionalised scaffolds were prepared. 

 

5.3.9 Characterisation of scaffold pore size and mechanical properties. 
 
It has previously been demonstrated by the Kelly lab that porous scaffolds can be 

fabricated from solubilised articular cartilage ECM which has been cross-linked with 

glyoxal prior to freeze drying (369). Furthermore, porosity and pore size can be 

controlled by altering parameters during the freeze-drying process. The freeze-drying 

process used in this study slowly drops the ambient temperature to -30°C thus forming 

ice crystals. As the temperature increases slowly to -10°C, the ice crystals melt, creating 

a porous architecture. As an interconnected pore network is a requirement of a 

successful scaffold given that it permits cellular infiltration and therefore tissue 

development, the porosity of the solubilized scaffolds was next assessed. Scanning 

electron microscopy images demonstrated that both HA and nanoHA functionalised 

scaffolds retained their internal porous nature after the addition of either HA or nanoHA 

particles (Figure 5.18 A). Semi-quantitative analysis of SEM imaging revealed that the 

functionalized scaffolds had an average pore size of 50 μm (Figure 5.18 B) which is in the 

range suitable for cell infiltration (370, 371). Moreover, the calculated porosity of both 

scaffold types was in the range of 95-97% (Figure 5.18 C).  It was next of interest to 

mechanically evaluate the various scaffolds to ascertain if incorporation of different 

particle types can affect the mechanical properties of the resulting scaffolds. Mechanical 

testing of the scaffolds was performed using uniaxial compression testing and revealed 

that both scaffold types had comparable mechanical properties, with a Young’s modulus 

of approximately 1.5 kPa for micron HA functionalised scaffolds, while nanoHA 

functionalised scaffolds had an average value of 2 kPa (Figure 5.18 D).  Importantly, 

incorporation of particles into the scaffolds did not affect their ability to differentially 

polarize macrophages in vitro, as evidenced by induction of the M1 macrophage marker, 
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CXCL11, by micron HA functionalized scaffolds and the M2 macrophage marker, MRC1, 

by nanoHA functionalized scaffolds (Figure 5.19).  

 

5.3.10 Implantation of micron HA but not nanoHA scaffolds drives T cell and 
neutrophil infiltration in vivo.  

 
In order to translate the in vitro data to a physiologically relevant in vivo system, we 

characterized the immune response to hydroxyapatite functionalized ECM scaffolds 

using a rat femoral defect model (221).  Functionalized scaffolds were implanted into a 

5 mm femoral defect and repair tissue was harvested for analysis 1 week post-

implantation. The defect was left empty with no implant as a control. Flow cytometric 

analysis of immune cell subsets at the defect site revealed no discernible difference in 

the number of B cells (CD45+ CD19+), but showed significant infiltration of T cells 

(CD45+CD3+) and neutrophils (CD45+CD11b+Ly6G+), indicative of a more pro-

inflammatory microenvironment in tissue samples from rats implanted with micron HA 

functionalized scaffolds but not nanoHA functionalized scaffolds (Figure 5.20 A-D). There 

was no significant difference in immune cell infiltration in samples taken outside the 

defect area (Figure 5.21 A-D). Individual T cell subsets were not assessed as part of this 

study, however, serum cytokine analysis revealed higher concentrations of the Th1-

associated cytokine, IFNy, in the micron HA-treated rats (Figure 5.22 A). Conversely, 

circulating concentrations of the anti-inflammatory cytokine, IL-10, were higher in the 

nanoHA group versus the empty defect (p=0.065) and significantly higher than the 

micron HA-treated rats (Figure 5.22 B). Overall, these results indicate that larger micron 

particles are primarily driving a pro-inflammatory host response. 

 

5.3.11 NanoHA functionalised scaffold promote ant-inflammatory macrophage 
phenotype in vivo. 

 
Having established immune cell subsets in the response to micron or nanoHA 

functionalised scaffolds, it was next of interest to determine the macrophage phenotype 

and functionality at the defect site. Macrophages were gated based on F4/80+/CD11b+ 

expression and analysis of surface markers associated with M1-like or M2-like 

macrophage phenotype was assessed. While non-significant, there was a higher 
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percentage of CCR2+ and CD86+ macrophages in the micron HA functionalised scaffold 

group compared to both the nanoHA and empty control group, while a significantly 

higher percentage of cells positive for the anti-inflammatory marker, CX3CR1, was found 

in the nanoHA scaffold group (Figure 5.23 A). Of note, CX3CR1 is typically expressed by 

pro-resolution/anti-inflammatory macrophages and is associated with and M2-like 

phenotype (372, 373). Analysis of the fluorescence intensity of M1/M2 surface markers, 

as measure by Mean Fluorescence Intensity (MFI), revealed a significant increase in 

expression of CCR2 and CD86 in macrophages from rats that had been implanted with 

micron HA functionalized scaffolds, whereas cells from rats implanted with nanoHA-

functionalized scaffolds consisted primarily of a large pool of macrophages expressing 

CX3CR1 (Figure 5.23 B & C). Taken together, this data indicates that micron and nanoHA 

particles are still capable of polarizing macrophages in vivo, with micron HA driving an 

M1-like response and nanoHA particles promoting an anti-inflammatory M2-like 

response.   

 

5.3.12 NanoHA particle functionalised scaffolds promote early vessel formation. 
 
In addition to assessing the immune cell profile 1 week post-scaffold implantation, it was 

also of interest to assess early tissue repair and tissue architecture. Tissue samples were 

taken from the defect site and analysed by histology. Haematoxylin and Eosin (H & E) 

staining at 1 week post implantation demonstrated poor cell infiltration in rats 

implanted with micron HA functionalized scaffolds, while both empty defect and 

nanoHA functionalized scaffold groups showed homogenous infiltration of cells into the 

scaffold and defect site (Figure 5.24 A). Furthermore, we observed a thick fibrous layer 

consisting of multinucleated cells surrounding the implant in the micron HA scaffold 

group (Figure 5.24 A (i) and (ii)). This is indicative of fibrous encapsulation which can 

often occur after construct implantation and prevents infiltrating cells from gaining 

access to the centre of the defect, ultimately resulting in less extracellular matrix being 

deposited (201). 

 

Vascularization is also an essential aspect of functional bone tissue regeneration (374). 

Given the in vitro findings demonstrating enhanced pro-angiogenic responses in 
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macrophages upon nanoHA stimulation, the capacity of these scaffolds to induce vessel 

formation was next examined. NanoHA-functionalized scaffolds, but not micron HA-

functionalized scaffolds, promoted the formation of vessel-like structures (Figure 5.24 

A, lower panel), that stained positively for vWF and a-SMA, indicating the presence of 

vascular endothelial cells (Figure 5.24 B). This is consistent with previous studies 

demonstrating that the prolonged presence of inflammatory cytokines impairs 

angiogenesis (374, 375), while an anti-inflammatory environment can promote 

angiogenesis and vascularization (376, 377). Furthermore, the presence of vessels in 

tissue-engineered constructs is particularly important as efficient vascularization in large 

bone defects still remains a key challenge.   

 

5.3.13 NanoHA but not HA functionalized scaffolds support bone formation 
following implantation into a rat femoral defect model. 

 
Given the link between inflammation, vascularization and bone regeneration, defect 

repair and new bone formation was analysed at 4 and 8 weeks post-implantation. µCT 

analysis was used to assess and quantify new bone formation in the defect site and to 

determine whether the early differences in inflammatory profile and vessel formation 

would result in differences in downstream bone formation. At 4 weeks post 

implantation, the total bone volume in the nanoHA functionalized scaffold group was 

significantly increased compared to micron HA functionalized scaffolds, which failed to 

bridge or have any mineral matrix deposition in the defect site (Figure 5.25 A & B). 

Furthermore, quantitative densitometric analysis revealed a lower bone density (mg 

HA/cm3) in the micron HA functionalized scaffold group (Figure 5.25 C). A similar profile 

was observed at 8 weeks, with no bridging observed in the micron HA group, but partial 

defect repair in the nanoHA scaffold group (Figure 5.25 D). Again, bone volume in the 

nanoHA group was enhanced, although not significant, while the micron HA group 

displayed significantly less new bone formation compared to the empty control group 

(Figure 5.25 E). Similar to the week 4 data, bone density was decreased in the micron 

HA group (Figure 5.25 F). Taken together, this suggests that nanoHA functionalized 

scaffolds are capable of supporting mineral matrix deposition in addition to promoting 
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the formation of vessels at the defect site and are therefore superior to micron HA 

functionalized scaffolds in the bone regeneration process.  
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Figure 5.1: Conditioned media from nanoHA treated macrophages upregulates 
osteogenic genes in human MSCs. Human MSCs (1x 105 cells/ml) were cultured in media 
alone or conditioned media from untreated, micron or nano particle treated 
macrophages for 48 hours. mRNA levels of (A) BMP2, (B) ALP, (C) Osteopontin, (D) 
Osteocalcin, (E) Runx2 and (F) Osterix were analysed by real-time PCR. mRNA 
concentration was normalised to the housekeeping gene GAPDH. Gene expression, 
relative to media alone (-) control cells, was determined using the 2-∆∆CT algorithm. 
Pooled data (n=3) is represented as mean ± SEM was analysed using one-way ANOVA 
with Tukey Post-Test (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 5.2: Conditioned media from nanoHA (nHA) treated macrophages enhances 
matrix mineralization of human MSCs. Human MSCs (1 x 105 cells/ml) were cultured for 
48 hours in media alone or conditioned media from untreated, HA or nanoHA treated 
macrophages before being cultured for a further 7 days in osteogenic media. (A) Cells 
were then stained with AR and imaged under an inverted microscope. Magnification 
=20x. Scale bar = 50µm. (B) Cells were destained using 10% cetylpyridinium chloride and 
AR dye was quantified by measuring absorbance at 540 nm. Data (n=3) is represented 
as mean ± SEM was analysed using one-way ANOVA with Tukey post-test (*p<0.05, 
**p<0.01, ***p<0.001).  
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Figure 5.3: Direct effect of particles or material release on MSC osteogenesis. (A) 
Calcium content in media pre- and post-centrifugation was determined using the o-
cresolphthalein complexone (oCPC) method where a violet coloured complex is formed 
between calcium ions reacting with oCPC246 (Sentinel Diagnostics). (B) Human MSCs 
(1x 105 cells/ml) were left untreated or stimulated with micron or nano particles directly 
for 48 hours. mRNA levels of ALP, BMP2, OPN and OCN were analysed by real-time PCR. 
(C) Human MSCs (1x 105 cells/ml) were cultured in media alone or particle conditioned 
media for 48 hours. mRNA levels of ALP, BMP2, OPN and OCN were analysed by real-
time PCR. mRNA concentration was normalised to the housekeeping gene GAPDH. Gene 
expression, relative to media alone (-) control cells, was determined using the 2-∆∆CT 
algorithm. Data (n=2-5) is represented as mean ± SEM was analysed using one-way 
ANOVA with Tukey post-test. 
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Figure 5.4: NanoHA conditioned media enhances migration of human MSCs. (A) 
Representative images displaying human MSC migration (at time of induced scratch, T=0 
and after 24 hours, T=24) following culture in media alone, or conditioned media from 
untreated, HA or nanoHA treated macrophages. (B) Cells were counted by blinded 
individuals at 6 pre-determined imaged sites from each healthy donor and a mean value 
per donor was calculated and plotted. (C) Cell count of MSCs after 24 hours of culture in 
macrophage conditioned media. Data (n=3) is represented as mean ± SEM was analysed 
using one-way ANOVA with Tukey Post-Test (*p<0.05, ***p<0.001) versus media alone 
control).  
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Figure 5.5: HA and nanoHA particles induce differential angiogenic gene expression in 
primary human macrophages. Primary human macrophages (1 x 106 cells/ml) were 
stimulated with HA or nanoHA particles (250 μg/ml) for 24 hours. mRNA levels of  (A) 
VEGF and (B) Ang1 were analysed by real-time PCR. mRNA concentration was 
normalised to the housekeeping gene RPLPO ribosomal RNA. Gene expression, relative 
to untreated control cells, was determined using the 2-∆∆CT algorithm. Data (n=3) is 
represented as mean ± SEM was analysed using one-way ANOVA with Tukey Post-Test 
(*p<0.05, **p<0.01 versus control).  
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Figure 5.6: NanoHA particles drive endothelial cell tubule formation in human 
endothelial cells. Fluorescently tagged human umbilical vein endothelial cells (HUVECs) 
(2 x 104) were seeded onto Matrigel coated plates in serum-free control media (EGM-
2MV) without or with VEGF (10 ng/ml) as negative and positive controls respectively. 
Alternatively, cells were seeded in 50% supplemented serum-free conditioned media 
from micronHA or nanoHA particle treated macrophages. (A) Cells were imaged using 
phase-contrast microscopy every 2 hours to assess endothelial cell tubule formation. (B) 
Average branch length, average number of branches and average number of junctions 
were quantified using ImageJ. Data (n=2) is represented as mean ± SEM was analysed 
using one-way ANOVA with Tukey post-test (**p<0.01, ***p<0.001).  
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Figure 5.7: Conditioned media from nanoHA treated macrophages drives osteogenesis 
of human MSCs in an IL-10 dependent manner. Human MSCs (1 x 105 cells/ml) were 
cultured in media alone or conditioned media from untreated, micronHA or nanoHA 
particle treated (+/- pre-treatment with IL-10 neutralizing antibody (15 ng/ml)) 
macrophages for 48 hours. mRNA levels of (A) Bone Morphogenic Protein 2, (B) Alkaline 
Phosphatase, (C) Osteopontin, (D) Osteocalcin, (E) Runx2 and (F) Osterix were analysed 
by real-time PCR. mRNA concentration was normalised to the housekeeping gene 
GAPDH. Gene expression, relative to media alone (-) control cells, was determined using 
the 2-∆∆CT algorithm. Data (n=3) is represented as mean ± SEM was analysed using one-
way ANOVA with Tukey Post-Test (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 5.8: Conditioned media from nanoparticle treated macrophages drives 
mineralization of human MSCs in an IL-10 dependent manner. (A) Human MSCs (1 x 
105 cells/ml) were cultured in media alone or conditioned media from untreated, micron 
or nano particle treated (+/- pre-treatment with an IL-10 neutralizing antibody (15 
ng/ml)) macrophages for 48 hours before being cultured for a further 7 days in 
osteogenic media to look at downstream mineralization and calcification. (A) Cells were 
then stained with AR and imaged under an inverted microscope. (B) Cells were 
destained using 10% cetylpyridinium chloride and AR dye was quantified by measuring 
absorbance at 540nm. (C) Human MSCs (1x 105 cells/ml) were cultured in media alone 
or conditioned media from untreated, micron or nano particle treated (+/- pre-
treatment with an IgG isotype control antibody) macrophages for 48 hours before being 
cultured for a further 7 days in osteogenic media assess downstream mineralization and 
calcification. Cells were then stained with Alizarin red (AR) and imaged under an inverted 
microscope. Magnification =20x Scale bar = 50 µm. Data (n=3) is represented as mean ± 
SEM was analysed using one-way ANOVA with Tukey post-test (*p<0.05, **p<0.01, 
***p<0.001 versus media alone control).  
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Figure 5.9: Neutralization of IL-10 does not affect nanoHA-induced M2 macrophage 
polarization. Primary human macrophages (1 x 106 cells/ml) were stimulated with nano 
particles alone or in the presence of an IL-10 neutralizing antibody (15 ng/ml) for 24 
hours. mRNA levels of (A) MRC1 or (B) CCL13 were analysed by real-time PCR. As an 
alternative M2 polarizing stimulus, cells were stimulated with IL-4 (20 ng/ml) alone or in 
the presence of an IL-10 neutralizing antibody (15 ng/mL) for 24 hours. mRNA levels of 
(C) MRC1 or (D) CCL13 were analysed by real-time PCR.  mRNA concentration was 
normalised to the housekeeping gene 18s Ribosomal RNA. Gene expression, relative to 
untreated control cells, was determined using the 2-∆∆CT algorithm. Data (n=3) is 
represented as mean ± SEM was analysed using one-way ANOVA with Tukey post-test 
*p<0.05.  
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Figure 5.10:  nanoHA particles drive IL-10 cytokine secretion in a dose-dependent 
manner. Primary human macrophages (1x 106 cells/ml) were stimulated with nanoHA 
(50, 100 or 250 µg/ml) for 24 hours. Cytokine production of cell supernatants was 
analysed by ELISA. Data (n=3) is represented as mean ± SEM was analysed using Kruskal 
Wallis with Dunn’s post-test (*p<0.05, **p<0.01). 
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Figure 5.11:  Supplementation of recombinant IL-10 to culture media drives osteogenic 
responses in human MSCs. Human MSCs (1x 105 cells/ml) were treated with 
recombinant human (Rh) IL-10 (1 ng/ml or 10 ng/ml) for 48 hours and mRNA levels of 
(A) Alkaline Phosphatase, (B) Bone Morphogenic Protein 2, (C) Osteopontin and (D) 
Osteocalcin were analysed by real-time PCR. mRNA concentration was normalised to 
the housekeeping gene GAPDH. Gene expression, relative to untreated control cells, was 
determined using the 2-∆∆CT algorithm.  (E) Standard expansion media for human MSCs 
was supplemented with Rh IL-10 (1 ng/ml or 10 ng/ml) and calcification as assessed by 
Alizarin Red staining was measured at day 7. Magnification = 20 x, Scale bar = 50µm. (F) 
Cells were destained using 10% cetylpyridinium chloride and AR dye was quantified by 
measuring absorbance at 540 nm. Data (n=3) is represented as mean ± SEM was 
analysed using one-way ANOVA with Tukey post-test (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 5.12:  ECM derived from difference musculoskeletal tissue sources drive 
differential cytokine and chemokine responses in primary human macrophages. 
Primary human macrophages (1 x 106 cells/ml) were treated with solubilized ECM (GP 
or AC), or LPS (100 ng/ml) as a positive control for 24 hours. Cytokine levels of (A) IL-6, 
(B) TNFa (C) IL-8, (D) IL-12 and (E) IL-10 in cell supernatants were measured by ELISA.  
mRNA expression levels of (F) CXCL9, (G) CXCL10 and (H) CCL13 were analysed by real-
time PCR. mRNA concentration was normalised to the housekeeping gene 18s 
Ribosomal RNA. Gene expression, relative to untreated control cells, was determined 
using the 2-∆∆CT algorithm. Pooled data (n=3) is represented as mean ± SEM was analysed 
using one-way ANOVA with Tukey Post-Test (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 5.13:  ECM derived from difference musculoskeletal tissue sources drive 
differential growth factors in primary human macrophages. Primary human 
macrophages (1 x 106 cells/ml) were treated with solubilized ECM (LIG, GP or AC), or LPS 
(100 ng/ml) as a positive control for 24 hours. mRNA expression levels of (A) bFGF, (B) 
VEGF and (C) Ang1 were analysed by real-time PCR. mRNA concentration was 
normalised to the housekeeping gene 18s Ribosomal RNA. Gene expression, relative to 
untreated control cells, was determined using the 2-∆∆CT algorithm. Pooled data (n=3) is 
represented as mean ± SEM was analysed using one-way ANOVA with Tukey Post-Test 
(*p<0.05, **p<0.01, ***p<0.001). 
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Figure 5.14: Solubilised ECM preparations are not contaminated with endotoxin. ECM 
preparations were shown to be endotoxin free, using the HEK-BlueTM hTLR4 assay 
system (Invivogen). The expression of SEAP, as measured by absorbance at 650nm, by 
ECM treated macrophages was comparable to untreated control cells. As a positive 
control, cells were treated with LPS (1 ng/ml, 10 ng/ml, 100 ng/ml or 200 ng/ml). Pooled 
data (n=2) is represented as mean ± SEM was analysed using one-way ANOVA with 
Tukey Post-Test (**p<0.01, ***p<0.001). 
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5.15: Characterisation of HA and nanoHA functionalised scaffolds. (Left) High 
magnification SEM images of (A) nanoHA or (B) micron HA functionalised scaffolds. 
(Right) SEM with energy selective backscatter (ESB) backscatter electron detector of 
scaffolds functionalised with (A) nanoHA or (B) micron HA particles. Images were 
obtained using a Zeiss Ultra Plus (Zeiss, Germany) with an acceleration voltage of 2kV 
and working distance of 5mm.  
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Figure 5.16: Hydroxyapatite particles remain in the ECM scaffold after the freeze-
drying process. Representative Energy-dispersive X-ray spectroscopy (EDX) images of 
ECM scaffolds (+/- HA or nanoHA particles). Images were obtained using a Zeiss Ultra 
Plus (Zeiss, Germany) with an EDX detector with an acceleration voltage of 2kV and 
working distance of 5mm.  (Ca=Calcium, P=Phosphorous) 
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Figure 5.17: nanoHA particles remain in the ECM scaffold after the freeze drying 
process. EDX spectrum of chemical composition of ECM scaffolds (A: without nanoHA, 
B: with nanoHA).  
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5.18: Characterisation of scaffold pore size and mechanical properties. (A) Scanning 
Electron Micrograph images of micron HA or nanoHA functionalised ECM scaffolds. (B) 
Scaffold pore size after functionalization was measured using Image J software. (C) 
Scaffold porosity was determined by gravimetry. (D) Mechanical strength was 
determined by uniaxial compression test. Data is represented as mean ± SEM was 
analysed using one-way ANOVA with Tukey Post-Test. 
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Figure 5.19: Particle functionalised scaffolds are capable of driving macrophage 
polarization. Primary human macrophages (1x 106 cells/ml) were stimulated with 
micron or nano particle functionalized ECM scaffolds for 24 hours. mRNA levels of (A) 
CXCL11 and (B) MRC1 were analysed by real-time PCR. mRNA concentration was 
normalised to the housekeeping gene 18s Ribosomal RNA. Gene expression, relative to 
untreated control cells, was determined using the 2-∆∆CT algorithm. Pooled data (n=3) is 
represented as mean ± SEM was analysed using one-way ANOVA with Tukey Post-Test 
(*p<0.05). 
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Figure 5.20: Characterization of immune cell subsets and phenotype following 
implantation of hydroxyapatite functionalized scaffolds into a rat femoral defect 
model. HA or nanoHA functionalised scaffolds were implanted into a 5mm rat femoral 
defect, or defect was left empty with no implant as a control. Tissue was harvested 1 
week post implantation, digested and cells analysed by flow cytometry. (A) CD3+ T cells, 
(B) CD19+ B cells, (C) Ly6G+ neutrophils and (D) CD11b+/F4/80 macrophages were 
identified by flow cytometry. Statistical differences on n=5 rats were assessed using 
Kruskal Wallis test with Dunn’s post-test (*p<0.05).  
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Figure 5.21: Flow cytometric analysis of immune cell subsets outside the defect site 1 
week after implantation. Outer tissue surrounding the defect site was isolated and 
digested. (A) CD3+ T cells, (B) CD19+ B cells, (C) Ly6G+ neutrophils and (D) 
CD11b+/F4/80 macrophages were identified by flow cytometry. Statistical differences 
on n=5 rats were assessed using Kruskal Wallis test with Dunn’s post-test.  
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Figure 5.22: Characterization of immune cell subsets and phenotype following 
implantation of hydroxyapatite functionalized scaffolds into a rat femoral defect 
model. HA or nanoHA functionalised scaffolds were implanted into a 5mm rat femoral 
defect, or defect was left empty with no implant as a control. Cardiac punctures were 
performed 1 week post implantation and serum was isolated from blood samples. (A) 
IL-10 and (B) IFNg cytokine levels were by ELISA. Statistical differences on n=5 rats were 
assessed using Kruskal Wallis test with Dunn’s post-test (*p<0.05).  
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Figure 5.23: Characterization of macrophage phenotype following implantation of 
hydroxyapatite functionalized scaffolds into a rat femoral defect model. HA or nanoHA 
functionalised scaffolds were implanted into a 5mm rat femoral defect, or defect was 
left empty with no implant as a control. Tissue was harvested 1 week post implantation, 
digested and macrophage populations at defect site were analysed by flow cytometry. 
Macrophages were gated as F4/80+/CD11b+ and their phenotype assessed by surface 
marker expression. (A) Percentages of macrophages expressing CCR2, CD86, CX3CR1 
and MHCII. (B) Mean Fluorescence intensity (MFI) for CCR2, CD86, CX3CR1 and MHCII 
(C) with representative histograms of each marker. Statistical differences on n=5 rats 
were assessed using Kruskal Wallis test with Dunn’s post-test (*p<0.05, **p<0.01).  
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Figure 5.24: Nanoparticle functionalized scaffolds promote early vessel formation 
following implantation into a rat femoral defect model. (A) Representative images of 
low magnification H & E stained tissue at the defect site 1 week post implantation. 
Images taken at 2 x (upper panel, scale-bar 1 mm) and 10 x (lower panel, scale-bar 200 
µm). Arrows indicate the presence of vessel like structures. High magnification of H & E 
stained samples showing fibrous encapsulation (i) and multinucleated cell formation (ii) 
(B) Representative images of vessel formation 1 week post-implantation. Von Willibrand 
factor (vWF) shown in red, α-SMA in shown in green and DAPI in blue. Scale bar = 50 
µm.  
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Figure 5.25: NanoHA, but not micron HA functionalized scaffolds, support bone tissue 
repair following implantation into a rat femoral defect model. (A) Reconstructed in 
vivo µCT analysis of bone formation at the defect site at 4 weeks. (B) Graphs represent 
quantification of total bone volume (mm3) and (C) average bone density (mg HA/cm3) at 
the defect site. (D) Reconstructed in vivo µCT analysis of bone formation at the defect 
site at 8 weeks. (E) Graphs represent quantification of total bone volume (mm3) and (F) 
average bone density (mg HA/cm3) at the defect site.  Statistical differences (n=7 rats) 
were assessed using Kruskal Wallis test with Dunn’s post-test (*p<0.05).  
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5.4 Discussion 
 
It has now become increasingly apparent that engineering a pro-regenerative immune 

response following scaffold implantation is integral to downstream functional tissue 

regeneration. Despite the progress being made in designing biomaterials for bone 

regeneration, development of the ‘ideal implant’ has been hampered by the lack of 

detailed understanding of the immune response and, more specifically, the macrophage 

phenotype induced by various materials. The immune response to implanted 

biomaterials is determined by multiple factors, including biophysical cues such as 

material stiffness, topography and particle size. One such bioactive material that is 

commonly used in bone tissue engineering strategies is hydroxyapatite (HA) due to its 

similarity to natural bone and its osteoinductive properties. The results presented in this 

chapter demonstrate that nanoHA particle treated macrophages enhance mesenchymal 

stem cell (MSC) osteogenesis in vitro and this occurs in an IL-10 dependent manner, 

demonstrating a direct pro-osteogenic role for this cytokine. Characterization of the 

immune profile following incorporation of functionalized scaffolds into a rat femoral 

defect model revealed that micron-sized hydroxyapatite functionalized scaffolds elicited 

pro-inflammatory responses characterized by infiltrating T cells and elevated expression 

of M1 macrophages markers compared to nanoHA functionalized scaffolds which 

promoted M2 macrophage polarization. Furthermore, a higher concentration of 

circulating IL-10 was observed in rats implanted with nanoHA functionalized scaffolds. 

Moreover, rats implanted with nanoHA functionalized scaffolds exhibited enhanced 

vascularisation and bone volume compared to rats implanted with micron HA 

functionalized scaffolds. Taken together these results demonstrate that nano-sized 

hydroxyapatite has immunomodulatory potential and is capable of directing anti-

inflammatory innate immune-mediated responses that are associated with tissue repair 

and regeneration. 

 

There is now substantial evidence indicating that immune cells interact with the skeletal 

system and play a temporal role in post injury healing responses (365, 366, 378). 

Inflammation peaks at 24 hours post bone injury and is characterized by the expression 



203 

of pro-inflammatory cytokines and factors that contribute to early angiogenesis. This is 

followed by a renewal phase 7-10 days after injury, where bone forms via 

intramembranous ossification (378–380). Pro-inflammatory mediators are absent 

during the renewal phase, which is driven by factors influencing endochondral bone 

formation, such as TGF-β1-3 and bone morphogenetic proteins (378, 381). An imbalance 

in immune-mediated responses during early fracture healing is hypothesized to disturb 

the regeneration cascade leading to suboptimal bone healing, hence, the incorporation 

of bioactive cues into ECM scaffolds that are capable of polarizing immune responses 

has been hailed as a potential strategy to enhance constructive bone remodelling. In 

chapter 4, it was demonstrated that nanoHA particles preferentially polarize human 

macrophages towards an M2 phenotype and specifically enhance production of the anti-

inflammatory cytokine, IL-10. In this chapter, these findings were further expanded and 

the data herein demonstrates that the secretome from nanoHA treated macrophages 

enhances MSC osteogenesis in an IL-10 dependent manner, demonstrating a direct pro-

osteogenic role for this cytokine. IL-10 has previously been reported to promote 

chondrogenic differentiation and chondrocyte proliferation via the BMP pathway and 

can induce cartilage specific proteins such as collagen II and aggrecan (382, 383). The 

same study also demonstrated that IL-10 deficient mice developed smaller skulls, had 

less mineralised bone matrix and exhibit a reduction in the proliferation zone of 

embryonic growth plates (382). The work in this chapter further supports the concept 

that IL-10 may have a role in osteogenesis as the secretome of nanoHA-treated 

macrophages was found to enhance expression of the osteogenic genes, BMP2 and ALP 

in human MSCs, in addition to enhancing downstream mineralisation. In support of this, 

blockade of IL-10 reduced subsequent calcification and mineralization, further 

establishing a direct role for IL-10 in osteogenic differentiation. Increased expression of 

BMP2, ALP and OPN was also observed in the presence of recombinant IL-10, and while 

IL-10 was capable of driving OPN expression in MSCs, the same was not observed for 

nanoHA particles. While the work in this chapter offers compelling evidence of 

functional involvement of M2 macrophages, and for the first time a novel osteogenic 

role for IL-10 at least in an in vitro setting, an in-depth proteomic analysis is required to 

provide further information regarding the composition of the nanoHA-macrophage 
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secretome as there are likely a number of factors, in addition to IL-10, that are 

contributing to the observed outputs.  

Interestingly, the enhanced TNFα and IL-1β observed with micron sized HA particle 

treatment, resulted in minimal downstream mineralisation of human MSCs. TNFα is 

normally expressed early during fracture healing, peaking at 24 hours after bone injury 

and while IL-1β acts through a distinct molecular signalling pathway, its expression 

pattern after bone fracture overlaps with that of TNFα; peaking immediately after injury 

and is undetectable after 72 hours (378, 379). This suggests that while these cytokines 

may have a role in the initial healing phase, they may be detrimental at the later tissue 

healing and remodelling phase. Indeed more efficient bone repair of calvarial defects 

was observed in IL-1R1 KO mice, while direct supplementation of media with 

recombinant human IL-1β in vitro inhibited MSC proliferation and differentiation into 

osteoblasts (366). Conflicting data still remains as to the role of TNFa in osteogenesis. 

While Hess et al demonstrated that TNFα can promote osteogenic differentiation of 

human MSCs,  Lacey et al reported that TNFα has an inhibitory effect on osteogenesis 

in rodent MSCs (365, 367). Although work in this chapter demonstrated enhanced TNFα 

upon stimulation with micron sized particles, significant levels of IL-1b were also 

observed. Given the recent inhibitory role attributed to IL-1β in human MSC 

osteogenesis proposed by Martino et al, it is plausible that this cytokine, in combination 

with TNFα, are not conducive to osteogenesis and it is therefore not surprising that 

conditioned media from HA treated macrophages had no effect on MSC osteogenesis. 

 

In addition to osteogenic differentiation of MSCs, migration of these cells to the site of 

implantation is an important aspect of the healing response in order to sustain tissue 

regeneration, however the chemotactic signals that guide MSCs to the implant site have 

not been extensively studied. Conditioned media from nanoHA treated macrophages 

significantly enhanced MSC migration. However further studies to characterise the 

growth factors and cytokines secreted by nanoHA stimulated macrophages are needed 

to ascertain what chemotactic factors may be responsible for this induction of MSC 

migration.   
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Treatment of macrophages with nanoHA particles upregulated the expression of VEGF 

and Ang1, which are known to contribute to vascularisation, and blood vessel 

maturation and stability, respectively (384, 385). Furthermore, conditioned media from 

nanoHA-treated macrophages significantly enhanced angiogenic processes in the 

HUVEC endothelial cell line. This data represents a very interesting finding in the context 

of functional bone tissue engineering, as a key requirement of the bone repair process, 

is adequate vascularisation. Loading of VEGF onto scaffolds is a strategy that has been 

used to improve vascularisation and has been shown to promote infiltration and 

proliferation of endothelial cells into engineered scaffolds (386). However, the data 

presented in this chapter demonstrates inherent pro-angiogenic properties of nanoHA 

particles, which may obviate the need to exogenously load in growth factors such as 

VEGF. The enhanced osteogenesis and migration of MSCs, and the pro-angiogenic 

responses in macrophages and endothelial cells, suggest that nanoHA particles elicit a 

more favourable immune response that may be more conducive to pro-regenerative 

responses, at least in an in vitro setting.  

 

Bone is composite material, consisting of a mineral phase (HA) and an organic phase. 

The organic phase consists primarily of collagen type I and II, and provides flexibility to 

the tissue, therefore, in order to recapitulate a bone-like scaffold for implantation, a 

collagen-HA composite scaffold was fabricated.  Collagen-nanoHA composite scaffolds 

have been used recently for in vivo bone regeneration applications and clinical 

applications (361, 370). In line with previous findings, the data presented here 

demonstrates that ECM materials derived from different  musculoskeletal tissue sources 

differentially influence macrophage phenotype and cytokine profile and therefore the 

source of ECM tissue is an important factor to consider in the design of scaffolds (206). 

Fabrication of AC derived ECM scaffolds functionalised with either HA or nanoHA 

particles displayed comparable mechanical properties. This is important as mechanical 

cues such as scaffold stiffness has been shown recently to alter macrophage phenotype 

(387). Furthermore, pore size and porosity were similar in both scaffold groups with an 

average size of 50 µm. This is in line with previous studies reporting that a pore size of 

between 20µm-200µm allows for optimal attachment to accommodate cellular 

infiltration (388). Importantly HA particles remained within the construct after the 
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freeze-drying process, and therefore can be used as a 3D construct for further in vivo 

studies of bone regeneration.   

 

In vivo characterisation of the immune response to particle-functionalised scaffolds 

using a rat femoral defect model revealed immune profiles similar to that of the in vitro 

study. Interestingly, analysis of cell subsets in micron HA scaffold groups revealed no 

discernible difference in the numbers of B cells, however significantly higher numbers 

of neutrophils and T cells were observed at the defect site. Chemokines such as CXCL9 

and CXCL10, which were found to be enhanced in macrophages stimulated with micron 

HA particles, are known to be involved in the recruitment of T cells. Therefore, the 

enhanced T cell infiltration observed in the micron HA group may be attributed to 

micron particle-induced chemokine expression. Furthermore, macrophages present at 

the defect site expressed high levels of the surface markers, CCR2 and CD86, indicative 

of an M1-like profile. In contrast, implantation of nanoHA functionalized ECM scaffolds 

into critically sized bone defects resulted in an anti-inflammatory profile with 

upregulation of circulating IL-10, alongside higher numbers of anti-inflammatory 

CX3CR1+ macrophages. This translates our earlier in vitro findings of IL-10 induction and 

M2 macrophage polarization by nanoHA particles to a more pertinent in vivo setting. 

 

Of note, as well as being associated with a more pro-resolution and anti-inflammatory 

profile, CX3CR1+ cells have also been shown to play an important role in 

neovascularization and the promotion of angiogenesis (389). There is an intimate link 

between bone regeneration, angiogenesis and inflammation,  and impaired 

angiogenesis has been reported with prolonged administration of inflammatory 

cytokines in several in vivo models (374, 375). In line with this, implantation of micron 

HA functionalised scaffolds into the defect site did not promote new vessel formation. 

In contrast, nanoHA functionalised scaffolds appeared to promote the formation of 

vessel-like structures expressing vWF and aSMA, indicating the presence of vascular 

endothelial cells and mature vessels. MSCs can behave as pericyte-like cells and stabilise 

new vessel formation by endothelial cells (390). Given the enhanced MSC migration and 

pro-angiogenic response in endothelial cells observed in nanoHA conditioned media, it 

is tempting to speculate that this M2-like secretome may not only enhance angiogenic 
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endothelial cell responses, but also promote the recruitment of host MSCs that stabilise 

newly forming vessels. Subcutaneous injection of M2 macrophage-laden matrigels into 

C57/BL/6 mice has been shown to increase CD31+ endothelial cell numbers after 14 

days, while higher numbers of M2 macrophages, which expressed high levels of potent 

pro-angiogenic stimulators, correlated with enhanced biomaterial vascularization (376, 

377). Furthermore, it has previously been reported that higher numbers of M2 

macrophages enhance angiogenic responses, with enhanced endothelial cell numbers 

and anastomosis of blood vessels in vivo (376, 377). Angiopoietin 2 (Ang2) is mainly 

involved in vessel formation, and Ang 1, involved in recruitment of pericyte to the vessel 

for stability and preventing endothelial cell apoptosis (391) while also promoting 

migration of MSCs (363). While further work is required to identify the factors 

specifically promoting the observed pro-angiogenic responses in this study, the 

enhanced Ang1 expression in nanoHA treated macrophages observed in vitro suggests 

that Ang1 secretion by macrophages may promote early vessel formation. Furthermore, 

CX3CR1+ cells have been shown to play an important role in neovascularization and the 

promotion of angiogenesis in a model of hind-limb ischemia (389), suggesting that the 

nanoHA-induced CX3CR1+ cell subset may well may be directly influencing 

vascularization in our femoral defect model. While further in vivo study is required to 

assess blood vessel formation and vascularization, this data further supports the pro-

angiogenic potential of the nanoHA particles. 

 

Given the inflammatory profile of the micron HA-functionalized scaffolds and the 

apparent lack of  tissue vascularization, which is a crucial component of functional bone 

regeneration (374), it was not surprising that these early responses coincided with a lack 

of bone regeneration. Defect bridging was absent at 4 and 8 weeks post-implantation 

and there appeared be an appreciable decrease in bone density. This complements 

earlier in vivo work suggesting that while the presence of inflammatory signals early on 

in fracture healing may be beneficial (356), prolonged administration can hamper 

healing (374, 375). Furthermore, this is in line with recent  reports demonstrating that 

RAG knockout mice, which lack a functional adaptive immune system and therefore T 

cell responses, exhibit accelerated mineralisation and remodelling (211). While the role 

of individual adaptive cell subsets has not yet been established in the bone repair 
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process, this data, in tandem with recent studies, suggest that T cells may not be 

permissive to efficient bone regeneration. Further studies examining specific T cell 

subsets during the healing process is necessary to determine the exact role of adaptive 

cells in this regeneration process.  

 

In contrast, and in line with our in vitro findings, implantation of nanoHA functionalized 

ECM scaffolds in critical bone defects resulted in significantly more bone volume 

compared to both empty defect and HA functionalized scaffolds. While the extent of 

bone tissue repair overall was limited and full defect bridging was absent in the nanoHA 

scaffold group, even at 8 weeks, future studies will explore combining M2-polarizing 

nanoHA particles into-cell laden scaffolds to determine if this will synergistically enhance 

long-term matrix deposition, tissue repair and functional bone regeneration. 

Furthermore, mechanical reinforcement of the current scaffold design may enhance 

long-term tissue repair, as one potential limitation of the current ECM scaffold design 

may be the rate of degradation of the scaffold itself.  

 

In summary, current strategies being explored to enhance bone healing in vivo include 

incorporating anti-inflammatory cytokines such as IL-10 or IL-4 into scaffolds (392–394). 

However, the data presented here offers compelling evidence that nanoHA particles 

themselves are inherently anti-inflammatory and supportive of osteogenesis. Therefore, 

this positions this particle as a particularly attractive immune-modulatory biomaterial 

that may be incorporated into various 3D constructs and may avoid the need to 

exogenously load cytokines into constructs. A summary of the results generated in this 

study is provided in figure 5.26. 
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Figure 5.26: Model of nanoHA mediated bone regeneration 
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 Chapter 6: General Discussion 
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6.1 General Discussion 
 
OA is the most prevalent form of arthritis affecting nearly 10% of the population 

worldwide. In Ireland, it is estimated that nearly half a million individuals currently suffer 

from OA and this figure is set to rise as both life expectancy increases and the obesity 

epidemic worsens. It is estimated that 9.6% of men and 18% of women over the age of 

60 suffer from OA and this number rises to 80% of individuals by the age of 75 (395). 

This highly prevalent disease represents a significant economic and healthcare burden. 

 

Early stage OA can be classified as an osteochondral defect, characterised by damage to 

both articular cartilage and the underlying subchondral bone. Macrophage-driven 

inflammation propagates this damage via the secretion of cytokines such as TNFα and 

IL-1β.  These mediators are particularly detrimental to the joint as they can enhance 

expression of various cartilage degrading enzymes such as MMP-1, MMP-9 and MMP-

13, resulting in catabolism of cartilage within the joint (396). Furthermore, maintenance 

of healthy cartilage in the joint by aggrecan and collagen type II is inhibited by IL-1β (23, 

397) and underlying subchondral bone eventually becomes exposed. As the bone no 

longer has a protective covering that would normally prevent friction and provide 

lubrication, bone erosion ensues, and often the damage is so severe that individuals 

require a total joint arthroplasty. Wear debris generated from prosthetic implants over 

time has been reported to trigger inflammatory processes that lead to a complication 

known as periprosthetic osteolysis which results in degradation of the surrounding 

bone, loosening of the implant and therefore the need for revision surgery (128). 

Revision surgeries are associated with a drastically increased recovery time and, in the 

case of young implant recipients, the limited lifespan of the prosthesis means that 

individuals may have to undergo several surgeries during their lifetime.  

 

The lack of progression in the development of disease-modifying drugs for OA is largely 

due to a limited understanding of the initial triggers and molecular events involved in 

driving early cartilage destruction and subsequent inflammation associated with the 

disease. This is complicated by the fact that OA is initially asymptomatic and often 

progresses to a more severe state prior to the onset of symptoms, when prevention is 
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too late. While multiple factors are likely to contribute to disease pathogenesis, it is well 

established that particulates in the form of BCP crystals play a pathogenic role in OA (99, 

102). Chapter 3 of this thesis provided insight into the effects of BCP crystals on 

macrophage metabolism, and results suggest that a BCP-induced switch favouring 

glycolysis is linked to M1 macrophage polarization. While the field of 

immunometabolism is still in its infancy and much remains to be learned regarding the 

impact of metabolic reprogramming on disease pathogenesis, the data presented here 

supports the idea that it may be possible to modulate metabolic changes in polarized 

macrophages by specifically targeting key glycolytic enzymes. This study could also be 

extended to other DAMPs e.g. S100A8, in order to determine if DAMP-induced 

metabolic reprogramming represents a novel therapeutic avenue for the treatment of 

OA. 

 

In the case of end-stage OA, total joint replacements are required, however and as 

mentioned above, these surgeries are associated with complications, particularly as 

patient age increases. It has previously been demonstrated that periprosthetic tissues 

exhibit increased M1/M2 macrophage ratios compared to non-operated osteoarthritic 

synovial tissues and that PMMA bone cement particles can enhance the expression of 

the M1 macrophage marker, iNOS (140). The findings presented in Chapter 4 

demonstrate that both HA and PMMA particles enhance M1 marker expression and 

induce a more activated macrophage state, while decreasing the expression of M2 

markers. Consistent with reports on atherosclerosis-associated cholesterol crystals and 

OA-associated BCP crystals, this study demonstrates that HA and PMMA particles induce 

the production of IL-1β by human macrophages in an NLRP3-dependent manner, as 

evidenced by decreased IL-1β cytokine production in the presence of the novel small 

molecule inhibitor of NLRP3, MCC950. This compound has been reported to have 

therapeutic potential for the treatment of inflammatory diseases such as Multiple 

Sclerosis and Muckle-Wells Syndrome (398) and, while further in vivo study is required, 

it may also have potential use in biomedical engineering. 

 

Previous work in the Dunne laboratory has demonstrated that cholesterol and BCP 

crystals induce IL-1β and MMP production via MATS, which involves direct binding of 
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particulates to the cell membrane resulting in lipid raft formation and aggregation of 

(ITAM)-containing molecules which mediate the recruitment and activation of Syk (247). 

Results from this study demonstrate that both HA and PMMA particles are also capable 

of inducing the phosphorylation of Syk in macrophages and that inhibition of Syk 

reduces the secretion of IL-1β, IL-6 and TNFα. Furthermore, depletion of cholesterol 

from the cell membrane abrogated HA and PMMA particle induced cytokine secretion. 

Interestingly this is not the case for particle induced IL-8 suggesting that this cytokine is 

regulated in a distinct manner. Future studies, using for example atomic force 

microscopy, are warranted to fully confirm that these particles are indeed exerting their 

effects through direct membrane binding. 

 

Activation of ERK MAP kinase is associated with increased cell proliferation, while active 

p38 MAP kinase plays a key role in cell differentiation. The results presented in Chapter 

4 also demonstrate that HA and PMMA particles induce the phosphorylation of both 

ERK and p38 in human macrophages, which may promote cell survival and activation at 

the prosthetic implant site. Similar to Syk inhibition, specific blockade of ERK and p38 

MAP kinases significantly reduced particle-induced IL-6 and TNFα production while also 

blocking particle mediated M1 gene expression. Future experiments will investigate the 

effect of Syk and MAP kinase inhibitors on particle induced inflammatory responses in 

synovial macrophages of patients with OA given that their immune profile would differ 

from that of healthy subjects and they are likely to exhibit high M1 to M2 ratios.  

 

Future approaches to lessen inflammation at the joint site and improve the lifespan of 

orthopaedic implants could also involve the coating of implants with Syk or MAP kinase 

small molecule inhibitors. Given that Syk appears to play a role at such an early stage of 

particle-induced signal transduction, inhibiting its activity may prevent the initiation of 

a range of detrimental downstream cellular responses including inflammatory cytokine 

secretion, MMP expression and osteoclast maturation. The Syk inhibitor, R788, used in 

this study is available as an orally administered drug which showed promising results in 

phase I and phase II clinical trials by AstraZeneca for the treatment of Rheumatoid 

Arthritis (RA) (339). Unfortunately, adverse side effects reported during the phase III 

trial led to termination. However, as the nature of OA, periprosthetic osteolysis and RA 
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differ in their immune response, R788 or a modification of the drug itself when 

administered locally may still prove effective as a therapy for osteolysis. Indeed, a 

number of pharmaceutical companies are currently pursuing alternative Syk inhibitors.  

 

Another key aspect of Chapter 4 was characterisation of the immune response to in-

house generated nano HA. Natural bone consists of nanometre scale HA on the outer 

surface of the bone, however micron sized HA is currently used for orthopaedic coatings. 

This may therefore result in poor integration of the implant with surrounding bone 

followed by dissolution of the coating and initiation of inflammatory responses. 

Nanometre or submicron surface structures imitate the geometry and arrangement of 

components of natural bone tissue, however, the host immune response to nanoHA 

particles still remains largely unknown (119, 189). Results demonstrated that, in contrast 

to larger HA particles, nanoHA particles preferentially polarize macrophages towards an 

M2 phenotype as evidenced by enhanced mRNA expression of MRC1 and CCL13, as well 

as increased expression of the M2 surface markers, CD206 and CD163. Furthermore, the 

M2 associated cytokine, IL-10, was significantly enhanced upon stimulation with 

nanoHA particles. Preliminary data generated in this study suggest that these responses 

may be coupled to metabolic changes in macrophages as micron sized HA particles were 

found to drive a metabolic switch favouring glycolysis while concomitantly dampening 

mitochondrial biogenesis. However, further research into the relationship between the 

metabolic and immunologic effects of biomaterial based particulates are required to 

confirm this hypothesis. These results have a number of important implications for both 

particle-induced immune responses and immunometabolism research and open up new 

possibilities in the search for biomaterials that can regulate the metabolic status, and 

therefore, immune phenotype of cells. Taken together this data suggests that nanoHA 

may be a more favourable bioceramic to use for orthopaedic implants when compared 

to micron sized HA particles, and the use of such material clinically may result in superior 

host integration as well as reduced periprosthetic inflammation. 

It is anticipated that in the future, strategies to repair and regenerate damaged tissue in 

situ will be developed (208). Current tissue engineering approaches typically involve 

fabrication of scaffolds functionalised with growth factors or bioactive cues that can 

direct functional tissue regeneration (399). In the case of bone tissue regeneration, 
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incorporation of nanoHA as a bioactive and osteoinductive cue is being widely explored 

and has shown some success in animal models (361), however there have been 

relatively few examples of successful bone tissue regeneration in humans using 

biomaterial scaffolds. One of the key factors identified in the failure of tissue engineered 

constructs and, similar to the failure of current orthopaedic implants, is insufficient 

integration with host tissue. This may be attributed to poor surface interaction of 

biomaterials with the host tissue as well as adverse immunological responses to certain 

types of biomaterials. As mentioned, it is now well accepted that an appropriate 

immune response, involving a temporal switch from a pro-inflammatory response 

(comprising M1 macrophages) to an anti-inflammatory response (comprising M2 

macrophages) is integral to successful tissue regeneration with increased numbers of 

M2 macrophages associated with more positive remodelling outcomes (206, 400). 

Biomaterial scaffolds are often designed to modulate the later stages of the healing 

processes, such as stem cell differentiation, with less focus placed on the early immune 

responses. However, it is becoming increasingly apparent that modulation of the 

immune response post-implantation may prove to be a beneficial strategy to maximize 

the regenerative capacity of progenitor cells and minimize the destructive effects of 

prolonged inflammation. In the case of bone fracture healing, the requirement of 

macrophages during the repair process has been demonstrated as depletion of 

macrophages leads to inferior fracture healing. Studies characterising macrophage 

phenotypes during the ossification phase revealed a predominantly M2 phenotype, with 

low numbers of M1 macrophages present by day 7. Furthermore, enhancement of an 

M2 phenotype using IL-4 and IL-13 significantly increased bone formation at 3 weeks 

(358). However, modulation of the immune responses in a critically sized defect, which 

has very little capacity for repair, has not yet been assessed. The data presented in 

Chapter 5 not only offers compelling evidence that nanoHA particle-mediated M2 

macrophage polarization enhances MSC osteogenesis in an IL-10 dependent manner in 

vitro, but also demonstrates that nanoHA particles are capable of directing anti-

inflammatory, wound repair immune responses that are associated with enhanced bone 

tissue repair and regeneration in vivo.  
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While this study focused specifically on modulating HA particle characteristics, 

modulation of various other parameters of scaffold design are being explored, including 

choice of crosslinker, substrate stiffness and 3D geometric cues (fibre orientation) (399). 

These parameters can therefore be tailored in order to promote a desired immune 

response in vivo. For example, carbodiimide and glutaraldehyde crosslinking is 

commonly used to tune the stiffness of biomimetic scaffolds in order to modulate stem 

cell differentiation in vitro, however the use of such chemical crosslinking during scaffold 

fabrication can have a profound influence on macrophage phenotype and disrupt host 

tissue remodelling in vivo. Crosslinking with Genipin has been shown to elicit a more 

favourable immune response, by driving a  predominantly M2 macrophage phenotype 

at the implant site (401). The most targeted method of controlling the immune response 

to biomaterial implantation is to release factors such as cytokines that overwhelm native 

signalling and direct macrophage polarization. This could be achieved by incorporating 

growth factors or small molecule drugs into controlled release systems (399). For 

example, binding of IL-4 to decellularised bone scaffolds has been used to promote 

vasculogenesis in vivo and control macrophage polarization in vitro (374).  Silk protein 

has been used to form biopolymer films that can release cytokines such as IFNγ and IL-

4. The solubility of the films can be altered to allow for short or longer-term release, and 

have been shown to effectively polarize macrophages into M1 or M2 phenotypes (402). 

More recently, silk-based 3D bioprinted hydrogels have been designed which allows for 

highly organized 3D constructs to be fabricated while also permitting a tunable delivery 

system for controlled cytokine release (403). Based on the data presented in this thesis 

is also possible that, by specifically tailoring HA particle characteristics, immune 

responses induced after biomaterial implantation may be modulated without the need 

for the delivery of exogenous cytokines or growth factors.   

 

In conclusion, this data presented herein highlights the crucial role of the innate immune 

response in modulating the regenerative capacity of stem cells and the importance of 

integrating control of the host immune microenvironment into regenerative medicine 

strategies. Continued work in this field will provide new insights into the pathogenesis 

of OA and has real potential for the development of specific treatments for this form of 

arthritis which will become steadily more prevalent as the aging population increases.  
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6.2 Future Directions 
 

• Having identified a novel pro-osteogenic role for the IL-10, we now propose to 

develop an IL-10 functionalised scaffold for bone tissue repair. Recombinant 

human IL-10 could therefore be conjugated to the current ECM scaffolds, or 

alternatively, to 3D bioprinted constructs, where degradation rate may be tuned 

to allow for controlled release of the cytokine.  

• Further work into the role of biomaterial-induced metabolic changes in 

macrophages will be conducted in order to determine if metabolic 

reprogramming is specific to hydroxyapatite or whether other biomaterial based 

nano/micron particles impact differentially on immune cell metabolism. 

Furthermore, the impact of specific metabolites (e.g. itaconate – an anti-

inflammatory metabolite) on stem cell differentiation will be explored. 

• Given the limited defect bridging in the femoral defect model, we hypothesise 

that one limitation of the current scaffold design was the mechanical strength 

and rapid degradation rate of the scaffold itself. In order to overcome the 

shortcomings of this current design, two approaches will be taken. In the first 

instance, the extent of crosslinking will be modified to create a more 

mechanically stable scaffold which may slow down the degradation rate. 

Alternatively, mechanical reinforcement of the scaffold may be performed by 3D 

printing a supporting structure in the scaffold (e.g. co-printing ECM into a 

polymer) which will potentially improve overall mechanical integrity.  

• Further analysis of the role of the adaptive immune response following scaffold 

implantation will be carried out given that this arm of the immune system also 

plays an integral role in the tissue healing response.   
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1. Flow Cytometry gating strategies 

 

 
 

 
Figure app.1.1: Flow cytometry gating strategy for antigen uptake assays. (A) To 
assess expression of the maturation markers CD40, CD80 and CD86 by macrophages, 
the macrophage population was first selected by FSC and SSC. Single cells were then 
gated on by FSC area and height. Viable cells were then selected on the basis of viability 
dye exclusion. Fully differentiated macrophages were selected for by co-expression of 
CD14 and CD11b. (B) To measure DQ -Ova uptake, the macrophage population was first 
selected on the basis of FSC and SSC in order to exclude debris and dying cells. Single 
cells were then selected based on FSC area and height. The DQ-Ova+ cell gate was then 
drawn using control cells which were not incubated with DQ-Ova. 
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Figure app.1.2. Gating strategy for immune cell populations. Cells generated by digest 
of the tissue were antibody stained and analysed by flow cytometry. Firstly, live/CD45+ 
immune cells were selected and basophils and eosinophils were gated on based on 
CD19/Siglec F expression. T cells were then selected for on the basis of their SSC area 
and CD3 expression. Total CD11b population was gated on and neutrophils were 
selected on their LY6G expression. Finally, CD11b/F4/80 double positive cells were 
selected as the macrophage population.  
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Figure app.1.3. Cell populations at defect site. Cells generated by digest of the tissue 
were antibody stained and analysed by flow cytometry. Representative dot plots of 
individual cell subsets for each implant group with average percentage for n=5 rats. 
Gating strategy in Figure app.1.2 
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2. Assesment of inhibitors and vehicle controls on pro-inflammatory macrophage 

profile 

 

 
Figure app.2. Effect of inhibitors and vehicle controls alone on macrophage pro-
inflammatory profile. Primary human macrophages (1 x 106 cells/ml) were stimulated 
with SB203580, PD98059 (both 20 µM) or ethanol (A, C & E) or Piceatannol (20 µM), 
R788 (25 µM) or DMSO (B, D, F) for 24 hours. mRNA levels of (A & B) CXCL9, (C & D) 
CXCL10 and (E & F) CXCL11 were analysed by real-time PCR. mRNA concentration was 
normalised to the housekeeping gene 18s ribosomal RNA. Gene expression, relative to 
untreated control cells, was determined using the 2-∆∆CT algorithm. Pooled data (n=2-3) 
is represented as mean ± SEM. Data was analysed using one-way ANOVA with Tukey 
post-test. 
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3. Assesment of endotoxin levels in partilce preparations 

 

 

 

 
 

 

Figure app.3. Analysis of endotoxin levels in micron and nanoHA preparations. Both 
micron and nano Hydroxyapatite particle preparations were shown to be endotoxin 

free, using the HEK-BlueTM hTLR4 assay system (Invivogen). The expression of SEAP, as 
measured by absorbance at 650nm, by particle treated macrophages was comparable 
to untreated control cells. As a positive control, cells were treated with LPS (10 ng/ml or 
100 ng/ml). Data (n=3) is represented as mean ± SEM was analysed using one-way 
ANOVA with Tukey post-test (****p<0.0001 vs untreated control). 
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4. Proteomic analysis of ECM tissue 

 

 

 
 

Figure app.4. Relative abundance of functional proteins in articular cartilage (AC), 
growth plate (GP) and ligament (LG) tissue. (A) Coomassie stained gel of solubilised AC, 
GP and LG. (B) Heat map pf solubilised AC, GP and LG. (C) Bioinformatics analysis and 
filtering through Matrisome Database |(DB).   
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5. Inflammatory profile of AC or GP ECM scaffolds in rat femoral defect 

 

 

 

 
 

 
Figure app.5. Characterization of immune cell subsets and phenotype following 
implantation of AC or GP ECM scaffolds into a rat femoral defect model. (A) Flow 
cytometric analysis of immune cell subsets within the defect site 1 week after 
implantation. (B) Analysis of macrophage population at defect site expressing CCR2, 
CD86, and CX3CR1. Statistical differences on n=5 rats were assessed using Kruskal Wallis 
test with Dunn’s post-test, *p<0.05, **p<0.01.  
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