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THE CHARACTERISATION OF MONOCYTE RESPONSES TO 

MEDIATORS RELEASED FROM OSTEOARTHRITIC AND 

PERIPROSTHETIC TISSUES 

ABSTRACT 

BACKGROUND: Aseptic loosening is the major cause of long-term failure of an 

arthroplasty. Pathophysiological periprosthetic osteolysis is driven by wear debris 

particles (WDP) accumulating in the surrounding joint tissues. Macrophages, 

professional phagocytic cells, internalise submicron WDP and upregulate production of 

inflammatory mediators, stimulating circulating monocytes to migrate into the inflamed 

joint tissues. These migrated monocytes/tissue macrophages fuse, forming foreign body 

giant cells (FBGC) and/or osteoclasts, instigating osteolysis at the bone-implant 

interface. However, the activation of monocytes while in circulation, subsequent 

migration and differentiation in response to WDP-induced inflammatory mediators are 

poorly understood. Thus, the alteration in functional surface receptors, gene expression 

and phagocytic commitments of monocytes needs evaluation. This study details how 

monocytes from three cohorts of orthopaedic patients respond to mediators derived 

from aseptic loosening periprosthetic synovium. 

METHODS: Two sets of patients were recruited for this study. First set; with cohorts of 

end stage OA (ES-OA, N=10), stable arthroplasty (N=10) and revision arthroplasty due 

to aseptic loosening (N=10), to isolate, characterise and test peripheral blood 

mononuclear cells (PBMNCs), from blood samples. A second set with two cohorts 

donated tissues debrided at surgery; Hip/Knee aseptic loosening revision synovium 

(N=13) and knee ES-OA synovium (N=25). These tissues were used for H&E staining 

and preparation of tissue conditioned media (TCM). Pooled revision synovial (RTCM) 

or ES-OA synovial (OACM) TCM was used for proteomic analysis and PBMNCs 

migration assays using a 3-µm pores transwell system. Serum free media (SFM) and 
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monocyte chemoattractant protein-1 (MCP-1) were used as spontaneous and specific 

chemokine directed migration controls, respectively. Migrated cells were assessed using 

light microscopy. Characterisation by FACs included monocyte markers (CD14 and 

CD16), surface receptors for chemotaxis (CCR2 and CX3CR1), inflammation 

(CXCR2), cell adhesion (ITGAM), FBGC/osteoclast precursor formation (DCSTAMP) 

and monocyte-platelet aggregation (GP1BA). Functional commitment analysis utilised 

gene expression profiles and 1-μm fluorescence latex beads (LB) phagocytosis assay 

before and after migration. Parametric and/or non-parametric statistical analyses were 

undertaken and results presented as mean ± standard deviation. 

RESULTS: FBGC were identified in sections of revision synovial tissues. Proteomic 

analysis revealed proteins related to FBGC formation, osteoclast activity, inflammation, 

cytokine secretion and phagocytosis in RTCM but not in OACM. The PBMNCs 

monocyte percentage count (72.74±8.69%, p=0.001), cell adhesion receptor      

(ITGAM, p=0.024), FBGC formation gene expression (IL13RA1, p=0.041) and LB 

uptake/cell (8±4, p=0.001) were significantly increased in arthroplasty patients when 

compared with ES-OA patients. The RTCM migrated cell count, CD14
+
/ classical 

CD14
++

CD16
-
 monocyte percentage count, cell adhesion receptor (ITGAM), 

inflammatory (TNF-α and IL-1β), survival (MAPK1), cell adhesion (C1qR1/CD93), 

FBGC formation (IL13RA1) genes expression and LB uptake/cell (7±5) were 

significantly increased (p<0.05) when compared with SFM.   

CONCLUSION: This study starts to unravel changes in monocytes in patients with an 

arthroplasty. Characteristic functional alterations in circulating monocytes, indicative of 

early commitment to the osteoclast lineage, could offer non-invasive, early warning of 

pathophysiological osteolysis or arthroplasty loosening. New targeted therapies could be 

developed to slow or prevent progression and reduce extensive revision surgery. 

Keywords: Osteoarthritis, aseptic loosening, osteolysis, synovium, monocyte 



iv 

PENCIRIAN TINDAK BALAS MONOSIT TERHADAP PERANTARA YANG 

DIKELUARKAN DARI OSTEOARTRITIK DAN PERIPROSTETIK TISU  

ABSTRAK 

LATAR BELAKANG: ‘Aseptic loosening’ adalah punca utama kegagalan jangka 

panjang artroplasti. Osteolisis periprostetik patofisiologi didorong oleh zarah-zarah aus 

yang terkumpul dalam sekitar sendi tisu. Makrofaj, sel-sel fagositik profesional, 

menginternalisasi zarah-zarah aus submicron dan meningkatkan pengeluaran perantara 

peradangan, merangsang monosits yang dalam darah untuk migrasi ke sendi tisu yang 

meradang. Monosit/makrofaj tisu ini bermigrasi, membentuk sel gergasi benda asing 

dan/atau osteoklas, yang menggalakkan osteolisis pada permukaan implan dan tulang. 

Walau bagaimanapun, pengaktifan monosit semasa dalam darah, migrasi dan 

diferensiasi seterusnya sebagai tindak balas zarah-zarah aus yang disebabkan perantara 

keradangan kurang difahami. Oleh itu, modulasi reseptor permukaan fungsian, ekspresi 

gen,dan komitmen fagositik monosit memerlukan penilaian. Maklumat kajian ini 

menimbulkan tindak balas monosits kepada perantara yang berasal dari tisu ‘Synovium’ 

periprostetik ‘aseptic loosening’. 

KAEDAH: Dua kumpulan pesakit direkrut untuk kajian ini. Satu kumpulan; tahap akhir 

OA (N=10), artroplasti yang stabil (N=10), dan artroplasti ‘revision’ kerana ‘Aseptic 

loosening’ (N=10), untuk mengasingkan, pencirian dan menguji sel mononuklear darah 

periferal (PBMNCs). Kumpulan kedua menderma tisu semasa pembedahan; 

pinggul/lutut ‘aseptic loosening revision synovium’ (N=13) dan tisu OA ‘synovium’ 

(N=25). ‘Aseptic loosening revision synovium’ dan OA ‘synovium’ digunakan untuk 

pewarnaan kromogenik dan penyediaan tisu media. Media ‘revision synovium’ (RTCM) 

atau OA ‘synovium’ (OACM) yang diselaraskan untuk penggunaan analisis proteomik 

dan ujian migrasi PBMNC menggunakan sistem ‘transwell’ 3-μm liang membran. 

Media bebas serum (SFM) dan monosit pengkemotarik protein-1 (MCP-1) digunakan 
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sebagai kawalan migrasi spontan and berarah ke spesifik chemokin. Sel-sel yang 

migrasi telah dinilai menggunakan mikroskop cahaya. Pencirian oleh sitometri aliran 

termasuk receptor monosit (CD14 dan CD16), reseptor permukaan untuk kemotaxis 

(CCR2 dan CX3CR1), keradangan (CXCR2), perekatan sel (ITGAM), pembentukan 

sel-sel gergasi benda asing (FBGC) / prekursor osteoklas (DCSTAMP) dan monosit-

platelet pengagregatan (GP1BA). Analisa komitmen fungsian menggunakan profil 

ekspresi gen dan 1-μm manik lateks flouresens (LB) assay fagositosis sebelum dan 

selepas migrasi. Analisis statistik parametrik dan/atau bukan patametrik telah dijalankan 

dan keputusan yang ditunjukkan sebagai purata ± sisihan piawai. 

KEPUTUSAN: Sel gergasi telah dikenalpasti dalam bahagian-bahagian tisu ‘revision 

synovium’. Analisis proteomic menunjukkan protein yang berkaitan dengan 

pembentukan sel gergasi, aktiviti osteoklas, keradangan, rembesan sitokin, dan 

fagositosis dalam RTCM tetapi tidak dalam OACM. Pengiraan peratusan monoksi 

PBMNC (72.74±8.69%, p=0.001), reseptor perekatan sel (ITGAM, p=0.024), ekspresi 

gen pembentukan sel gergasi (IL13RA1, p=0.041) dan LB pengambilan /sel            

(8±4, p=0.001) telah meningkat dengan ketara dalam pesakit artroplasti apabila 

dibandingkan dengan pesakit OA peringkat akhir. RTCM telah migrasi jumlah sel, 

CD14
+
/kiraan peratusan sel CD14

++
 CD16

-
 monosit, reseptor perekatan sel (ITGAM), 

radang (TNF-α dan IL-1β), survival (MAPK1), perekatan sel (C1qR1/CD93), 

pembentukan gen sel gergasi (IL13RA1) dan LB pengambilan/sel (7±5) meningkat 

dengan ketara (p<0.05) apabila dibandingkan dengan SFM. 

KESIMPULAN: Kajian ini mula menunjukkan perubahan dalam populasi monosit pada 

pesakit dengan artroplasti. Perubahan fungsian ciri dalam monosit darah, menunjukkan 

komitmen awal kepada diferensiasi osteoklas, boleh memberi amaran awal terhadap 

osteolisis patofisiologi atau artroplasti ‘loosening’. Terapi yang disasarkan baru boleh 
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dibangunkan untuk melambatkan atau mencegah perkembangan dan mengurangkan 

pembedahan ‘revision’. 

Keywords: Osteoartritis, ‘aseptic loosening’, osteolisis, ‘synovium’, monosit 
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response to local tissue mediators following chemotactic gradient, 6) Migrating 

monocyte characteristic is altered in local tissue, 7 - 9) Monocyte maturation into M2, 

FBGC and/or osteoclast  in response to WDP-induced inflammation is yet to be 

confirmed. (ANXA2: Annexin A2, ABL1: ABL Proto-Oncogene 1, CTSD: Cathepsin 

D, CSTB: Cystatin B, C3: Complement 2, C4: Complement 4, CFB: Complement factor 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Hip and knee arthroplasties, procedures to reconstruct or replace joints, are 

successful surgical interventions to overcome the problems associated with end-stage 

osteoarthritis (ES-OA) including pain, joint stiffness, inflammatory flares and joint 

dysfunction (Goodman et al. 2014). However, the components of the prosthesis, metal 

on ultra-high molecular weight polyethylene (UHMWPE) undergo wear and tear, 

during articulation, generating several hundreds of thousands of wear debris particles 

(WDP) within the joint spaces in every single gait cycle (Gibon et al. 2016). Moreover, 

the amount of WDP can be amplified by any third body wear including bone cement 

particulates within the articulation point (Cowie et al. 2016). The constant mobility of 

the joint and consequent hydraulic joint pressure forces the particulates into the joint 

tissue lining and periprosthetic bed, known as “the effective joint space” (Gallo et al. 

2013, Gibon et al. 2016).  

The entrapped WDP of various sizes (0.2-200 µm) and shapes (micro-spheroids, 

flakes and fibrils) are opsonised by albumin, Immunoglobulin-G (IgG) and complement 

proteins, the most abundant proteins in joint fluids and tissues (Elfick et al. 2004). This 

prompts local cells, resident phagocytic macrophages, to identify and respond to the 

WDP by either spontaneous phagocytosis or through contact with different cell 

membrane receptors including Toll-like receptors (TLRs), CD11b, CD14 and CD93 

(Xing et al. 2002, Tuan et al. 2008). As a result, activation of inflammatory cascades 

that release pro-inflammatory cytokines (TNF-α, IL-1β, IL-8 and IL-6), growth factors 

M-CSF and chemokines (MIP-1α and MCP-1) are orchestrated (Gibon et al. 2016). The 

paracrine effect of the pro-inflammatory mediators activates the endothelial lining of 

capillaries in periprosthetic tissue. This causes loss of its glycocalyx (a carbohydrate-

rich protective layer covering the luminal surface of the endothelium) and exposes 
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ICAM-1, ICAM-2 and VCAM-1 to their counterpart LFA-1, MAC-1 and VLA-1, 

respectively, on circulating monocytes (Ley et al. 2007). The initial interaction and 

binding of this cell type on the endothelial lining coordinate a sequence of activities of 

the monocytes including rolling, firm adhesion and transendothelial migration into 

inflamed periprosthetic tissue (Muller 2014).  

The recruitment of monocytes from the peripheral circulation maintains the ability of 

the macrophage population to the challenge of ever more WDP. As the joint continues 

to move, the generation of WDP is inevitable as its subsequent opsonisation and 

infiltration into the tissues where the pro-inflammatory reaction is initiated, continued or 

exacerbated. Particles measuring 0.1-1.0 m are most biologically active and 

phagocytosed by macrophages (Kandahari et al. 2016). When they are >10 μm, 

macrophages have been reported to fuse into foreign body giant cells (FBGC) in order 

to phagocytose them effectively (Cobelli et al. 2011). If the particles are 20 -100 μm, 

FBGC will form a fibrous granuloma with the association of fibroblasts (Nich et al. 

2013). The WDP cannot be degraded by endosomal enzymes, so they and the cells 

which surround them, accumulate locally (Kandahari et al. 2016). The presence of 

FBGC and fibrous granuloma are hallmarks of the resolution of an inflammatory 

process (Bitar and Parvizi 2015). However, the persistent production of new WDP 

causes ongoing repetitions or recurrences of the pro-inflammatory mediators within 

periprosthetic tissue. Thus, chronic inflammation develops, fostering recruitment of 

more monocytes.  

At some point in this complex situation, monocytes and/or local tissue macrophages 

are primed as osteoclast precursors (OCP) and undergo osteoclastogenesis with 

multinucleated osteoclasts being deposited at the bone-implant interface (Athanasou 

2016). This leads to a progressive local osteolysis and subsequent aseptic loosening of 
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arthroplasty implants. The biological pathway that modulates population of monocyte or 

macrophage differentiation into osteoclasts is governed by mediators resulting from 

WDP-induced inflammation and these have not been systematically explored to date. 

Furthermore, how this local chronic inflammation interacts with complex systemic 

metabolic and inflammatory activity, creating an aggregated exposure altering the 

monocyte surface receptors and transcriptomic repertoire is still far from clear (Zeller et 

al. 2010, Yang et al. 2014, Guilliams and van de Laar 2015). The result is that 

differentially primed circulating monocytes migrate into inflamed periprosthetic tissues. 

Some migrating monocytes remain as tissue macrophages containing phagocytosed 

WDP, some form multinucleated foreign body giant cells around large WDP, while 

others become osteoclasts that resorb bone and loosen the implant. 

Revision surgery to replace loosened implants is more demanding and less successful 

than the original primary surgery. As patient gets older, the bone is weakened and 

adjacent soft tissues becomes compromised by previous surgery. If a medical 

intervention were to be considered, the full range of monocyte biological drivers and 

responses needs to be interrogated within appropriate patient cohorts. 

The purpose of this study is to present a fundamental understanding of monocyte 

characteristics based on their surface receptors and functional commitments in stable 

primary and revision arthroplasty patients, in comparison to those of ES-OA patients. 

Furthermore, to explore the proteome derived from revision synovial tissues and its 

effect on monocyte migratory activity, surface receptors and functional commitments 

(Figure 1.1). 
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Figure 1.1: The outline of the research gaps of this study. (A) Protein profile of 

revision synovial tissue are not explored, (B) The characteristic of circulating 

monocytes from stable primary and revision arthroplasty patients in comparison 

to end stage-OA (ES-OA) patients is not elucidated and (C) The alteration in 

monocyte characteristic in response to mediators derived from revision synovial 

tissue in comparison to ES-OA synovial tissue is not delineated.   

1.2 Study rational 

1.2.1 Revision synovial tissue protein profile 

Monocyte activation, migration and functional commitments are determined by the 

inflammatory mediators from inflamed synovial tissues. In WDP-induced inflammation, 

the local periprosthetic synovial tissue derived mediators are the intrinsic factors that 

mediate stimulation of biological pathways, including those leading to either FBGC or 

osteoclast formation. Before investigating the effects of mediators, through alterations 

in monocyte characteristics, identifying the proteins that are implicated in and perhaps 

responsible for these alterations is essential. Various studies have reported the protein 

profiles of synovial fluid from aseptic loosening patients (Beraudi et al. 2009), however, 

It appears that this is the first study outlining the protein profile derived from revision 

synovial tissues obtained at surgery for aseptic loosening. Although the ideal 

comparator synovial tissue would be from stable primary arthroplasty patients, enabling 
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identification of proteins specific to progressive loosening, this approach is both very 

difficult practically and ethically. However, revision synovial tissue obtained during 

revision surgery provided the chance to understand those proteins that could be 

responsible for monocyte activation, migration and functional commitments. 

1.2.2 Role of monocytes in implant progressive loosening 

Clinically, patients are identified as having an asymptomatic stable arthroplasty 

based on routine assessments: pain, joint function tests and blood sample differential 

counts and inflammatory markers together with X-Ray evaluations. However, in some 

circumstances, periprosthetic radiolucency diameter less than 2 mm is observed without 

any alteration in other clinical assessments, indicating radiolucency driven in aseptic 

condition (DeLee and Charnley 1976). Vanrusselt et al. (2015) suggested that this 

phenomenon could be due to formation of fibrous tissue rather than bony ingrowth 

around the implant and thus different from localised osteolysis. As a rule of thumb, 

periprosthetic radiolucency >2 mm and/or progressively increasing lucency are signs of 

abnormality (Vanrusselt et al. 2015). Even now there is no standard clinical assessment 

to confirm the start of aseptic loosening due to WDP-induced inflammation in 

arthroplasty patients. Hence, circulating monocytes require evaluation. These cells are 

accessible, can become OCP and could indicate early activation and migration leading 

to osteoclast activity. Therefore, this study investigated the characteristics of circulating 

monocytes from arthroplasty patients, in order to evaluate changes indicative of 

monocyte activation and functional commitments prior to migration. 
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1.2.3 Monocyte characteristics: alterations in response to mediators from aseptic 

loosening revision synovial tissue     

When monocytes encounter inflammatory mediators from local tissues, they respond 

with transendothelial migration which is regulated by concentration gradients of those 

mediators (Deshmane et al. 2009). Various in vitro studies have been conducted to 

catalogue monocyte responses to WDP conditioned media derived from monocytes 

challenged with WDP (Matthews et al. 2000). Zhang et al. (2015) studied exogenous 

monocyte trafficking to revision periprosthetic xenografts implanted in a mouse model 

(Zhang et al. 2015). However, none of these studies reported the spontaneous effect of 

mediators from revision synovial tissue on the characteristics of monocytes under 

minimal experimental manipulation. In this study, as monocyte activation, migration 

and functional commitments were studied without an endothelial layer; alterations in 

characteristics were straightforward responses to the mediators from revision synovial 

tissue. These findings provide a preliminary data in support of further studies needed to 

understand the complex roles of monocyte in WDP-induced inflammation in 

arthroplasty synovial tissue and subsequent osteoclast lineage commitment.   
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1.3 Objective of the study 

To investigate whether alterations in surface receptors, gene expression, pathway 

regulation and phagocytic commitments of monocytes differ between end stage 

osteoarthritis and arthroplasty patients and in response to mediators derived from 

revision synovial tissue. 

1.4 Research Questions 

1. Are the proteins in pooled revision synovium tissue conditioned media (RTCM) 

different than those of pooled osteoarthritis synovium tissue conditioned media 

(OACM)? 

2. Are the monocyte characteristics of arthroplasty patients different from those of 

ES-OA patients?  

3. Is monocyte migration different in response to monocyte chemoattractant 

protein-1 (MCP-1), RTCM or OACM compared to serum free media (SFM) 

indicating a spontaneous migration? 

4. Are monocyte characteristics altered in response to RTCM or OACM? 
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1.5 Hypotheses 

Based on the research questions generated from study objectives, hypotheses were 

developed.  

Hypothesis 1: 

The proteome of revision synovial tissue - derived TCM is different from that derived 

from ES-OA synovium  

Hypothesis 2: 

The characteristics of circulating monocytes are different between patients with ES-

OA, stable primary arthroplasty for OA and revision arthroplasty for aseptic loosening 

in OA.  

Hypothesis 3: 

The characteristics of monocytes would be altered in response to mediators from 

revision synovial tissue.  
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1.6 Objectives of the study experiments  

1. To determine whether there are any differences in demographic, orthopaedic or 

clinical profiles between the study patients recruited from UK or Malaysia. 

2. To determine the effect on clinical haematology differential blood count, if 

differences in demographic, orthopaedic status or clinical profile are identified.  

3. To identify proteins in OACM and RTCM, the differential between OACM and 

RTCM and the protein-protein interaction networks and functional clusters of 

OACM and RTCM.  

4. To measure the S100A8/9 profile in OACM and RTCM. 

5. To determine the effect of comorbidities and/or clinical conditions of patients on 

monocyte characteristics. 

6. To estimate the WB or PBMNCs CD14
+
 monocyte percentage count in ES-OA, 

primary and revision arthroplasty patients. 

7. To measure surface receptors, gene expression profile and phagocytic potential of 

PBMNCs CD14
+
 or adherent monocytes in ES-OA, primary and revision 

arthroplasty patients. 

8. To determine the migration activity of monocytes in response to SFM, MCP-1, 

OACM and RTCM.  

9. To measure alterations in surface receptors, gene expression and phagocytic 

potential of migrating monocytes. 
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1.7 Novelty of study 

1.7.1 Discovering proteins in revision synovial tissue conditioned media 

Protein profiling of synovial fluid or selected gene expression/ELISA of revision 

synovial tissue of aseptic loosening patients has been explored (Gallo et al. 2010, Rao et 

al. 2012, Tomankova et al. 2014). However, this is the first study delineating the protein 

profile derived from revision synovial tissue.    

1.7.2 Determining the characteristics of monocytes in arthroplasty patients 

The expression of selected genes by monocytes from stable arthroplasty and aseptic 

loosening patients has been studied  (Markel et al. 2017). However, it has been found 

that this is the first study to explore the cell percentage count, surface receptors, gene 

expression profile and phagocytic potential of circulating monocytes in stable primary 

arthroplasty for OA and revision arthroplasty for aseptic loosening, in comparison with 

ES-OA patients. 

1.7.3 Alterations in monocyte characteristics in response to revision synovial 

tissue derived mediators   

Monocyte responses to selected inflammatory mediators including TNF-α, IL-1β and 

IL-8 have been studied (Issekutz and Issekutz 1993). However, it has been found that 

this is the first study that used a complex and perhaps more representative RTCM to 

investigate monocyte activation, migration and functional commitments. 
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CHAPTER 2: LITERTAURE REVIEW 

2.1 Osteoarthritis and the importance of arthroplasty 

Osteoarthritis (OA) is a degenerative joint disease and one of the major diseases 

causing disability worldwide. It is the 11
th

 highest contributor among 291 global 

burden of diseases with functional limitation and a reduced quality of life (Cross et 

al. 2014). This chronic disease, which is most prevalent among older adults (Figure 

2.1), can be identified through cardinal signs include pain, transient morning stiffness 

and crepitus on joint motion. OA can be classified either primary (idiopathic) or 

secondary (recognized factors, such as trauma, abnormal joints at birth and 

reconstructed joint structure) (Martel-Pelletier et al. 2016). Primary OA results from 

a combination of risk factors, predominantly increasing age and obesity. Other risk 

factors include amplified biomechanical loading of joints, knee malalignment, 

genetics and, as recently suggested, low grade systemic inflammation (Sellam and 

Berenbaum 2013, Martel-Pelletier et al. 2016). OA was conventionally referred as 

articular cartilage degeneration. However, this perception has been superseded and 

OA is now regarded as a disease involving the whole joint not only articular cartilage 

but also the ligaments, tendons, subchondral bone, meniscus and synovium (Figure 

2.2) (Loeser et al. 2012, Poole 2012, Berenbaum and Meng 2016). The severity of 

OA can be graded either based on outerbridge arthroscopic and/or international 

cartilage repair society (ICRS) grading systems  (van der Meijden et al. 2012). 

Although these two grading systems assess cartilage degeneration using two different 

perspectives, the cartilage can be classified as Grade 0: normal cartilage, Grade 1: 

nearly normal (superficial lesions), Grade 2: Abnormal (lesions extend <50% of 

cartilage depth), Grade 3: Severely abnormal (>50% of cartilage depth) and Grade 4: 

Severely abnormal (through the subchondral bone) (van der Meijden et al. 2012). 

Structural changes; loss of articular cartilage, subchondral bone changes and 
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osteophyte formation, can be assessed radiographically or with MRI (Spector and 

Cooper , Pelletier et al. 2013). There are several standard treatment options, physical 

rehabilitation, drug therapy or surgery, which have been outlined by Osteoarthritis 

Research Society International (OARSI) and the American Academy of Orthopaedic 

Surgeons (AAOS) for OA patients (Zhang et al. 2008, Jevsevar 2013). The physical 

rehabilitation is mainly introduced to patients at an early stage of OA to strengthen 

the muscles, which can delay the progression of OA. For clinical treatment using 

drugs, non-steroidal anti-inflammatory drugs (NSAIDs), acetaminophen, serotonin–

norepinephrine reuptake inhibitors (SNRIs), opioid analgesics and intra-articular 

injections are typical for pain relief in OA (Zhang et al. 2016). However, for end 

stage/advanced OA, which is grade 4 of outerbridge arthroscopic or ICRS 

histological grading, total joint replacement or arthroplasty is regarded as the best 

treatment option (Zhang et al. 2016). 
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Figure 2.1: Global knee OA prevalence projected by Global Burden of Disease. 

The graph illustrates the prevalence in knee OA among global population by age, 

sex, year and region. The global prevalence of radiographically confirmed 

symptomatic knee OA in 2010 was estimated to be 3.8% (95% UI 3.6% to 4.1%). 

It was higher in females (mean 4.8%; 95% UI 4.4% to 5.2%) than in males (mean 

2.8%; 95% UI 2.6% to 3.1%). There was no evidence of a change in age-

standardised prevalence between 1990 (mean 3.8%; 95% UI 3.6% to 4.0%) and 

2010 (mean 3.8%; 95% UI 3.6% to 4.1%) for either males or females. Prevalence 

in 2010 was highest in the Asia Pacific high-income region, followed by Oceania 

and North Africa/Middle East [Adapted from (Cross et al. 2014)]. Uncertainty 

interval (UI). 
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Figure 2.2: Diarthrodial joints in healthy donors and OA patients. (A) Diarthrodial 

joints join articular cartilage covered two adjacent bones and encapsulated in an 

articular capsule consisting of a fibrous layer and synovial membrane, (B) 

Schematic illustration of cross-section of the articular surface, (C) Histological 

structure of articular cartilage including tidemarks and subchondral region and 

(D) Histopathological cross-section of the articular surface to OA changes 

[Adapted from (Martel-Pelletier et al. 2016)]. 

2.1.1 Mechanisms in OA pathogenesis  

OA as a progressive joint failure involves an interaction between local tissue damage 

and the immune system. This ongoing interaction promotes a state of low-grade, chronic 

joint inflammation that leads an end stage OA. At early stage of OA progression, 

through a combination of sensitive imaging modalities and direct arthroscopic 

visualization, a presence of synovial inflammation (synovitis) was observed (Ayral et 

al. 2005). Studies using MRI imaging system, similar association between the presence 

of synovitis and OA progression was also reported (Roemer et al. 2011, Guermazi et al. 

2014). However, the reason for synovium inflammation in OA remains controversial. 

The most accepted hypothesis is that, the fragments from cartilage degradation are 
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deposited in the synovium (Sellam and Berenbaum 2010). Macrophage and 

synoviocytes, the synovium cells, treat these fragments as debris, phagocytosing them 

and producing inflammatory mediators which enter the synovial fluid (SF). These 

mediators activate chondrocytes located in the superficial region of cartilage leading to 

Matrix metalloproteinases (MMPs) and a disintegrin and metalloprotease with 

thrombospondin motifs (ADAMTSs) production and inevitable cartilage degradation 

(Figure 2.3) (Berenbaum 2013). The cartilage degeneration is perpetuated by worsening 

of synovial inflammation, although it shows relatively few symptoms and it is not 

always easy to detect clinically at an early stage.  However, the thickening of the 

synovial membrane and extensive SF effusion will become a clinical manifestation and 

hallmark for the end stage of OA (Krasnokutsky et al. 2008). 

 

Figure 2.3: Involvement of synovium in OA pathophysiology. Cartilage fragments 

that are released into the SF are deposited in synovium. Macrophage and 

fibroblast, the synovial cells, identify the cartilage degradation products as foreign 

bodies and initiate a phagocytosis process. The catabolic and pro-inflammatory 

mediators as a product of phagocytosis process aggravate the proteolytic enzyme 

secretion that responsible for cartilage breakdown, creating a positive feedback 

loop. The inflammatory response is further exacerbated by infiltration of activated 

synovial macrophages, T and B-cells. Conversely, anti-inflammatory cytokines are 

produced by cartilage to counteract this pro-inflammatory response. Besides 

cartilage inflammation, osteophytes formation is also initiated by bone 

morphogenetic proteins produced by activated synovium [Adapted from (Sellam 

and Berenbaum 2010)].      
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Studies in characterizing normal (Figure 2.4 A) and inflamed synovial membrane 

(Figure 2.4 B) at various stages of OA progression have found that the degree of 

leukocyte infiltration, amount of fibrin deposited and increased vascularity are 

positively correlated to OA severity (Loeuille et al. 2005). Unlike in rheumatoid 

arthritis (RA), synovial inflammation is a diffuse process, the OA synovium 

inflammation is patchy and confined to areas adjacent to sites of chondropathy (Ayral et 

al. 2005). Moreover, the histopathological changes in OA synovium can vary according 

to the area of the affected joint; in knee OA, for instance, fibrosis is more prominent in 

patellofemoral compartment than in the medial tibiofemoral compartment. This area 

consists of a greater number of infiltrated immune cells, vascularity, fragment 

deposition and synovial hyperplasia (Figure 2.4 B) (Shibakawa et al. 2003). Chronic 

low-grade synovial hyperplasia with a vast array of cytokines produced by infiltrated 

cells that will be identified in SF (Kalaitzoglou et al. 2017).  

 

Figure 2.4: The images demonstrate the H&E staining of synovial membrane. (A) 

Normal synovial membrane comprising a thin sub-intimal layer and (B) Abnormal 

synovial membrane of osteoarthritis joint with villous hyperplasia (arrowhead), 

fibrosis (asterisk), perivascular mononuclear cell infiltrates (squares) and 

capillaries (circle) [Adapted from (Martel-Pelletier et al. 2016)].     
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2.1.2 Joint arthroplasty for OA pathogenesis  

Total joint replacement (TJR) or joint arthroplasty surgery is widely considered as a 

gold standard for end stage chronic OA joint pain and functional disability            

(Figure 2.5 A) (Wylde et al. 2007). There is evidence from projection studies that the 

demand for total knee and hip arthroplasties will grow by 673% and 174%, respectively, 

by 2030 (Culliford et al. 2010). This surgery involves several steps including the 

removal of cartilage surfaces at the ends of the femur and tibia together with a small 

amount of underlying bone, positioning of metal components on the femur and tibia 

using bone cement and inserting spacer on the tibia plate to create a smooth gliding 

surface (Figure 2.5 B). As an outcome, this surgery can restore the neutral mechanical 

alignment, preserve the joint line, restore the coronal and sagittal balance, maintain 

patellar tracking and restore the post tibia slope (Tanzer and Makhdom 2016). The 

prostheses for this surgery are constructed of non-biological materials selected for their 

stability in the face of biological assault and heavy mechanical loading. There is a 

selection of materials such as cobalt-chromium, titanium, and ceramics to be articulated 

with a polymer surface, such as acrylic resins, polyurethanes, polypropylene, 

polymethylmethacrylate (PMMA) or ultra-high molecular weight polyethylene 

(UHMWPE). UHMWPE, is the primary choice as the acetabular liner in total hip 

arthroplasties, in the tibia insert and patellar component in the total knee arthroplasties 

(Navarro et al. 2008). Its unique properties of high abrasion resistance, low friction and 

high impact strength, excellent toughness and low density, ease of fabrication, bio-

compatibility and bio-stability make it an ideal candidate (Sutula et al. 1995). However, 

UHMWPE is prone to generate wear debris particles during articulation with metal 

component. These particles are opsonised with proteins from joint fluid and infiltrated 

into the tissue surrounding the implant, macrophages attempt to ingest and digest the 

foreign material. Polyethylene is, however, inert and it cannot be broken down. The 
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macrophages become activated and release pro-inflammatory mediators such as TNF-α 

and interleukins, IL-1β, IL-6 and IL-8. In a complex sequence of events osteoclasts are 

activated to resorb the bone at the bone-implant interface, leading to a poor implant 

fixation. Moreover, an imbalance in normal bone metabolism results in painful 

loosening of the prosthesis, which requires a revision surgery (Liu et al. 2015).  

However, this is major surgery of a damaged joint and associated complications are 

more likely. These complications include infection, technical placement, implant failure 

and aseptic loosening. As the implant is specifically designed to articulate, production 

of foreign body wear debris cannot be avoided during movement. 

 

Figure 2.5: Knee arthroplasty surgery. (A) ES-OA patient and (B) Primary 

arthroplasty surgery to replace the worn out cartilage with Metal and UHMWPE 

prostheses.  

2.1.3 Statistics of arthroplasty surgery 

The 14
th

 report from the UK National Joint Registry (NJR) documents a total of 

2,284,416 joint replacements procedure between April 2003 – March 2017 with 895,292 

and 980,286 procedures for hip and  knee, respectively (Powers-Freeling 2017). Of 

these figure, 97,569 hips and 60,818 knees were revised (Figure 2.6). According to 

Kaplan-Meier estimation, the primary arthroplasties have been predicted to steadily 

increase over years (Figure 2.7). While primary joint replacements are highly 
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successful, the risk of revision surgery due implant problems remains. The rate of 

revision for aseptic loosening, pain and adverse soft tissue reaction to the wear debris 

increases over time (Powers-Freeling 2017). 

 

Figure 2.6: Initial number of procedures for analysis reported in National Joint 

Registry. About 2,284,416 procedures were performed till 2017. Among these 

procedures done, 895,292 primary and 97,569 revision procedures were associated 

with hip. Whereas, 980,286 primary and 60,818 revision procedures were 

performed related with knees. 

 

Figure 2.7: National Joint Registry 2017, Kaplan-Meier estimates of cumulative 

percentage probability of revision for each year of primary operation, (A) Hip and 

(B) Knee [Adapted from (Powers-Freeling 2017)].  
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2.2 Revision surgery 

The statistics of NJR reports for 2017 demonstrate that about 97,569 hips and 60,818 

knees of patients were revised due to the failure of prosthesis after the primary 

arthroplasty surgery for end stage OA. The failure of the prosthesis was primarily as a 

result of wear debris particles associated aseptic loosening of arthroplasty implant, 

which accounts for 25 % of total revision surgery, and other complications such as pain 

(20%), dislocation (14%), infection (12%), periprosthetic fracture (9%), malalignment 

(7%), implant fracture (2%), head/socket size mismatch (1%) and other indication 

(10%) (Powers-Freeling 2017).  

2.2.1 Pathophysiology of aseptic loosening 

Aseptic loosening of joint prosthesis is a detrimental condition that usually affects 

patients between 10 and 20 years after primary TJR surgery (Figure 2.8). However, a 

revision surgery involves multiple risks that are greater than a primary TJR. The 

chances of a subsequent implant failure are greater after the revision surgery as the re-

operated joint is older, more damaged and more susceptible to dislocation, infection and 

venous thromboembolism. Improvements in quality of life after revision surgery are 

reduced in comparison to after a primary TJR (Ong et al. 2010). The survival rate of the 

prosthesis is governed by multiple factors such as mechanical loosening, component 

malposition and malalignment and instability (Higuera and Parvizi 2015). These 

problems augment the number of wear particles released during metal on polyethylene 

articulation. Moreover, an active life especially for young patients with a joint 

prosthesis will contribute to more wear debris production compared to older patients. 

The wear debris will be phagocytosed by tissue resident and migratory macrophages. 

This will progress to particle disease, identified pathologically by progressive growth of 

granulomatous tissue around the implant. Accumulating phagocytosed wear debris 

prompts development of osteoclasts at the bone-implant interface, an impairment of 
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osteoblast function, mechanical stresses, and increase production of joint fluid 

contributing to bone resorption and subsequent loosening of the implant (Gallo et al. 

2013). It has been reported that 30% of primary TJR failure is caused by osteolysis, the 

rate being modified by many factors including the type of implant (cementless vs. 

cemented), polyethylene type, patient age, gender, body mass index and activity level 

(Beck et al. 2012, Gallo et al. 2014, Higuera and Parvizi 2015). 

 

Figure 2.8: Aseptic loosening of left hip with failed acetabular component due to 

UHMWPE wear debris. (A) Pre-operative radiograph image shows bone 

destruction (osteolysis) in the acetabulum and greater trochanter of the femur 

(arrows) and (B) Post-operative radiograph image shows revision of the acetabular 

cup and modular femoral head exchange [Adapted from (Pajarinen et al. 2014)]. 

2.2.2 Wear Debris and opsonisation  

Joint implants for TJR are designed to mimic the function of the natural joint. These 

implants, which are constructed using non-biological materials, are expected to sustain 

the demand of surrounding joint tissue on mechanical and chemical challenges. These 

will ensure the functional success and stability of the joint balancing friction and 

lubrication (Kandahari et al. 2016).  However, over time mechanical articulation leads 
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to implant abrasion, adhesion or fatigue. As a consequence, wear debris consist of metal 

and UHMWPE is generated and deposited in periprosthetic and surrounding joint 

capsules (Yadav and Kumar 2014).  Moreover, an active articulating motion and third-

body debris at the bearing surfaces exaggerates the wear debris production (Goswami 

and Alhassan 2008). Using hip joint simulators, it has been estimated that the wear rate 

of the UHMWPE was approximately 48 mg/106 cycles, which is a linear wear rate of 

0.16 mm/year or many billions of wear debris (Trommer et al. 2015). UHMWPE is 

vulnerable to reach equilibrium between different properties including oxidation 

resistance, mechanical toughness, and wear resistance.  The wear rate was greatly 

reduced when balance between  these properties was achieved by crosslinking 

UHMWPE using irradiation (Muratoglu et al. 1999). However, poor oxidation 

resistance produced during cross-linking process directly affects the mechanical 

behaviour contributing to increased wear debris.  Therefore, incorporation of                   

α-tocopherol (or vitamin E) with UHMWPE found to be a solution to improve the 

oxidation resistance by preventing oxidation of the polymer while allowing for cross-

linking or sterilizing irradiation in the absence of a post-irradiation thermal stabilization 

(Gigante et al. 2015). Although, the evolution in implant technology is reducing wear 

debris production, the problem of wear debris induced implant loosening is yet to be 

solved. Therefore, efforts have been taken to understand the physicochemical and 

structural properties of wear debris, which lead to biological reaction and bone 

disruption. The variation in UHMWPE morphology and size is determined by the joint 

conformity and wear pattern of the joints. Predominately, the particles are spherical with 

sporadic fibrillar and flakes with a mean size range between 0.1-18 µm (Figure 2.9) 

(Shanbhag et al. 2000, Nine et al. 2014). The articulation of metal on UHMWPE liner 

sheds wear particles into the joint fluid. While the joint motion moves the wear debris 

into the soft tissues lining of joint, they are opsonized with more than eighteen different 
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proteins such as Type I collagen, aggrecan proteoglycans, immunoglobulin, fibronectin 

and albumin (Zolotarevová et al. 2010, Zaveri et al. 2017). As the joint continues to be 

moved, wear debris continues to be shed, opsonized and infiltrated into the tissues. A 

subsequent biological reaction is initiated and an inflammatory reaction cascade 

activated, continued or exacerbated. 

 

Figure 2.9: The SEM micrographs of hydrochloric acid (HCl) treated UHMWPE 

particles from 5-10 x 10
6
 cycles loading of joints simulator, (A) Knee, (B) Hip, (C) 

Elbow and (D) Shoulder. The wear debris produces joint serums from simulator 

were donated by BIOMET (Warsaw, USA). The serum was digested using 

modified HCl  technique adopted from previous publication (Affatato et al. 2004). 

The SEM micrographs were captured from electron microscopy facility, 

University of Malaya. (Unpublished data) 

2.2.3 Phagocytosis 

The hydrostatic fluid pressure of joint motion pushes the wear debris to reach far into 

grooves defined effectively as joint space between implant and bone. The infiltrated 

wear debris subsequently elicits a cascade of biological reactions. On examining tissue 

samples from newly formed capsules surrounding joint prosthesis, Willert et al. (1977) 

observed a hostile biology reaction and small particles of prosthetic material. They 
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reported that the particles, of plastic, metal and acrylic cement, initiated a foreign-body 

reaction forming granulation tissue (Figure 2.10) (Willert and Semlitsch 1977).      

Cobelli et al. (2011) documented the formation of a synovial-like interface tissue 

‘pseudosynovium’ between cement and bone interface. The histological analysis of this 

tissue revealed cells infiltrated with wear debris. This finding was further supported 

through TEM analysis of periprosthetic tissue mononuclear cells infiltrated with 

various-sized UHMWPE wear debris (Figure 2.11) (Cobelli et al. 2011). They described 

the phagocytosis activity as a prompt immune system action initiating the production of 

pro-inflammatory mediators in local tissue when challenged with foreign bodies. As an 

example, IgG opsonized elliptical disks (major axis 14 μm and minor axis 3 μm) are 

engulfed in <6 mins (Champion and Mitragotri 2006). Different sizes of wear debris 

appear to activate the inflammatory cascade through a specific inflammasome complex. 

A frustrated phagocytosis phenomenon is initiated by larger particles between 20 and 

100 µm. These larger particles prompt a classical foreign body reaction through a 

spreading response progressing to fusion of macrophages into a multinucleated foreign 

body giant cell for particle internalisation (Figure 2.12).  
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Figure 2.10: Schematic diagram produced by Willert et al in 1977. After a primary 

arthroplasty surgery, a new capsule is developed in the wound cavity around the 

artificial joint substituting original capsule that usually be excised completely. The 

new capsule resembles a normal synovium; nevertheless, the architecture of the 

tissue is rather different in terms of intima and sub-intima layers, which usually 

presence in pristine synovium. These structural changes occur when regenerative 

processes are combined with responses to foreign bodies derived from prosthesis 

within the newly formed fibrous tissue. These foreign bodies consist of particles 

produced by wear either from articulation of metal and plastic liners of the joint 

or from the bone cement within the implant bed. The particles accumulate in the 

joint cavity and may mix with synovial fluid containing fibrin or necrotic cellular 

detritus. These opsonised particles infiltrate in the capsule either by direct 

phagocytosis or via a combination of fibrin and necrosis. The continuous 

production of foreign material leads to granulation tissue formation consisting of 

histiocytes or multinucleated giant cells [Adapted from (Willert and Semlitsch 

1977)]. 
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Figure 2.11: TEM micrographs of different UHMWPE wear debris (arrow) 

phagocytosed by infiltrating cells in the periprosthetic tissue (Mag x8000) 

[Adapted from (Cobelli et al. 2011)]. TEM: Transmission electron microscopy. 

 

Figure 2.12: H&E histology image. (A) Foreign body giant cells (FBGCs) found in 

periprosthetic tissue of revision arthroplasty patient and (B) FBGCs internalised 

>10 µm PE particles (Red arrow). (Images generously donated by Dr. Margaret M. 

Roebuck, University of Liverpool). FBGCs: Foreign body giant cells and PE: 

Polyethylene. 

2.2.4 Monocyte role in wear debris phagocytosis 

Macrophages are generally responsible for mediating non-specific foreign body 

reactions and chronic inflammation (Hallab and Jacobs 2009). The monocyte is one of 

the key systemic immune cells that response to this inflammation and migrates 

following the chemotactic gradient of inflammatory mediators. While differentiation 

into macrophage lineage is initiated, this cell has the potential to perform phagocytic 
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activity on wear debris particles supporting the phagocytic role of local macrophages 

(Goodman and Ma 2010). A study indicated that glass adherent monocytes managed to 

internalise PE particles <10 µm completely in 4 h of culture and altered their normal 

topography (Figure 2.13) (Boynton et al. 2000). Matthews et al. also observed enhanced 

osteolytic cytokine release such as IL-1β, IL-6, TNF-α, and GM-CSF and prostaglandin 

E(2) in human monocytes when treated with clinical relevant UHMWPE particles in the 

size range 0.21-7.2 μm , but not with larger particles of 88 μm (Matthews et al. 2000).     

 

Figure 2.13: SEM micrographs of human monocytes 4 h after exposure to PE 

particle. (A) Cell with normal surface topography adjacent to PE particle (arrow) 

and (B) Once the cell completely internalised PE particles [Adapted from (Boynton 

et al. 2000)]. (Magnification, X5000).   

Apart from phagocytosis activity, monocytes can interact with PE particles through 

their TLRs. Maitra et al. (2008) reported that polymeric alkane UHMWPE breakdown 

products with side chain oxidation directly bound and activated the TLR1/2 signalling 

pathway of monocytes (Maitra et al. 2008). They showed that phagocytosis of 

particulates in the larger micron- and nano-meter sized range induced enlargement, 

fusion and disruption of endosomal compartments, resulting in lysosomal damage and 

enzymatic leakage with release of cathepsins S and B, as well as caspase 1 activation 

and processing of pro-IL-1 and pro-IL-18 (Maitra et al. 2008). The TLR activation and 
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phagocytosis produces a sturdy inflammatory response associated with cell extracellular 

matrix degradation. Hao et al. (2010) reported that the monocytes treated with 

UHMWPE particles activated intracellular signalling cascade via TLR4, which elevated 

the expression of heat-shock proteins (Hao et al. 2010).  

2.2.5 Monocyte differentiation and osteolysis 

Osteoclasts are osteolytic cells critical to the maintenance of a healthy bone structure 

(James et al. 2010). Osteoclast precursor cells are produced by the bone marrow and 

they circulate among the monocyte population (Komano et al. 2006). The 

OPG/RANKL/RANK system in osteoclastogenesis has been delineated; osteoclast 

formation is driven primarily by M-CSF and RANKL while OPG is a soluble decoy 

receptor blocking RANKL binding to RANK (Chambers 2010). The ratio of 

RANKL:OPG is increased in postmenopausal women, contributing to osteoporosis. 

Production of osteolytic enzymes such as lysosomal proteases and acid phosphatases is 

not confined to osteoclasts but can be seen in some macrophages and dendritic cells. 

Furthermore, Von Willebrand Factor (vWF) that released from Weibel-Palade bodies in 

circulation during inflammation by the activated endothelial cells physically complexed 

to OPG resulting an increased in ratio between RANKL:OPG and modulates the 

differentiation decisions of migrating monocytes into osteoclast (Khosla 2001). In 

addition, some osteoporosis is inevitable in the elderly arthroplasty population (Mun et 

al. 2010). The arthroplasty loosening literature does not highlight osteoporosis as a risk 

factor for loosening, principally because the older, frailer patient puts less loading 

through their implant and have a lower rate of debris production. Thus the inflammatory 

drives towards osteolysis is distinct from that of osteoporosis (Dittmar and Zaenker 

2011). 
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2.3 Immune system 

A fundamental role of  the immune system is to protect the body from pathogen, 

bacteria, viruses and parasites that cause disease (Male et al. 2012). To provide a 

compressive protection, the immune system has evolved a powerful collection of 

defines mechanisms to recognise potential invaders who can devastate the host system. 

These mechanisms are robust to distinguish the host cells and beneficial flora that 

inhibits the gut, skin and other tissues. The immune responses during activation can be 

classified as innate and adaptive immunity (Arts et al. 2016). This classification is based 

on memory, how resilient the immune system is in recognising the foreign entity during 

initial and repeated presentation of same foreign material. For instance, the innate 

immunity leads when the invaders are new to the immune system. The adaptive immune 

system would be activated at repeated presentations (Wherry and Masopust 2016). 

2.3.1 Cells of the immune system  

The immune system involves a list of cells, the majority of which originates from 

haematopoietic stem cells in the foetal liver and postnatal bone marrow (Figure 2.14) 

(Male et al. 2012).  These cells present a heterogeneous morphology, characteristics of 

functional specificity during immune responses. For instance, phagocytosis, antigen 

presentation and secretion of specific antibodies are some of the functional 

commitments of these cells. In general, these cells can be categorised into contributing 

to either the innate immunity or adaptive immunity response. The cells of innate 

immunity have the potential to recognise the conserved patterns characteristic of a 

various foreign invaders or damaged tissue residues and serve as a first line of defence. 

These conserved patterns/molecules released in response to cell death and stress and are 

potent to trigger a sterile inflammation. These molecules often referred as endogenous 

danger signals or damage-associated molecular pattern molecules (DAMPs). Such 

molecules of DAMP include cytokine IL-1α, uric acid, cytoplasmic proteins 
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S100A8/A9 and DNA-binding and nuclear protein, HMGB1 (Newton and Dixit 2012). 

The adaptive immune system, which is equipped with large selection of specific antigen 

receptors, can recognise the foreign invaders from their novel surface molecules 

(Wherry and Masopust 2016). Pathogen associated molecular pattern molecules 

(PAMPs) are pathogen derived conserved pattern/molecules such as bacterial and viral 

nucleic acids, fungal β-glucan and α-mannan cell wall components and 

lipopolysaccharide (LPS) (Newton and Dixit 2012).  

 

Figure 2.14: The origin of immune cells that arise from the haematopoietic stem 

cell. PMNs and monocytes migrate from the circulation into the tissue. Mast cells 

are present in all tissues. B cells mature in the foetal liver and bone marrow, 

whereas T cells mature in the thymus. The NK cell is originated from bone 

marrow. Lymphocytes recirculate through secondary lymphoid tissues (lymph 

nodes and spleen). Interdigitating cells and dendritic cells act as antigen presenting 

cells (APCs) in secondary lymphoid tissues. Platelets (Cellular fragments produced 

by megakaryocytes) are released in the circulation [Adapted from (Male et al. 

2012)].  PMNs: Polymorphonuclear granulocyte, NK: Natural killer and         

APCs: Antigen presenting cells. 
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2.3.1.1 Cells of the innate immune system 

The phagocytic cells are the main component of the innate immune system. These 

cells, including monocytes (circulating blood cells), macrophages (monocyte derived 

tissue residents) and PMNs, basophils and eosinophils-circulating blood cells are mainly 

involved in defines systems against foreign invaders located in extracellular space. NK 

cells can attack foreign invaders, which have reached the intracellular space of the host 

cells. In addition, mast cells and platelets are mainly involved in inducing and 

maintaining inflammation cues such as allergic, anaphylactic and coagulation of red 

blood cells (Theoharides et al. 2012). 

2.3.1.2 Cells of the adaptive immune systems 

Specialised effector lymphocytes; T and B-cells, are mainly involved in adaptive 

immune responses of humoral and cellular immunity, respectively (Male et al. 2012).  

The primary lymphoid organs such as thymus, foetal liver and postnatal bone marrow 

are where T cells and B-cells develop, differentiating without antigen presentation. The 

differentiated lymphocytes migrate to secondary lymphoid organs such as spleen and 

lymph nodes (encapsulated organs) and mucosa-associated lymphoid tissue (non-

encapsulated) to undergo their final differentiation steps in the presence of specific 

antigens. Circulating lymphocytes; T and B cells, are equipped with a spectrum of 

highly specific receptors against antigen presented by specialised APCs (Steinman and 

Inaba 1988). APCs link the innate and adaptive immune systems (Figure 2.15). These 

immune cells, also classified as mononuclear phagocytes, internalise and process the 

antigens for T cell activation and cytokines production (Haniffa et al. 2015). They are 

found in almost all tissue area, including peripheral blood. 
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Figure 2.15: APCs in the immune system. The microbial antigens are ingested by 

the APCs and the antigen residues are presented to adaptive immune cells 

including T-cells through MHC-I. The activations of APCs also lead to release of 

cytokines which cause a paracrine effect to NK and B-cells [Adapted from (Male et 

al. 2012)]. Antigen-presenting cells (APCs), MHC-I: Major histocompatibility-I 

(MHC-I) and NK: Natural killer. 

2.3.2 Immunity and inflammation 

Inflammation is a component of a complex physiological response to variety of 

injuries or insults, including pathogens, heat, chemical agents or damaged cells (Newton 

and Dixit 2012). In general, inflammatory mediators at the sites of inflammation 

facilitate rapid immune cell mobilisation and recruitment and induce differentiation 

activity whereby these cells drive clearance of the  “inflammatory inducer” and promote 

resolution and restoration of tissue homeostasis (Vincenzo et al. 2015). However, 

persistent inflammatory mediators or alteration of the resolution phase can lead to 

chronic inflammation. This temporal dependent phenomenon distinguishes the first 

phase immune response, which involves the innate immune cell population (PMNs and 

monocytes/macrophages), later followed by the adaptive immune cell response, 

including T and B-lymphocytes (Chaplin 2010). 
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2.3.2.1 Acute inflammation 

The acute inflammatory response is defined as a sequence of tissue reaction that 

occurs within hours following tissue injury (Medzhitov 2008). This non-specific first 

line defines persists a few hours or days and then gradually resolves unless the foreign 

agents cannot be eliminated through phagocytosis. Platelet activation that leads to 

conversion of prothrombin to thrombin for platelets aggregation and cessation of 

haemorrhage (Ward 2010). PMNs are one of main immune cells together with 

monocytes that responded immediately to pattern recognition molecules released 

following tissue injury (Ingersoll et al. 2011, Antonelli and Kushner 2017). The 

triggering of these cells is preceded by a series of inter- and intra-cellular events, 

including activation of endothelial cells, reversible opening of endothelial cells tight 

junctions and transient interaction between PMNs and endothelial cells via cell adhesion 

molecules. These events are followed by PMNs emigrating beyond the vascular barrier 

into the damaged tissue. Acute inflammation has the potential to cause further injury to 

the tissue if it continues unchecked. However, the naturally occurring anti-inflammatory 

factors such IL-4, IL-10 and IL-12 in low concentrations are inducible and can inhibit 

NF-κB activation that causes increased pro-inflammation cytokine production 

(Dinarello 2010, Turner et al. 2014). 

2.3.2.2 Chronic inflammation 

Chronic inflammation is defined as a prolonged inflammatory response without 

healing or resolution. It involves a progressive modulation in the cells type in the region 

of inflammation. It is regulated primarily by lymphocytes, monocytes/macrophages and 

plasma cells in tissues where the inflammation is localised (Ward 2010). This 

inflammation mode is usually initiated by an acute inflammation developing from 

ongoing production of inflammatory mediators that lead to low-grade inflammation and 

asymptomatic responses (Markiewski and Lambris 2007). Unlike in acute 
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inflammation, this chronic inflammation can be identified through the presence of       

T-helper (Th2) cytokines, metabolic factors, advanced glycation end products (AGEs), 

modified lipoproteins or hyperglycemia (Kzhyshkowska et al. 2016). Moreover, this 

inflammation can cause tissue destruction and repair during the progress towards failing 

to achieve inflammatory resolution (Ortega-Gomez et al. 2013). 

2.3.2.3 Resolution of inflammation 

Resolution of inflammation involves a series of well-coordinated, active process, 

designed to restore tissue integrity and function (Ortega-Gomez et al. 2013). The 

prerequisite step in this process is proteolytic cleavage of chemokines abrogating further 

neutrophils influx (Ortega-Gomez et al. 2013). For example, the macrophage specific 

MMP-12 cleaves CXC chemokines in the ELR motif, therefore D6 and duffy antigen 

receptor for chemokines can sequester this pro-inflammatory chemokines 

(Krasnokutsky et al.). Moreover, CCX-CKR receptor can also scavenge chemokines 

such as CCL19, CCL21 and CCL25 that are involved in leukocytes trafficking for tissue 

homeostasis (Loeuille et al. 2005). On top of inhibiting leukocyte trafficking, the tissue 

macrophages, which have various roles and phenotypic plasticity, mediate anti-

inflammatory transcriptional activity by releasing IL-10 and TGF-β (Ritter et al. 2013). 

At the same time, these macrophages mainly identified as macrophage 2 (M2) types, 

generate lipid mediators including lipoxins, resolvins and protectins that enhance 

monocytes/macrophages phagocytosis of apoptotic bodies/tissue residues and attenuate 

TNF-mediated NF-κB activation (Shibakawa et al. 2003, Kalaitzoglou et al. 2017). The 

final stage of inflammatory resolution is the restoration of tissue functionality, which 

involves a complex mechanism with tight interplay between macrophages, stem and 

progenitors cells, together with stromal cells to avoid tissue fibrosis formation. This 

complex process is initiated with anti-inflammatory cytokines including IL-10, TGF-β 

and vascular endothelial growth factor (VEGF) from macrophages (Ritter et al. 2013). 
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These growth factors can promote cell proliferation, differentiation and synthesis of 

endogenous inhibitors of matrix metalloproteinases such as tissue inhibitors of 

metalloproteinases (TIMPs) that regulate extracellular matrix (ECM) remodelling 

(Furuzawa-Carballeda et al. 2008). This remodelling process is further enhanced by 

mesenchymal stem cells (MSCs) by bidirectional interaction with cells of the 

macrophage lineage (Berenbaum 2013). 

2.3.2.4 Complement cascade in inflammation 

The complement cascade plays a crucial role in an inflammatory reaction. The 

activation of complement is a prerequisite step in regulating this inflammation process 

(Markiewski and Lambris 2007). Complement’s components are present in soluble form 

in the circulation, other body fluids and tissues and are available to engage with foreign 

or endogenous stimuli which could cause cell injury (Janeway et al. 2005). The 

activation of complement can happen through pattern recognition receptors, which 

distinguish the self and non-self-antigen-antibody complexes via repeating DAMPs and 

PAMPs (Köhl 2006). Specific complement mediating receptors include mannose-

binding lectin (MBL), ficolins, C-reactive protein, C1q and natural IgM (IgM) 

(Markiewski and Lambris 2007, Kaye et al. 2017). Complement activation is initiated 

either through classical, lectin or alternative pathways (Figure 2.16). The classical 

activation pathway is mainly mediated through a humoral response involving antibodies 

and other molecules, such as serum amyloid or C-reactive protein as a result of an 

inflammatory reaction (Markiewski and Lambris 2007). The activation of the classical 

pathway is initiated with binding of C1q molecule to antigen-antibody complexes that 

induce a proteolytic cleavage of C1q to activate C2 and C4. The lectin pathway involves 

the binding of PAMP by lectin proteins, including Mannan-binding lectin (MBL) (Kaye 

et al. 2017). As a result, C3 convertase is generated. However, in the alternative 

pathway, a spontaneous hydrolysis of C3 producing C3(H2O) and binding of C3b to 
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hydroxyl groups on cells. This cascade of enzymatic process produces a C3(H2O)Bb 

complex deposited on cells which the activation cascade. The presence of C3 convertase 

causes cleavage of C3 into C3a and C3b that initiates the formation of C5 convertase. 

This enzyme cleaves C5 into C5a and C5b. The C3a, C4a and C5a, which are knowns 

as anaphylatoxins, are potent inflammatory mediators. The C5b involves in formation of 

C5b-9 terminal complement pathway, which is also known as membrane attack 

complex (MAC), on the target cells. This will lead to influx of sodium and calcium into 

the cells and ultimately cause cell death (Ricklin et al. 2010).  

 

Figure 2.16: The complement system. This system consists of classical pathway 

(CP), mannose-binding lectin (MBL) pathway and the alternative pathway (AP); 

all involves the cleavage of C3 and C5 and the formation of C5b-C9/ membrane 

attack complex (MAC) as a final product. C3 is cleavaged by C3 convertases, 

which include C3bBb of the CP and MBL pathways and C3bBb of the AP. C5 is 

cleavaged by C5 convertases, which include C4bC2bC3b of the CP and MBL 

pathways and C3bBbC3b of the AP. Activation of the complement system 

generates C4a, C3a, C3b and C5a fragments that are actively involved in immune 

responses. C3b opsonizes foreign antigens and apoptotic cells, promoting 

phagocytosis. C3a and C5a are anaphylatoxins that have multiple immune 

regulatory roles. The C5b-C9 may directly kill pathogens or cells by forming 

MAC. The sub-lytic C5b-9 can also promote inflammation [Adapted from (Xu and 

Chen 2016)]. C: Complement component.  
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2.3.3 Inflammation in OA synovium  

OA is commonly identified as non-inflammatory joint disease. However, synovial 

inflammation has been reported to be present during OA progression and recognised as 

one of the factors contributing to the development of OA (Ene et al. 2015). The exact 

cause of synovial inflammation remains unknown. However, studies reported that the 

release of intracellular alarmins including A100 family members and HMGB1 by 

synovial macrophages due to internalized cartilage fragments and bone detritus could be 

contributing factors (Liu-Bryan and Terkeltaub 2010) and they are implicated in 

ongoing infiltration and further activation of CD14
+
 synovial macrophages responsible 

for synovial inflammation (Bondeson et al. 2006, Scanzello and Goldring 2012). The 

inflamed synovium increases the secretion of inflammatory mediators such as IL-1β and 

TNF-α in SF and reduces the production of  IL-1 receptor antagonist (IL-1Rα), thus 

creating an imbalance in the ratio between these cytokines contributing to a positive 

feedback of pro-inflammatory cytokine production (Martel-Pelletier et al. 1999). 

Synovium also contains IL-6, IL-10, IL-8, IL-12, interferon gamma (IFN-γ), 

granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte chemotactic 

protein-1 (MCP-1), vascular cell adhesion molecule-1 (VCAM-1), intercellular 

adhesion cell molecule-1 (ICAM-1), MMP-1 and MMP-3 (Furuzawa-Carballeda et al. 

2008, Sellam and Berenbaum 2010, Scanzello and Goldring 2012). However, these are 

elevated in inflamed synovium and with synergistic effects on signalling pathways 

increasing inflammation and cartilage degradation (Mathiessen and Conaghan 2017). 

Synovial fluid (SF) proteomic profile of early and late-stage OA patients showed sixty-

six differentially expressed proteins in comparison with SF of healthy donors (Figure 

2.17). The source of these proteins was further confirmed using transcriptomic analysis 

of synovial tissue. There were 49 transcripts positively correlated with proteins from 

OA SF (Ritter et al. 2013).  
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Figure 2.17: Differentially expressed synovial fluid (SF) protein profile between 

patient with late-stage OA and healthy donors [Adapted from (Ritter et al. 2013)]. 

2.4 Pattern recognition receptors (PRRs)  

The initial immune response involves immune cells residing in tissue, including 

macrophages, fibroblast, mast cells and dendritic cells, as well as circulating leukocytes, 

such as monocytes and neutrophils (Newton and Dixit 2012). These cells can identify 

foreign invaders or cell damage with their intercellular or extracellular surface receptors 

including pattern recognition receptors (PRRs). These receptors can detect PAMPs such 

as microbial components or DAMPs released from injured cells (Schaefer 2014). 

Activated PRRs then form large multi-subunit complexes that trigger down-stream 

signalling cascade that leads to synthesis of inflammatory mediators for leucocytes 

recruitment to the affected area. 
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2.4.1 DAMP and PAMP in innate immune system 

DAMPs are endogenous intracellular molecules that are released during cell damage 

in sterile condition (Yang et al. 2017). These molecules which are also known as 

alarmins including the calcium binding cytoplasmic proteins S100A8 and S100A9, the 

DNA binding protein HMGB1, cytokines IL-1α, uric acid and ATP are DAMPs 

associated receptors activator (Bianchi 2007, Yang et al. 2017). These alarmins induce 

leukocyte activation and recruitment to the site of injury by binding with PRRs, 

including IL1R1, Suppression Of Tumorigenicity 2 (ST2), Toll-like receptors, receptors 

for advanced glycation end-products (RAGE) and Gαi protein-coupled receptors 

(GiPCRs) such as CCR2, CCR6, P2Ys (Figure 2.18). The alarmins-PRRs complex 

triggers a downstream cascade activating various transcription factors such as NF-κB 

and interferon-responsive factors (IRFs) that will eventually be relocated into nucleus. 

This relocation stimulates the transcription of pro-inflammatory mediators including 

pro-IL-18 and pro-IL-1β. When GiPCRs receptors bind alarmins, they activate 

phospholipase (PLCβ or PLCγ) that induces the underlying cascade process involving 

PI3K, the small GTPases (Rac and Rho), ERKs, AKTs, PKC and LIMP that promote 

chemotaxis of leukocyte (Yang et al. 2017). 
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Figure 2.18: Signalling pathways activated by Alrmins. These molecules are 

produced in response to danger (injury or infection) involve primarily pattern-

recognition receptors (PRRs) and Gαi protein-coupled receptors (GiPCRs) for 

stimulating leukocyte activation and recruitment, respectively. Majority of 

alarmins triggers Toll-like receptors, IL-1R1, ST2 or receptor for advanced 

glycation end products (RAGE) for the activation of various transcription factors 

(TFs) including NF-κB, IFN-responsive factors (IRFs) that, after nuclear 

relocation, promote the transcription of pro-inflammatory cytokines including 

pro-IL-1β and pro-IL-18. Several alarmins internalized as phagocytic vacuoles 

disrupt lysosome upon fusion, leading to the release of proteases such as cathepsin 

B to promote the oligomerization and assembly of NLRP3 inflammasome. Some 

alarmins such as ATP, cathelicidin and defensins activate the purinergic receptor 

P2X7 to induce K
+
 efflux, which also promotes the oligomerization and assembly of 

NLRP3 inflammasome. Oligomerization and assembly of NLRP3 inflammasome 

activate the cleavage of pro-caspase 1 into active caspase 1 (CASP1) that are 

responsible for the maturation of IL-1β and IL-18. Most alarmins also interact 

with GiPCRs (e.g. CCR6, CCR2, P2Ys) to activate phospholipases (PLCβ or 

PLCγ). PLCβ or PLCγ induces the activation of PI3K, the small GTPases (Rac and 

Rho), Akt, Erks, LIMK and PKC, which stimulate cell migration [Adapted from 

(Yang et al. 2017)].  PLC: Phospholipase, P13K: Phosphatidylinositol-4,5-

bisphosphate 3-kinase and NLRP3: NACHT, LRR and PYD domains-containing 

protein 3. 

Unlike DAMPs, the activation of PAMPs is associated with bacterial and viral 

nucleic acids, fungal β-glucan and α-manna cell wall components, CpG 

oligodeoxynucleotide, the bacterial protein flagellin, components of the peptidoglycan 
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bacterial walls and lipopolysaccharide  (Gallucci and Matzinger 2001). These 

exogenous PAMPs are recognised by cells of the innate immune system using mainly 

the TLRs, which eventually activate NF-κB pathway. This will lead to a sequence of 

event including scavenging the pathogen and pathogen-infected cells and activation of 

adaptive immune system involving T and B cells to produce antibodies suited to 

recognise the pathogen on a future occasion (Bianchi 2007). 

2.4.1.1 High-mobility group box 1 (HMGB1) 

HMGB1, a ubiquitous DNA-binding protein is secreted by innate immune cells 

including monocytes/macrophages, neutrophils and dendritic cells during the cause of 

tissue injury or inflammation (Lotze and Tracey 2005). The activity of HMGB1 can be 

influenced by its redox state where the reduced cysteine makes HMGB1 a 

chemoattractant, whereas it performs as inflammatory cytokines using disulphide bonds. 

Nonetheless, the oxidised nature of HMGB1 abrogates both activities (Venereau et al. 

2012). This molecule can also become an immunogenic complex by adhering to various 

cytokines/chemokines including IL-1, CXCL12 and LPS. The nature of HMGB1 

complexes will determine the type of receptors for binding and subsequent leukocytes 

recruitment (Venereau et al. 2012). 

2.4.1.2 Heat shock proteins (HSPs)  

Heat shock proteins (HSPs) are recognised as small HSPs and HSP-40, -60, -70, -90 

and -110 families based on their molecular weight (Vabulas et al. 2010). They are 

capable of inducing the production of pro-inflammatory mediators by activating innate 

and adaptive immune cells (Hartl and Hayer-Hartl 2002). Fagone P et al. (2012) 

reported that about 11 Hsp were significantly expressed in monocytes during the 

differentiation into macrophages. Predominantly, Hsp27 or recognised as Heat Shock 

Protein Family B (Small) Member 1 (HSPB1) was reported as the main molecule in 
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modulating transition of monocytes to macrophages (Fagone et al. 2012). As a 

monocytic cell lineage maturation molecule, it is involved in maintaining cell structural 

membrane stability and integrity while facilitating actin polymerization, cell-cell 

adhesion, cell cycle progression, pro-inflammatory gene expression, mRNA 

stabilization and presentation of proteins to the proteasome (Kostenko and Moens 

2009). In a recent study, Hsp27 was highlighted as monocyte survival protein as it 

inhibits second proteolytic cleavage that requires for caspase-3 activation during 

apoptosis (Voss et al. 2007).     

2.4.1.3 S100 proteins 

The S100 protein family is the largest subgroup within the superfamily of proteins 

carrying Ca
2+

-binding EF-hand motif (Marenholz et al. 2004). These proteins with 10-

12kDa molecular mass have functional diversity when they are in the form of homo-and 

heterodimer or oligomers. Their main physiological functions consist of Ca
2+

 

homeostasis, cytoskeleton organisation, cell growth, cell differentiation and cell 

progression. In innate and adaptive immune system (Donato et al. 2013), these proteins 

can be released as alarmins to activate immune and vascular endothelial cells (Vogl et 

al. 2014, Bertheloot and Latz 2017). S100A8/A9 as a heterodimer can bind with their 

cognate PRR receptors such as RAGE and TLRs on monocytes/macrophages. This 

binding can induce reactive oxygen species (ROS) and pro-inflammatory cytokine 

production including IL-6, IL-8, TNF-α and IL-1β via NF-κB pathways (Leclerc et al. 

2009, Simard et al. 2013).           

2.4.1.4 TNF-α 

Tumour necrosis factor-α (TNF-α) is a membrane bound 27-kDa protein that 

becomes active after a proteolytic cleavage by TNF-α converting enzyme (TACE) into 

17-kDa soluble peptide sTNF-α (Wu et al. 2013). This soluble molecule acts through 
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two transmembrane receptors: TNF receptor 1/2 (TNFR1/2). The TNF-α binding to 

TNFR1 induces most cellular responses including cytotoxicity, NF-κB activation, cell 

growth and upregulation of cytokine genes (Figure 2.19) (Parameswaran and Patial 

2010). In monocytes/macrophages, the TNF-α-TNFR1complex activates intracellular 

silencer death domains (SODD) that combines with a group of adaptor proteins to 

activate a key signalling pathway involving I-κBα, which releases NF-κB upon 

activation (Hsu et al. 1995, Parameswaran and Patial 2010). The NF-κB will then 

orchestrate anti-apoptosis, proliferation and inflammation; hence recruitment of 

monocytes/macrophage occurs at the affected area (Wesemann and Benveniste 2003). 

 

Figure 2.19: TNF-α downstream signalling pathway. TNF-α acts through two 

transmembrane receptors: TNF receptor 1 (TNFR1) and TNF receptor 2 

(TNFR2). TNF-α trimer binds to the extracellular domain of TNFR1 activating an 

adaptor protein TNF receptor-associated death domain (TRADD), which recruits 

additional adaptor proteins: receptor interacting protein-1 (RIP-1) and TNFR-

associated factor 2 (TRAF2). This complex is then internalized and the TRADD-

RIP-1-TRAF2 complex is released from TNFR1. These adapter proteins are then 

involved in activating key signalling pathways. TNFR1 activation is also involved 

in pro-apoptotic signalling via TRADD domain. A second complex is formed that 

lacks the TNFR1 but consists of FADD and procaspases-8. This complex is formed 

in the cytoplasm and initiates apoptosis. TNFR2 activation is involved in TRAF2 

and TRAF1 complex formation. These two complexes activate MAPK and NFκB 

that modulate anti-apoptosis, proliferation and inflammation processes [Adapted 

from (Parameswaran and Patial 2010)]. 
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2.4.1.5 IL-1β 

IL-1β is a key cytokine that is mainly produced for host defence by innate immune 

cells during infection or injury. In monocytes/macrophages, the IL-1β is released via the 

shedding of macrovesicles from the plasma (Brough et al. 2017). The release of 17-kDa 

biologically active form of IL-1β binds to IL-1 receptor (IL-1R) on leukocytes and 

endothelial cells. This binding complex will induce a signalling pathway involving 

MyD88, TIR accessory protein (TIRAP), IL-1R associates kinase 1, 4 and 6 and 

activate NF-κB, JNK and p38 mitogen-activated protein kinases (Pober and Sessa 2007, 

Weber et al. 2010, Netea et al. 2015). These transcription factors, cooperatively, induce 

IL-1 canonical target genes including IL-6, IL-8, MCP-1 and COX-2, IL-1α, MKP-1 

and I-κBα, which enhances the pro-inflammatory responses and immune cell migration 

to the affected area (Nakao et al. 2000, Wolter et al. 2008, Weber et al. 2010). 

2.5 Monocyte development in bone marrow 

In bone marrow, monocytes originate from myelo-monocytic stem cells, which 

differentiate into precursor like monoblasts and pro-monocytes (Figure 2.20) (Marti et 

al. 2017). This development is mainly dependent on a growth factor, macrophage 

colony stimulating factor-1 (M-CSF1) and its receptors M-CSF-1R/c-fms (Auffray et al. 

2009). A further analysis on c-fms proximal promoters revealed that c-ets-1, c-ets-2 and 

PU.1 are the trans-activators of c-fms (Reddy et al. 1994). The assembly of PU.1 in a 

primed chromatin conformation on both the proximal promoters and an FMS intronic 

regulatory element (FIRE) enhancer promotes the recruitment of Egr transcription 

factors that are import for mature monocyte production from myeloid progenitor cells 

(DeKoter et al. 1998, Tagoh et al. 2002). This observation suggests that the 

upregulation of c-fms receptor allows monocytic cell proliferation and survival in bone 

marrow (Lagasse and Weissman 1997).  Moreover, the proliferation and differentiation 

of myeloid progenitor cells in response to CSF-1 involve an activation of c-myb and     
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c-myc target genes via ets1/2 transcription factors, which maintain the proliferation 

cycle of myelo-monocytic progenitor cells (Roussel 1997).  

 

Figure 2.20: A schematic diagram shows general haematopoiesis focuses 

myelomonocytic lineage commitments and differentiation. All the cellular elements 

of blood originate from the haematopoietic stem cells in the bone marrow and can 

be classified using their specific surface markers known as cluster of 

differentiation (CD). The blood cells are derived from the common lymphoid 

progenitor and the myeloid progenitor, apart from the megakaryocytes and red 

blood cells that are derived from specific progenitors. The lymphoid progenitor 

gives rise to natural killer (NK) cells, T and B lineage cells, while the myeloid 

progenitor is the precursor of the granulocytes, monocytes, macrophages, and 

dendritic cells. Granulocytes are comprised of neutrophils, eosinophils, and 

basophils. Myelomonocytic cells give rise to mature monocytes that are present in 

circulation and were believed to mature terminally into macrophages in various 

tissues [Adapted from (Marti et al. 2017)]. 

 

 



46 

2.5.1 Circulating monocytes 

Monocytes are circulating leukocytes involved in immunity and tissue homeostasis 

(Sprangers et al. 2016). These cells, which are 10% of the leukocyte population can be 

recognised by their ability to phagocytose, synthesis cytokines and present antigens 

(Ziegler-Heitbrock 2015).  They are mobilized from the bone marrow and recruited to 

sites of inflammation, where they carry out their functions in promoting inflammation 

or facilitating tissue repair (Kratofil et al. 2017). Monocytes mobilisation from bone 

marrow occurs through activation of CCR2 by its ligands, CCL2 (MCP-1) and CCL7 

(MCP-3) (Tsou et al. 2007). The ligands are derived from multiple sources such as 

activated stromal cells in bone marrow in response to circulating toll-like receptor 

ligands (Shi et al. 2011), B cells (Zouggari et al. 2013) etc. The recruitment of 

monocytes to sites of inflammation is critical for host defines. The trafficking of the 

monocytes is orchestrated by different mechanisms; there are  two sequential phases of 

recruitment identified during inflammation (Figure 2.21) (Sprangers et al. 2016).  

During inflammation, monocytes circulate through the blood and extravasate into 

inflamed tissue after the general paradigm of the leukocyte recruitment cascade, 

involving rolling, adhesion and transmigration (Kratofil et al. 2017). 
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Figure 2.21: Time progression of human monocyte subtype recruitment and 

subsequent differentiation into macrophages and DCs during inflammation. The 

monocyte subtypes are sequentially recruited to a site of inflammation responding 

to inflammatory cytokines derived from local tissues. Upon migration, 

differentiation into specific macrophages and DCs is locally undertaken. This event 

is followed by anti-inflammation regulation as part of resolution step [Adapted 

from (Sprangers et al. 2016)].  

2.5.1.1 Half-life of monocyte 

Half-life of monocytes was initially studied by van Furth and Cohn (1968), 

examining monocyte dynamics in rodents with 3H-thymidine. They reported that 

monocyte migrated from bone marrow into the blood where they had a circulating half-

life of ~22 h (van Furth and Cohn 1968). Another related study reported that the 

classical monocyte subtype had a half-life of less than ~1 day before differentiating into 

non-classical monocyte subtype, which had a half-life of ~2.2 days (Yona et al. 2013). 

More recently, Patel and colleagues (2017) examined the fate and lifespan of human 

monocyte subtypes in steady state and systemic inflammation using deuterium labelling 

technique (Patel et al. 2017). They reported that the classical monocyte subtype that 

egressed from bone marrow had post-mitotic interval of 1.6 days and circulated for a 
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day before migrating to peripheral tissue or undergoing apoptosis. Moreover, a 

proportion of classical monocytes differentiated into an intermediate subtype which had 

a 4 day lifespan before undergoing transition to non-classical monocyte subtype which 

had the longest life span in blood (~7 days) (Figure 2.22). 

 

Figure 2.22: Life span of circulating classical, intermediate and non-classical 

monocytes. Figures in black bold text denote lifespans in each section figures in 

italics denote the relative probability of each cell undergoing the respective fate 

(death/disappearance versus phenotype transition). Progenitor cells in the bone 

marrow proliferate at rate of 0.42/day (blue), where the post-mitotic cells remain 

within the bone marrow for 1.6 day before migrating into the circulation as 

classical monocytes. Classical monocytes contribute 87% to the total monocyte 

pool, whereas intermediate and non-classical monocytes make up 5% and 8%, 

respectively. 99% of classical monocytes leave the circulation, and 1% go onto 

become intermediate monocytes. 100% of intermediate monocytes mature in the 

circulation to become non-classical monocytes under steady state [Adapted from 

(Patel et al. 2017)]. 
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2.5.2 Monocyte transendothelial migration 

Monocyte transendothelial migration is initiated through endothelial cells respond to 

activating signals by the selective release of mediators, particularly von Willibrand 

factor (vWF), from Weibel-Palade bodies (WPB) (Rondaij et al. 2006, Metcalf et al. 

2008). The loss of glycocalyx that lines the luminal face of the endothelium (Kolářová 

et al. 2014) and initiate a sequence monocyte adhesion cascade involving three main 

steps i.e. cell activation, rolling and arrest (Ley et al. 2007). During these steps, 

monocytes interact with endothelium via monocyte receptors LFA-1, Mac-1 and VLA-4 

with their endothelial counterpart ICAM-1, ICAM-2 and VCAM-1, which cause the 

monocyte to be captured on the endothelial lining (Dejana et al. 1994). Moreover, 

platelet activation will also facilitate monocyte/endothelial adhesion via P-selectin and 

PECAM-1 (Wu et al. 2017). The capturing is followed by monocyte arrest via ICAM 

polymerisation, which eventually strengthen the monocyte binding and spreading on the 

endothelial lining (Wójciak-Stothard et al. 1999, Chan et al. 2001). This will lead to an 

additional binding to the endothelial junctional molecules i.e. PECAM-1, CD99, JAMs 

and ESAM, which link the actin/vinculin-base cytoskeleton (M Feustel et al. 2012). The 

destabilisation of endothelial junction will allow migrating monocyte to squeeze 

through the transient opening of the junction and formation of transmigration cup to 

facilitate and guide the diapedesis (Figure 2.23) (Ley et al. 2007). 
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Figure 2.23: The monocyte transendothelial migration involving various adhesion 

molecules. The main three steps are shown in bold: rolling, which is mediated by 

selectins; activation, which is mediated by chemokines; and arrest, which is 

mediated by integrins. Intermediate activity was shown in additional steps: 

capture, slow rolling, arresting, adhesion strengthening and spreading, 

intravascular crawling and paracellular and transcellular transmigration. Key 

molecules involved in each step are shown in boxes. ESAM, endothelial cell-

selective adhesion molecule; ICAM1, intercellular adhesion molecule 1; JAM, 

junctional adhesion molecule; LFA1, lymphocyte function-associated antigen 1; 

MAC1, macrophage antigen 1; MADCAM1, mucosal vascular addressin cell-

adhesion molecule 1; PSGL1, P-selectin glycoprotein ligand 1; PECAM1, 

platelet/endothelial-cell adhesion molecule 1; PI3K, phosphoinositide 3-kinase; 

VCAM1, vascular cell-adhesion molecule 1; VLA4, very late antigen 4 [Adapted 

from (Ley et al. 2007)]. 

2.5.3 Monocyte plasticity  

Monocytes are highly plastic and heterogeneous. This can be appreciated using in 

vitro fate-mapping techniques and different in vivo disease models (Yona et al. 2013, 

Sprangers et al. 2016). Monocytes treated with GM-CSF have a DC-like phenotype and 

are referred to as monocyte derived DCs (moDCs). By contrast, culturing monocytes 

with M-CSF prompts their differentiation into monocyte derived macrophages 

(moMΦs). Adding IL-4 or IFN-γ to M-CSF cultures further polarizes monocytes into 

commonly identified phenotypes such as classically activated macrophages (M1) or 

alternatively activated macrophages (M2) (Jha et al. 2015), based on typical gene-

expression profiles and metabolic modules. In ontogeny denoted nomenclature system, 
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moDCs, M1 or M2 are first classified as monocyte derived cells (MCs) (Guilliams and 

van de Laar 2015). However, this polarized classification implies functional 

characteristics that are often not assessed experimentally. For example, MCs classified 

as M1 are typically associated with pathogen killing, M2 with wound healing and 

moDCs with antigen-presentation (Figure 2.24A). Nevertheless, profiling of MCs 

isolated from various inflamed tissues or in vitro culture systems reveals that monocytes 

can acquire a much broader transcriptional selection than suggested by the three-way 

M1/M2/moDC model. In a recent study, Guilliams et al. (2015) documented a 

heterogeneous in gene expression profile of MCs stimulated with a vast array of 

cytokines and TLR ligands. Using an unbiased bio-informatics-driven clustering 

technique, a spectrum model was produced which supports the polarised model (Figure 

2.24B) (Guilliams and van de Laar 2015).  

 

Figure 2.24: Two proposed model indicating different ultimate monocyte faiths. 

(A) Discrete polarisation model; Monocytes classified as M1 macrophages are 

typically related with pathogen killing, M2 macrophages are involved in wound 

healing and monocyte derived DCs are responsible for antigen-presentation and 

(B) Modular spectrum model; monocytes are involved in various functional 

commitments depicting by the spectrum of colours [Adapted from (Guilliams and 

van de Laar 2015)]. DCs: Dendritic cells. 
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2.5.4 Monocytes in OA patients 

2.5.4.1 Monocytes in total joint arthroplasty 

Monocyte activation in the circulation of TJR patients is believed to be due to wear 

debris related inflammatory mediators released from arthroplasty joints. As a 

consequence of this, the monocyte population has become an area of great interest in  

arthroplasty patients. Some in vitro studies demonstrated that the monocyte population 

treated with arthroplasty wear debris particles differentiated into FBGCs and osteoclasts 

(Maitra et al. 2009, Zaveri et al. 2017). More recently, it has been reported that the 

activated non-classical monocyte subtype in aseptic loosening patients shared the 

characteristics of macrophages isolated from periprosthetic tissue of aseptic loosening 

patients (Markel et al. 2017). A brief systematic literature review was conducted to 

investigate studies related to monocytes activation to implant wear debris and the 

implication. ‘Monocytes’ and ‘wear debris’ were used as keywords in PubMed and Web 

of Science (WoS) database. A total of 66 articles was retrieved and 24 articles excluded 

as these articles were not directly related to subject matter. The remaining articles, 

which were published in last 10 years (18 articles) are summarised in Table 2.1. 
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Table 2.1: Summary of monocytes and implant wear debris associated articles 

published in 10 years duration.  ‘Monocytes’ and ‘wear debris’ were used as 

keywords in PubMed and Web of Science (WoS) database. A total of 66 articles 

was retrieved and 24 articles excluded as these articles were not directly related to 

subject matter. 

No. Title Summary Article 

type 

Ref. 

1 TiAl6V4 particles 

promote osteoclast 

formation via 

autophagy-mediated 

downregulation of 

interferon-β in 

osteocytes. 

This study aim to explore TiPs-

induced autophagy mediated the 

downregulation of IFN-β in 

osteocytes. Inhibition of 

autophagy recovered the 

expression of IFN-β and 

ameliorated the promoting effect 

of TiPs on osteoclast formation. 

Thus, these findings suggest the 

identified autophagy inhibition in 

osteocytes as a potential 

therapeutic approach for wear 

debris induced osteolysis. 

Research (Wang et 

al. 2017) 

2 BMP-7 ameliorates 

cobalt alloy particle-

induced inflammation 

by suppressing Th17 

responses 

This study was conducted to 

investigate the effect of BMP-7 

associated with cobalt particles 

induced mediators including IL-6 

and TNF by T-helper cell 17 

(Th17). The BMP-7 inhibition of 

Th17 inflammatory cells reduced 

the level of IL-6 and TNF. These 

results demonstrated that BMP-7 

could serve as a therapeutic agent 

by inhibiting wear debris induced 

Th17 cells that supported by the             

monocytes/macrophages. 

Research (Chen et 

al. 2017) 

3 The role of 

macrophages in the 

biological reaction to 

wear debris from joint 

replacements 

This study was performed to 

appraise the role of the 

monocyte/macrophage in the 

initiation and maintenance of the 

host inflammatory response to 

wear debris and resultant of 

periprosthetic osteolysis that leads 

to aseptic loosening of 

arthroplasty implant. 

Review (Nich et 

al. 2016) 

4 Different influence of 

Ti,PMMA, UHMWPE, 

and Co-Cr particles on 

peripheral blood 

monocytes during 

periprosthetic 

inflammation      

This study was performed to 

explore the migration potential of 

PBMCs in response to Ti-alloy, 

PMMA or UHMWPE that 

transplanted into muscle of 

immunodeficiency (SCID) murine 

model. It was emphasised that the 

release of pro-inflammatory 

mediators are typical to types of 

orthopaedic materials. 

Research (Zhang et 

al. 2015) 

5 Effects of CoCr metal 

wear debris generated 

from metal-on-metal 

hip implants and Co 

ions on human 

monocyte-like U937  

This study was conducted to 

investigate the response of 

monocytes to Cobalt Chromium 

(CoCr) nanoparticles and Cobalt 

ions (Co) derived from implant. A 

significant level of TNF-α and  

Research (Posada et 

al. 2015) 
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 Table 2.1, continued    

 cells. IFN-γ was released by the 

monocytes when exposed to CoCr 

nanoparticles and Co ions 

suggesting wear debris induced 

inflammation and cellular 

protection against tissue damage, 

respectively. 

  

6 Implant wear induced 

inflammation is 

mitigated in 

CX3CR1
−/−

 mice 

This study aims to explore the 

role of the CX3CR1 in UHMWPE 

induced tissue inflammation using 

CX3CR1 knockout (CX3CR1
−/−

) 

mice model. It was found that the 

activation of CX3CR1 chemokine 

pathway caused by the local tissue 

UHMWPE injection led to tissue 

inflammation, IL‐1ß and TNF-α 

production and macrophage 

accumulation suggesting 

CX3CR1 signalling is involved in 

the recruitment of monocytes to 

the wear debris‐containing 

inflammatory tissues. 

Research (Ren et al. 

2014) 

8 Effects of gelsolin on 

macrophage 

inflammatory 

responses to 

orthopaedic implant 

wear debris 

This study was performed to 

investigate the anti-inflammatory 

effect of gelsolin to titanium-, 

polyethylene- and cobalt-induced 

inflammatory cytokines including 

IL-6, IL-1, TNF-α, and PGE₂ in 

macrophages. It was found that 

the effect of gelsolin to subside 

the anti-inflammatory cytokine 

profile was suboptimal 

recommending a need of further 

study to investigate the dose 

dependent response. 

Research (Mihalko 

et al. 2014) 

9 Macrophage 

polarization and 

activation in response 

to implant debris: 

influence by "particle 

disease" and "ion 

disease"  

This review aims to clarify the 

combinatory effect of implant 

derived ions including Nickel           

(Ni
2+

) and Cobalt (Co
2+

) referred 

as ion disease and particle disease 

caused by wear debris particles in 

activating TLR-4 pathways in 

macrophages and subsequent 

polarisation into M1, M2, M17, 

and Mreg subtypes. 

Review (Konttinen 

et al. 2014) 

10 Toll-like receptor 4 

signalling pathway 

mediates pro-

inflammatory immune 

response to cobalt-

alloy particles 

This study was conducted to 

explore the effect of Co-alloy 

implant derived wear debris 

particles to the monocytes and 

subsequent expression of IL-8, 

IL-1β and TNF-α. It was found 

that the silencing effect of TLR4 

downstream proteins including 

MyD88 and IRAK-1 significantly 

reduced IL-8 expression 

suggesting Co-alloy particles 

trigger immune response that is 

modulated through the TLR4-

MyD88-dependent signalling 

pathway. 

Research (Potnis et 

al. 2013) 
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11 The response of 

macrophages to 

titanium particles is 

determined by 

macrophage 

polarization 

 

This study was performed to 

investigate the effect of titanium 

particles to overall chemotactic 

and inflammatory responses of 

monocytes. It was observed that 

the monocytes challenged with 

these particles tend to polarised to 

M1 and expressed mediators 

associated with particle-induced 

inflammation and signalling 

pathway suggested the 

involvement of toll-like and nod-

like receptor signalling in particle 

recognition. 

Research (Pajarinen 

et al. 2013) 

12 Orthopaedic wear 

debris mediated 

inflammatory 

osteolysis is mediated 

in part by NALP3 

inflammasome 

activation 

This study was performed to 

explore the influence of NALP3 

inflammasome to the 

pathogenesis of periprosthetic 

osteolysis. It was reported that 

phagocytosis of PMMA particles 

induces caspase-1 dependent 

release of IL-1β from human 

monocytes and mouse 

macrophages. Mice lacking 

caspase-1 showed reduced wear 

particle-induced calvarial 

osteolysis compared to wild-type 

controls suggesting NALP3 

inflammasome as a critical 

mediator of orthopaedic wear-

induced osteolysis. 

Research (Burto

n et al. 

2013) 

13 Evidence for active 

antigen presentation by 

monocyte/macrophages 

in response to 

stimulation with 

particles: the 

expression of NFκB 

transcription factors 

and costimulatory 

molecules 

This study aims to investigate the 

tissue localisation of NFκB and 

the expression of these factors and 

costimulatory molecules when 

U937 cells were treated with 

nano- and microparticles of 

Cobalt Chromium (CoCr) and 

diamond. It was found that U937 

monocytes expressed the same 

molecules on exposure to micro- 

and nanoparticles. Utmost 

stimulation happens with CoCr 

while the smallest diamond 

nanoparticles are the least 

stimulatory. NFĸB expression 

gives an insight into the 

immunogenic potential of the 

different particles. 

Research (Altaf 

and Revell 

2013) 

14 Acute inflammatory 

response to cobalt 

chromium orthopaedic 

wear debris in a rodent 

air-pouch model 

This study used a rodent air-

pouch model to investigate the 

acute inflammatory response to 

cobalt chromium (CoCr) alloy 

wear debris from arthroplasty. It 

was found that CoCr wear debris 

induced cellular infiltration 

through CXCL2 and CCL2 and 

fibrosis formation indicated by the 

expression of cytokines.  

Research (Akbar 

et al. 

2012) 
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Table 2.1, continued 

15 The roles of  

monocytic heat shock 

protein 60 and Toll-

like receptors in the  

This study was conducted to 

explore the expression of heat-

shock protein 60 (Hsp60) and 

associated inflammatory 

cytokines in mononuclear cells  

Research (Hao et 

al. 2010) 

 regional inflammation 

response to wear debris 

particles. 

when treated with wear debris 

particles. It was found that Hsp60 

positively modulated 

inflammatory cytokines via Toll-

like receptor-4 (TLR-4) signal 

transduction pathway in 

mononuclear cells treated with 

wear debris particles. 

  

16 Ectopic expression of 

macrophage scavenger 

receptor MARCO in 

synovial membrane-

like interface tissue in 

aseptic loosening of 

total hip replacement 

implants 

This study aims to investigate the 

expression of macrophage 

receptor with collagenous 

structure (MARCO) in interface 

membrane lining and stroma 

around cemented implant of 

aseptic loosening patients. It was 

reported that the expression of 

MARCO was significantly higher 

in CD68 positive macrophages 

and foreign body giant cells found 

in implant interface tissue 

suggesting scavenger receptor 

MARCO participates in handling 

of wear particles, which due to 

their inert, frustrating nature 

initiate/prolong foreign body 

inflammation and periprosthetic 

osteolysis. 

Research (Zhao 

et al. 

2010) 

17 Increased expression of 

toll-like receptors in 

aseptic loose 

periprosthetic tissues 

and septic synovial 

membranes around 

total hip implants   

This study aims to explore the 

tissue localisation and functional 

roles of TLR in periprosthetic 

tissues in aseptic and septic 

implant loosening. It was reported 

that the monocytes/macrophages 

predominately equipped with 

TLR-2 and -5 in both aseptic and 

septic tissues providing them with 

responsiveness to both 

endogenous and exogenous TLR 

ligands. 

Research (Tama

ki et al. 

2009) 

18 Enhanced osteolytic 

potential of 

monocytes/macrophage

s derived from bone 

marrow after particle 

stimulation 

This study was performed to 

investigate the spontaneous 

osteolytic role of macrophage-

colony stimulating factor          

(M-CSF) induced monocytes/ 

macrophages. It was found that 

monocytes/macrophages showed 

an increased phagocytosis 

potential and expression of CD68, 

RANKL, cathepsin K, IL-1β, IL-6 

and M-CSF, but not TRAP. These 

cells resorbed dentine discs and 

carbonated calcium phosphate 

when stimulated with titanium 

particles. These findings suggest 

that monocytes can show the 

osteolytic potential in response to 

wear debris particles. 

Research (Tama

ki et al. 

2008) 
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2.5.5 Common monocyte subtypes in circulation 

In early days, monocytes were characterised based on their glass adherent property, 

morphology ‘bean shaped’ and cytochemistry profile of enzymes such as monocyte-

specific esterase. In modern clinical haematology, this population is identified based on 

their CD14 receptor using flow cytometry technique that operates on light scatter 

properties (Ziegler-Heitbrock et al. 2010). However, this marker can also be minimally 

expressed by CD1
+ 

dendritic cells (DCs) and B cells (Schwarz et al. 2014). Therefore 

monocytes can be identified using other common markers including CD16, CCR2, 

CCR1 and CD62L but should be supported by functional studies (Auffray et al. 2009, 

Ziegler-Heitbrock et al. 2010).  

2.5.5.1 General consensus for monocyte identification 

Circulating monocytes have versatile and dynamic characteristics, composed of 

multiple subtypes which can be distinguished based on phenotype, morphology, size, 

location in the blood, proteome and transcriptome profile (Patel et al. 2017). The 

monocyte subtypes identification was primarily established by Norris and colleagues 

(1979) through their experiments using differential floating in counter-current 

elutriation technique (Norris et al. 1979). Subsequently, the functional role of monocyte 

subtypes was further characterised by Zembala and colleagues (1984) using a 

differential binding to antibody-coated red blood cells technique (Zembala et al. 1986). 

Emerging of flow cytometry technique and established monoclonal antibodies, the 

monocyte population identification was further elucidated using differential expression 

of CD14 and CD16 cell-surface receptors (Passlick et al. 1989).  

More recently, an international consortium organised under auspices of the IUIS and 

the WHO, has proposed a nomenclature for monocyte subtypes using differential 

expression of CD14 and CD16 receptors as a phenotypic markers (Ziegler-Heitbrock 
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2015). This proposal classifies the monocyte subtypes into CD14 high subtype as a 

classical, which composes about ~85% of the circulating monocyte pool and remaining 

15% consists of monocyte subtypes identified as non-classical with high CD16 to CD14 

ratio. A minor population between these two subtypes is identified as intermediate 

population (Passlick et al. 1989, Wong et al. 2011).  However, phenotyping monocyte 

population with more surface markers is still underway to comprehend the diversity of 

the subtypes (Radzun et al. 1988, Grage-Griebenow et al. 2001). 

2.5.5.2 Monocyte subtypes 

In general, monocyte subtypes have been classified according to the proportion 

between CD14 and CD16 surface receptor availabilities. As per the general consensus, 

the monocyte subtypes are identified as classical (CD14
++

CD16
-
), intermediate 

(CD14
++

CD16
+
) and non-classical (CD14

+
dimCD16

++
) (Figure 2.25).   

 

Figure 2.25: Three monocyte subtypes classified based on relative CD14 and CD16 

expression in flow cytometry analysis using specific gating strategy. Flow 

cytometry dot plot showing the gating of the classical, intermediate and non-

classical monocyte subsets. Classical monocytes express high levels of CD14 but no 

CD16, intermediate monocytes express high levels of CD14 and low CD16, while 

non-classical monocytes express low CD14 but high CD16 [Adapted from (Wong et 

al. 2012)].   
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2.5.5.3 Classical monocyte subtype (CD14
++

CD16
-
) 

Classical monocyte represents the major subtype of monocyte population and well 

known for its scavenging and inflammatory characteristics. This population is well 

equipped with a set of TLRs and scavenger receptors, capable of recognising PAMPs, 

DAMPs, lipid and dying cells via phagocytosis. Moreover, classical monocyte exhibits 

effector molecules including various cytokines, myeloperoxidase and superoxide, which 

facilitate involvement of this population in various inflammatory processes (Yang et al. 

2014). Immunophenotyping of classical monocyte subtype shows CCR2, CD11b, CD64 

and CD62L as major receptors, conforming chemotaxis role of this population (Tacke 

and Randolph 2006, Yang et al. 2014). The activated classical monocyte can be rapidly 

recruited at the site of the inflammation across the endothelial lining following density 

gradient of chemoattractants such as CCL2 (Italiani and Boraschi 2014). While 

conducting the major role as a professional phagocyte in local tissue, this subtype has an 

inherent propensity to become tissue macrophages or dendritic cells, which is directed 

by local tissue mediators including M-CSF and GM-CSF or IL-4 (Geissmann et al. 

2010). 

2.5.5.4 Intermediate monocyte subtype (CD14
++

CD16
+
) 

Intermediate monocyte subtype is poorly characterised and it shares many common 

chemokine receptors such as CX3CR1 and CCR2 with classical and non-classical 

monocyte subtypes. Nevertheless, it was found that CCR5 and angiotensin-converting 

enzyme (ACE, CD143) are very specific to intermediate monocyte subtype (Ziegler-

Heitbrock and Hofer 2013). Moreover, Wong et al. (2015) reported that the 

CLEC10A, GDNF family receptor alpha 2, and MHC class II genes were significantly 

expressed in this subtype (Wong et al. 2012). In another study, Zawada et al. (2011) 

reported similar series of gene expression in intermediate monocyte subtype with an 

additional list of new genes including FAU, SECTM1, CTSB, and RHOB (Zawada et 
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al. 2011). They also found a prominent feature of this subtype in pro-angiogenic 

behaviour based on the expression of surface markers including endoglin (ENG), TEK 

tyrosine kinase (Tie2, CD202b) and vascular endothelial growth factor receptor 2  

(VEGFR2) (Zawada et al. 2011). 

2.5.5.5 Non-classical monocyte subtype (CD14
+
CD16

++
) 

The monocyte heterogeneity has been further confirmed when CD16-positive 

monocyte differentiation found within CD14
+
 monocyte population and identified as 

non-classical monocyte subtype. This monocyte population, which is known as 

patrolling monocyte population, tends to interact with vascular endothelium through ß2 

integrin, lymphocytes function-associated antigen-1 (LFA-1) and CX3CR1 (van Lent et 

al. 2012). The CX3CR1 is highly specific to non-classical monocyte population, 

although other two monocyte population can express it marginal level (Geissmann et al. 

2003). This receptor, which is a part of survival component via activation of anti-

apoptotic protein, BCL2, can stabilise the patrolling behaviour of non-classical 

monocyte population in CD11b-depedent manner (Liu-Bryan and Terkeltaub 2010, 

Scanzello and Goldring 2012). During tissue damage, the number of non-classical 

monocytes tends to be elevated up to 4-fold in circulation when compared normal 

condition (Thomas et al. 2015). This increase is due to monocyte recruitment, which is 

modulated by β-adregenic receptors in response to catecholamine release, from 

marginal pool, a process called demargination (Jiang et al. 2016). Thus this population 

coordinates an anti-inflammatory and wound healing factors such as IL-1 receptor 

antagonist, IL10R, apoliporpoteins (ApoA and ApoE) and CXCL16 (Thomas et al. 

2015). 
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2.5.6 Monocyte functional receptors 

Discovering monocyte functional receptors is crucial to understand monocyte 

activation state in different disease conditions and they can be used as diagnostic and/or 

therapeutic tools. In general, CD14
+
 monocytes regardless their different maturation 

stages tend to express about eight functional surface receptors to maintain their 

homeostatic role. Among these, CD202b molecule (angiopoietin-1 receptor Tie-2), 

which is responsible for monocyte pro-angiogenic role, CD302 molecule (C-type lectin 

receptor DCL-1 or Clec13A), which controls monocyte phagocytosis and endocytosis 

activities and formyl peptide receptor 2 (FPR2), which controls cell activation and 

chemotaxis (Ohradanova-Repic et al. 2016). In inflammatory condition, this population 

supports tissue macrophage and DC pool (Shi and Pamer 2011). Ohradanova-Repic et 

al. (2015) conducted a study using 70 monoclonal antibodies (mAbs) to understand the 

CD14
+
 monocyte population surface receptor activation and differentiation into 

macrophages and DCs in various stimulations (Ohradanova-Repic et al. 2016). Using 

the flow cytometry technique, they managed to determine 10 unique populations that 

had been developed from CD14
+ 

population with unique combination of functional 

receptors. Furthermore, they reported that several recognised DC markers (for example, 

CD135, CD370 and CD85g) were not expressed by monocytes or in vitro derived cells, 

while other antigens (for example, CD366, CD367, CD245 and CD101) were 

significantly expressed by all cell types analysed. Moreover, a significant difference 

was observed in the expression of several markers including CD273, CD1a, CD101, 

CD369, CD371 and Interleukin 1 Receptor Accessory Protein (IL1RAP) between     

GM-CSF- and M-CSF-differentiated macrophage populations suggesting a typical role 

of CSFs onto monocyte differentiation. Therefore, they suggested that the compiled 

subpanels of monoclonal antibodies to differentiate the 10 monocyte/ macrophage/ 
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Monocyte derived DC subsets can be used as a novel diagnostic or therapeutic tool 

(Ohradanova-Repic et al. 2016).  

2.5.7 Monocyte transcriptomic profiling 

Monocyte transcriptomic profiling, i.e. the whole set of RNA transcripts in a 

monocyte, is generally perceived as a system that convey the information encoded in the 

genome sequence to the functional role that attributes to the physiological and 

pathological traits (Zeller et al. 2010). Just recently, Mirsafian et al. (2017) conducted a 

RNA sequencing on classical monocyte subtypes isolated from peripheral blood of 6 

healthy human subjects. They have found about 217 differentially expressed (DE) 

protein-coding genes and 50 DE novel transcripts. Among these novel transcripts, 40 

DE protein-coding genes were identified belongs to immune-related genes (Figure 

2.26). They also confirmed that majority of core upregulated and downregulated genes 

in the network map were related to JUN (Jun Proto-Oncogene) and STAT1 (Signal 

Transducer and Activator of Transcription 1) where the other DE protein-coding genes 

were directly or indirectly associated to these genes (Mirsafian et al. 2017). 
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Figure 2.26: The interaction string of DE immune-related protein-coding genes in 

human classical monocytes between healthy male and female by applying q-value ≤ 

0.01 and log2 fold-change ≥ 1 or ≤−1. The green circles signify the up-regulated 

genes and orange triangles denote the down-regulated genes. The altered genes 

were connected in a network based on their co-expression connections [Adapted 

from (Mirsafian et al. 2017)]. 

2.5.7.1 Monocyte transcriptomic profiling during activation and differentiation 

Monocytes can undergo various activation processes involving recruitment, 

inflammation and resolution as a consequence of micro-environmental tissue-derived 

(damage) or cell-derived signals (activated tissue resident macrophages) (Gordon and 

Taylor 2005, Beyer et al. 2012). To understand these processes, Italiani P. et al. (2014) 

established an in vitro model testing the activation status of human primary monocytes 

isolated from twelve healthy donors (Italiani et al. 2014). These monocytes were 

exposed to a sequence of culture conditions containing CCL2, LPS, TNF-α, INF-γ,    

IL-10 and TGF-β mimicking the progressing microenvironment during an inflammatory 

reaction. They reported that the expression profiles were highly associated with 

inflammation, early anti-inflammation and anti-inflammation events. In fact, they 

managed to describe the inflammation driven differentiation of monocytes into M1 with 
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various signature gene expression such as IL-7R, CCR7, CCL19, CXCL11 and M2 

related genes such as IL-10, CCL24, CCL22 (Italiani et al. 2014). Moreover, this study 

elaborated the expression profile of differentiated monocytes either into M1 or M2 and 

polarisation between these two macrophage phenotypes according to their functional 

groups during pro- and anti-inflammation process (Figure 2.27) (Italiani et al. 2014). In 

another study, Derlindati E. et al. (2015) reported that the gene expression profile of 

monocytes isolated from three healthy donors was significantly modulated 

corresponding to IFN-γ and LPS by IL-4 and IL-10. These differentiations were highly 

correlated with the polarisation activity of monocytes into various macrophage 

differentiation stages including M1 and M2, which can be further subdivided into M2a, 

M2b, M2c and M2d macrophages at different time sequence (Derlindati et al. 2015). 

The M2a activation is a response to IL-4 and IL-13, the M2b to immune complexes and 

LPS, the M2c to glucocorticoids and TGF-β and the M2d activation is a response to IL-

6 and adenosines (Roszer 2015). This time sequence in the expression of some 

signalling pathways was highly correlated to the functional role of monocytes derived 

macrophages in promoting inflammation and tissue remodelling.  

 

Figure 2.27: Correlation between M1/M2 polarisation and the associated gene 

expression profile  classified according to the respective functional groups 

[Adapted from (Italiani et al. 2014)]. M: Macrophages. 
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CHAPTER 3: METHODS DEVELOPMENT 

3.1 Introduction 

The conditions of the dual PhD programme, under which this study was conducted, 

mandated experimental work be undertaken at both the University of Liverpool and the 

University of Malaya. Orthopaedic patients from both Universities hospitals were 

recruited to different elements of the study, different ethnicities are unavoidable. 

Conditioned media was prepared from debrided tissues donated by the UK arthroplasty 

patients and transferred to University of Malaya for application in migration 

experiments utilising blood samples donated by Malaysian arthroplasty patients.  

3.1.1 Ethical approval 

This study was approved by the research ethics committee from NRES Committee 

North West-Liverpool Central and University of Malaya Medical Centre (UMMC)-

(UMMC ethics ID: 20164-2398) for human samples acquisition. (Attachment provided 

in appendix)  

3.1.2 The inclusion and exclusion criteria 

3.1.2.1 Inclusion criteria 

• Individuals of above 55 years old who had been listed for lower limb 

arthroplasties (TKR, UKR and THR) at the RLBUHT and UMMC for the 

treatment of ES-OA only. 

• Individuals of above 55 years old who had been identified as having 

asymptomatic lower limb arthroplasties (clinically and radiologically stable) and 

in a regular follow up at the RLBUHT and UMMC.  

• Individuals of above 55 years old who had been identified for lower limb 

revision arthroplasty surgery due to aseptic loosening at the RLBUHT and 

UMMC. 
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3.1.2.2 Exclusion Criteria 

• Patients who were unable or unwilling to provide written informed consent 

(signature or thumbprint if unable to write). 

• Patients who were scheduled for joint arthroplasties not within the RLBUHT, 

UMMC or for reasons other than ES-OA.  

3.1.3 Patient recruitment 

A total of sixty-eight patients were recruited for this study. Although all these 

patients were identified from their local divisions of joint replacement surgery and 

orthopaedic clinics, differences in their life-styles, environment and health systems 

between UK and Malaysia might be reflected in comorbidities and clinical blood 

profiles. Therefore, routine clinical assessments and blood profiles, comorbidities and 

medical histories, taken as part of their orthopaedic assessment, were compared. All 

implants were metal on UHMWPE. Informed consent was obtained from the patients by 

the consultant and/or research nurse prior to samples acquisition.  

3.1.4 Testing parameters 

This thesis contains three result chapters (Chapter 4-6). The flow-charts describing 

data collection from testing parameters as given in Figure 3.1, Figure 3.2 and         

Figure 3.3. 

  



67 

 

Figure 3.1: The flow chart describes the outline of data collection for result 

Chapter Part-1. (Yellow highlights: Data collection step) 

 

Figure 3.2: The flow chart describes the outline of data collection for result 

Chapter Part-2. (Yellow highlights: Data collection step) 
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Figure 3.3: The flow chart describes the outline of data collection for result 

Chapter Part-3. (Yellow highlights: Data collection step) 

3.1.5 Data handling 

Data were handled using 2 separate methods:- 

Method 1: Data from demographic and clinical history of patients were collected 

into excel spreadsheet. Each row contained anonymous patient ID, ethnicity, gender, 

age, BMI, haematology differential blood profile, orthopaedic profile and medication 

profile. Data were analysed from this spreadsheet for descriptive investigation. 

Method 2: Data from image-J cell count, FACs analysis, gene expression and 

phagocytosis assay were collected into separate excel sheet. Each row contained 

anonymous patient ID, Orthopaedic group (ES-OA, primary and revision), Type of cells 

[(Before migration-WB and PBMNCs) and (after migration- SFM, MCP-1, OACM and 

RTCM), cell count, FACs data (percentage cell count and MFI of antibodies), gene 

expression data and phagocytosis assay image-J latex beads count/cell.     
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3.1.6 Methods of statistical analysis 

Data were analysed using the Statistical Package for Social Science (SPSS Inc., 

version 24, IBM, Chicago). Data used for analyses were obtained from one of 2 

spreadsheets produced from method previously described. Analyses were first 

conducted to determine the normal distribution of cells before the appropriate 

parametric or non-parametric analyses were applied. When multiple-comparison was 

conducted, Bonferroni correction test was applied to protect the data from type-1 error.  

Statistical significance was set at p value of less than 0.05. Data was presented as mean 

± standard deviation (SD). Graphs were produced using GraphPad Prism v7. 
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3.2 Tissue conditioned media 

Tissue conditioned media (TCM) was used for in vitro studies to mimic the local 

tissue pathophysiological condition and its role in mediating circulating cells activation 

as described in a previous study (Clockaerts 2013). In the present study, TCM was 

prepared using either synovial tissue resected Intra-operatively from ES-OA patients at 

first arthroplasty or synovial tissues resected at revision surgery for aseptic loosening of 

their arthroplasty due to wear debris induced osteolysis.   

3.2.1 Tissue sample acquisition  

ES-OA and aseptic loosening revision synovial tissue were collected in sterile vials, 

together with 10 mL of PBS (Figure 3.4). A sample of the tissue was fixed in 10% 

formalin for subsequent formalin fixed paraffin embedded (FFPE) tissue processing.  

 

Figure 3.4: Acquisition of synovial tissues from patients. (A) ES-OA patients at 

first arthroplasty and (B) revision surgery for aseptic loosening of their 

arthroplasty due to wear debris induced osteolysis. 
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3.2.2 TCM preparation  

TCM was prepared using previously published method (Li et al. 2005).  Prior to 

tissue processing, the ES-OA synovium (Figure 3.5A) and synovial tissues from 

revision arthroplasty (Figure 3.5B), together with PBS (PBS-1X; Invitrogen, USA) were 

weighed and the results recorded. The weight of each tissue sample was calculated by 

subtracting the weight of the vial with PBS only. The tissue samples were washed with 

PBS to eliminate blood product residues. The washed tissue samples were minced into 

small pieces (about 3 mm
3
) and cultured for 48 h at 37ºC (95% humidity) in Dulbecco’s 

modified Eagle Medium (DMEM; Gibco, USA) without antibiotics or other additives in 

25 cm
2
 culture flasks with a density of about 500 mg tissue/mL (Figure 3.5C). OACM 

or RTCM was harvested and centrifuged at 9,000g for 10 mins to remove tissue 

residues. The minced tissues were cultured for another 24 h in fresh media as before and 

the conditioned media supernatant was again harvested. The supernatant was collected 

into sterile 1.5 mL tubes in aliquots, labelled (sample number, acquisition date, tissue 

type and incubation period) and stored at -80ºC in the TCM archive until use.  

 

Figure 3.5: Tissue processing for TCM preparation in aseptic condition. (A) ES-

OA synovium, (B) aseptic loosening revision synovial tissue and (C) Incubating 

minced tissue explant in DMEM without antibiotics and foetal bovine serum. 
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3.2.3 TCM pooling strategy 

In order to reduce inherent variability across tissue samples derived from different 

donors, and to obtain a consistent protein profile, the TCM aliquots were used after 

having been pooled. Prior to pooling, microbiology, pathology, x-ray and clinical results 

of patients who donated revision tissues were thoroughly reviewed by orthopaedic 

consultants to exclude infected tissue samples. For microbiology test, the tissue samples 

were incubated in both aerobic and anaerobic cultures using special culture broth 

between 2-14 days. The prolongation of the incubation period was associated with an 

increase in the proportion of positive samples and diversity of bacterial isolates. For 

histopathology report, criterion established by the Musculoskeletal Infection Society 

(MSIS) to diagnose periprosthetic joint infection (PJI) based on neutrophils infiltration 

greater than five per high-power field in five high-power fields histology sections 

observed at X400-magnification was used (Bori et al. 2018). All RTCM prepared from 

infected tissue samples was identified and discarded using departmental rules for the 

safe disposal of hazardous biological waste. The OACM and remaining RTCM from the 

frozen TCM archive were tested individually in migration assay and used in S100A8/A9 

ELISA to obtain an indication of inflammatory mediator levels and migration 

stimulation activity in samples of OACM and RTCM. Tissue samples varied in size and 

hence volume of TCM produced differed. The total volume of TCM expected to be used 

was calculated from the requirements of the migration study and proteomics protocols. 

Aliquots of TCM from as many patients as possible were used (25 ES-OA and 13 

revision tissues). No individual patient contributed more than 10% of the final media 

volume. The selected OACM and RTCM tubes were collected from -80ºC and the 

media from respective cohort of patient group were pooled in 500 mL sterile bottles. To 

maintain the integrity of the mediators in OACM and RTCM, pooling strategy was 

performed in a minimal freeze-thaw process under aseptic condition. The pooled 
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OACM and RTCM were mixed thoroughly and immediately prepared in aliquots of 

5mL. For S100A8/A9 ELISA assay, about 100 µL of pooled OACM and RTCM 

aliquots was also prepared. The pooled OACM and RTCM in 5 mL and 100 µL aliquots 

were stored in -80ºC in departmental freezers in the University of Liverpool. Unless 

otherwise stated in individual method development sections, all OACM and RTCM 

used in all the experiments were from the pooled stock. Where samples of conditioned 

media from an individual were used it will be identified as OACM-I or RTCM-I. 

3.2.4 Shipping of pooled OACM and RTCM 

A Material Transfer Agreement (MTA) was prepared and agreed between the 

University of Liverpool and University of Malaya prior to shipment. The aliquots of 

OACM and RTCM were arranged in 5 mL storage boxes and completely sealed to 

avoid sample leakage. The boxes were shipped in thermo safe box full of dry ice to 

ensure the media remained frozen. The dry ice was replaced during the air cargo 

shipment and the consignment arrived in 1 day. The integrity of the consignment was 

ensured while in the Malaysian custom office and it was delivered immediately to 

University of Malaya upon clearing customs.  The OACM and RTCM were received in 

intact, frozen containers and stored in -80ºC in departmental freezers in the University 

of Malaya until use.  

3.2.5 Haematoxylin & Eosin staining  

The ES-OA and revision synovial tissues were fixed in 10% buffered formalin for 

72 h. The tissue samples were dehydrated in sequential ethanol and Hemo-De solutions, 

embedded in paraffin, and cut into 5 μm thick sections using a tabletop microtome 

(Thermo Scientific, USA). The sections were subjected to standard haematoxylin and 

eosin (H&E) staining procedure for histological examination. Briefly, the sections were 

washed and stained with haematoxylin for 5 mins, transferred to clearite (30 s) and into 
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the bluing agent (30 s), rinsed and stained with eosin for 1 minute. Following 

dehydration, the sections were cleared and cover-slipped and viewed under microscope 

(Nikon, USA).  
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3.3 Transwell migration assay  

Transwell migration assays were introduced by Boyden to analyse the chemotactic 

responses of leukocytes (Boyden 1962). This assay uses two small tissue culture grade 

chambers separated by a porous membrane. The upper chamber contains basic media 

and cells while the lower chamber contains a chemoattractant media. Cells can migrate 

from the upper to the lower chamber. Many variations in testing designs can be 

incorporated into a single plate. In the present study, this technique was employed to 

understand the monocyte migration potential in response to mediators from TCM. Prior 

to undertaking the main objectives of this study, methods and protocols were developed 

to:- 

1) Optimise the experimental design using the migration assay. 

2) Determine the duration of the migration assay. 

Particular attention was placed on minimising accidental or artefactual activation of 

the monocytes at any point in their isolation or culture: whenever centrifuging cells, the 

brake was turned off; platelets were removed, no antibiotics were incorporated in any 

media; no serum supplements were added to culture media. 

3.3.1 Optimising experimental design using migration assay  

3.3.1.1 PBMNCs isolation 

The preliminary migration assay was performed on blood samples obtained from 150 

patients recruited from RLBUHT. About 30 mL of peripheral venous blood was 

collected in a citrate blood vacutainer tube from either ES-OA, primary or revision 

arthroplasty patients. PBMNCs were isolated by gradient separation technique. 10 mL 

of blood sample was transferred to each of three 15 mL tubes and centrifuged for         

10 mins at 180g in 21ºC with 0 brake to remove serum and platelets. The cell pellet was 

diluted in warm RPMI-1640 (Sigma) media and layered gently on 5 mL of Ficoll-Pague 
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solution-1077 (GE Healthcare Bio-Science, USA). The tubes were centrifuged at 450g 

for 20 mins at 20ºC with 0 brake. The PBMNCs layer from gradient separation was 

transferred to new 15 mL centrifuge tubes and washed twice with RPMI-1640, 

centrifuging at 180g for 10 mins at 20ºC with 0 brake. After the final washing step, the 

pellet was suspended in 1 mL of macrophage-serum free media (SFM). A cell count 

was undertaken on 10 µL of cell suspension using a haemocytometer. This blood 

sampling protocol was adopted for use throughout this study.  

3.3.1.2 Migration assay 

PBMNCs suspended in SFM at a concentration of 3 x 10
6
 cells/mL were seeded into 

transwell inserts with 3-µm pores (Greiner Bio-One, UK) (Figure 3.6). The lower well 

contained 1 mL of either SFM, OACM-I or RTCM-I. After 3-h incubation, those cells 

that had migrated into the lower well were used for phase contrast imaging and cell 

viability analysis. Those migrated cells trapped within the insert membrane were fixed 

in 4% PFA in PBS and used for intracellular adhesion molecule (ICAM) receptor and F-

actin immunofluorescence staining, light and scanning electron microscopy imaging. 

This migration assay protocol was adopted for use throughout this study.  

 

Figure 3.6: The diagram of transwell system used in migration assay. The upper 

chamber (apical side) represents circulating blood cells and lower chamber 

(basolateral side) represents the mediators from local tissues. This system allows to 

evaluate the direct migration potential of circulating cells in response to mediators 

derived from local tissue in a way of concentration gradient.  
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3.3.1.3 H&E staining of insert membrane 

H&E staining was performed on the transwell insert membrane after the migration 

assay. The inserts were washed with PBS and cells were removed from the apical face 

using cotton buds. The attached cells were fixed using 100% methanol for 2 mins. The 

residue of methanol was removed by gentle washing using tap water. The inserts were 

stained using eosin for 1 min, washed as before and stained with haematoxylin for 2 

mins. The insert membrane was removed from the inserts using a blade and mounted on 

a glass slide with the basolateral side facing upwards. Imaging was performed using 

bright field microscope with CFI E Plan Achromat X40/0.65 objective lens (Nikon 

Eclipse E200, USA) and 4.65 x 4.65 µm pixel digital camera (Infinity 2, USA).  

3.3.1.4 Confocal laser scanning microscopy imaging (CLSM)  

All confocal images were acquired using Leica TCS SP5 II inverted confocal 

microscope with X40/1.54 NA objective lens and 5X-zoom (Leica) and analysed using 

Leica Application Suite X imaging software (Leica LAS X, UK). Following migration, 

the insert membrane trapped adherent monocytes were fixed in 4% PFA for 10 mins at 

room temperature (RT) and stained with Alexa Fluor 488 phallotoxins F-actin 

fluorescence dye according to the protocol of manufacturer. The nucleus was 

counterstained with Hoechst 33342 (Invitrogen).  

3.3.1.5 Scanning electron microscopy (SEM)  

SEM analysis was performed to observe the cells on the basolateral side of the insert 

membrane. The insert membrane was fixed overnight in 4% glutaraldehyde in 0.1M 

cacodylate buffer and post-fixed for 1 h in 1% aqueous osmium tetroxide. These insert 

membrane was washed with three consecutive steps in distilled water before being 

dehydrated through a graded ethanol series (50, 70, 80, 90, 95 and 100%). The insert 

membrane was subsequently dried at a critical point using critical point drier (Bal Tec, 
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CPD030, Finland). The insert membrane was mounted on aluminium stub and sputter 

coated with gold before being examined using a digital SEM (JSM 6400; JEOL, Tokyo, 

Japan). 

3.3.1.6 Immunofluorescence staining (IFS) 

ICAM IFS was performed according to the manufacturer’s protocol (Raghavendran 

et al. 2016). Briefly, insert membrane trapped cells were stained using a primary mouse 

anti-human CD54 (ICAM-1, Clone MEM-111, ab2213) (1:1000; Abcam, UK) 

monoclonal antibody and secondary anti-mouse FITC-IgG H&L (ab6810) (1:500; 

Abcam). The nucleus was counterstained using Hoechst 33342 nucleic acid dye. The 

cells were studied under upright fluorescence microscope using CFI Plan Apochromat 

Lambda Series X40/0.25 objective lens (C-HGFI, Nikon) and images captured using 

2880 x 2048 pixels DS-Fi3 camera. The fluorescence intensity was analysed using NIS-

elemental imaging software (Nikon).  

Results and discussion 

A phase contrast imaging was performed on the migrated cells (Figure 3.7). The 

images confirmed active cell migration in response to TCM compared with control 

media.  

 

Figure 3.7: Phase contrast imaging of migrated cells in SFM (Negative control), 

OACM-I and RTCM-I. (Magnification: 10X)  



79 

The H&E staining of the insert membrane demonstrates the migration of the cells 

through the pores of insert membrane was possible although the average diameter of a 

monocyte is ~10-15 μm, which is 3-fold bigger than the diameter of a pore (Figure 3.8). 

Moreover, the bean-shaped nucleus/unilobar morphology, further confirmed the 

phenotype of monocyte.  

 

Figure 3.8: The H&E staining of migrating cells on basolateral side of insert 

membrane collected from different conditions. (A) Overview of transwell insert (B) 

bare insert membrane, (C) SFM, (D) OACM-I (E) RTCM-I. (Magnification: 40X)  
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The polarisation and re-organisation of the filamentous actin would be essential in 

allowing the cells to migrate through the insert membrane pores. Actin staining of 

migrating cells trapped within insert membrane was performed. The result demonstrates 

F-actin ring on insert membrane trapped cells in response to OACM-I and RTCM-I 

when compared with SFM (Figure 3.9). 

 

Figure 3.9: The F-Actin protein expression of the migrating cells on the basolateral 

side of insert membrane and the nucleus counterstained with Hoechst nucleic acid 

dye. The differential interference contrast (DIC) demonstrates the insert 

membrane with 3-µm pores where the cells migrated out from the apical side to 

basolateral side of chamber in response to mediators in concentration gradient 

manner. (Magnification: 40X)  

  



81 

The positive contact of cells to the insert membrane pores while migration activity 

was confirmed by SEM micrographs (Figure 3.10). RTCM-I treated cells formed 

filopodia during migration. The pointed end of the insert membrane trapped cells 

exhibits the origin of the growing filaments and an active tethering through the insert 

membrane pores.  

 

Figure 3.10: The SEM micrographs of the protruding cells through 3-μm pores of 

insert membrane in response to SFM, OACM-I and RTCM-I. 
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ICAM is a surface receptor essential for intercellular cell adhesion and suggestive of 

cellular activation. The fluorescence of ICAM on the migrated cells trapped on RTCM-I 

and OACM-I treated insert membrane was enhanced relative to that from SFM-insert 

membrane, although there were no ligands available for ICAM binding present in these 

tests (Figure 3.11). 

 

Figure 3.11: The ICAM expression (Green) of the cells protruding through insert 

membrane in response to SFM, OACM-I and RTCM-I. The nucleus (Blue) was 

counterstained with Hoechst nucleic acid dye. (Magnification: 40X) 

Conclusion 

The transwell migration assay appeared to be a possible parameter to test the 

migration potential of activated cells in response to mediators from TCM.  
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3.3.1.7 Optimising the duration of migration assay 

To determine a suitable period for monocyte migration, comparisons between 3 and 

24 h migration assay duration were undertaken. The literature suggested ~2 to 3 h 

migration assay sustained active migration compared to longer incubation period, which 

may include passive migration due to gravitational effects (Kramer et al. 2013). 

PBMNCs isolation and migration assay 

The blood sampling, PBMNCs isolation and migration assay were performed as 

described in section 3.3.1 with minimal modification. In this experiment, the migration 

assay was tested at 3 and 24 h incubation period using selected individual RTCM-I from 

tissue condition media archive. The isolated cells after the migration assay was used for 

the cell viability test.  

WST-1 cell viability test 

The number of migrated cells was estimated using the colorimetric WST-1 assay 

performed according to the manufacture’s instruction (Roche Applied Science, 

Switzerland). The WST-1 cell viability assay is a colorimetric assay that is based on the 

cleavage of a tetrazolium salt by mitochondrial dehydrogenases to form formazan in 

viable cells. The amount of formazan is parallel to the number of viable cells, which is 

metabolically active. Therefore, by detecting the formazan level (reduced level) in the 

culture media, the quantity of the viable cells can be estimated. In the present study, the 

migrated cells from the lower chamber were collected in 1.5 mL centrifuge tubes and 

centrifuged at 180g for 10 mins. The pellets were suspended in 1 mL of SFM containing 

100 µL of WST-1 and incubated for 1 h at 37ºC with 5% CO2 and 97% humidity. The 

media without cells were used as a blank. After the incubation, ~200 µL of media were 

transferred into wells of a 96-well microtiter plate in duplicate and absorbance was 
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measured at 420 nm and corrected with the 600 nm (reference wavelength) using a 

microplate reader (Epoch, USA). The absorbance readings were calculated and 

presented as mean ±  standard deviation (SD). 

Results and discussion 

The phase contrast images confirm an overwhelming cell migration in response to 

TCM (Figure 3.12).  

 

Figure 3.12: Phase contrast images of migrated cell in RTCM-I in basolateral 

chamber at 3 and 24 h migration period. (Magnification: 10X) 

The WST-1 cell viability test was conducted on migrated cells in response to   

RTCM-I and SFM (baseline control) at 3 and 24 h. The number of migrated cells was 

estimated based on the colorimetric absorbance reading of reduced WST-1. The 

absorbance readings of migrated cells in response to RTCM-I were normalised with 

absorbance readings of SFM recorded at respective migration durations to calculate the 

fold change. The Figure 3.13 indicates that there was no any significant difference in 

migration level of monocytes between 3 and 24 h incubation period (p=0.483). 
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Figure 3.13: The WST-1 cell viability test on migrated cells in response to    

RTCM-I and SFM (baseline control) at 3 and 24 h incubation period. The WST-1 

colorimetric absorbance readings of migrated cells in RTCM-I was normalised 

with absorbance reading of migrated cells in SFM for the respective incubation 

period to measure the fold-change.  

Conclusion 

A 3 h incubation period was applied throughout all the subsequent experiments.  
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3.3.1.8 Cell count  

Some problems were encountered using WST-1 to measure number of migrated cells 

in response to either SFM or TCM:- 

1) Low cell numbers especially in SFM reduced the sensitivity and reproducibility 

of these techniques requiring more replicates. However, limitations in the 

volume blood allowed to be collected from patients removed the option of 

having more replicates in migration assay.      

2) The background colour from the TCM obscures the accurate reading of 

colorimetry.  

Therefore, the cell counts for this study were performed on phase contrast 

microscopy images of migrated cells using the Image-J software.  

Image-J cell count technique 

Phase contrast microscopy images of migrating cells captured using X10/0.25 

objective lens (Olympus, USA) with Xcam-α digital camera (Olympus) up to three 

image fields/experimental group from section 3.3 (Transwell migration assay) were 

used in a sequence of steps in Image-J software to estimate the cell number. The most 

appropriate plugin for the Image-J software was adopted from the previously published 

method with some modification (Mallard et al. 2013).  

Cell count analysis using Image-J   

The sequence of steps in Image-J software to estimate cell number was given in 

Figure 3.14. (1) Image-J panel was opened to select the phase contrast image. (2) A 

phase contrast image in tiff format was selected into Image-J application panel.  (3) For 

scale bar calibration, a line was drawn over the pre-set scale bar on the image using the 
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freehand line option from the Image-J application panel. (4) From the analysis menu, 

100 µm scale distance was filled in the known distance space and the unit of length was 

recorded as ‘µm’. (5) The image was converted into 8-bits format from RGB by 

selecting the type of image option. (6) The image was converted into 8-bits format. (7) 

In order to get a specific threshold for the cell, the threshold of the image was adjusted 

from the threshold adjusting panel. (8) When adjusting the bar from the threshold panel, 

the cells were gradually distinguished into black spots. (9) When the threshold was 

fixed, the image was converted into 8-bits inverting LUT. (10) A rectangular area was 

selected from the Image-J application panel. (11) A rectangular was drawn to select the 

image without scale bar. (12) The ‘clear outside’ option was selected from edit. (13) 

The scale bar was removed to continue the analysis. (14) The image was converted into 

mask by selecting binary option from process. (15) The empty holes within the black 

spots were filled selecting fill holes from binary option. (16) The attached cells were 

separated by selecting watershed from binary. (17) To estimate the total number of 

cells, analyse particles option was selected from analysis list. (18)  In the dialogue box, 

the estimated diameter of the cells (10 µm) and shape of the cells as circularity were 

ticked. (19) The cells were calculated and the numbers given in the image. (20) The cell 

count/field of phase contrast image was given in the summary box and exported in excel 

sheet for a further analysis.  
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Figure 3.14: The cell count performed using Image-J software. (1-20) The sequence 

of steps that were used in Image-J software to estimate the number of cells from 

phase contrast images of migrating cells. 



89 

3.4 Flow cytometry  

Fluorescence-conjugated antibody cell staining (FACs) analysis was to be a major 

analytic tool in this study. FACs protocols were developed from established protocols 

with minor modifications (Zawada et al. 2015).  

3.4.1 Certificate of competency to perform FACs technique 

Before performing all the experiments involving FACs technique, a certificate course 

organised by BD Bioscience was attended to ensure competency in setting up 

experiments involving multiple fluorophores FACs panels, performing flow cytometry 

QC check, acquiring high quality FACs output and performing FACs data analysis for 

interrogation and interpretation.  

3.4.2 Selecting FACs receptors & developing FACs panel  

The cell surface receptors/markers were selected for two main purposes, 1) To 

phenotype the monocyte population and 2) To study their functional activities. After a 

thorough literature search, the receptors were selected and underwent QC validation 

prior to use in the migration study.     

3.4.3 Criteria for selecting FACs antibodies 

The optimal antibody and their conjugated fluorochrome used to study their cell 

surface receptors were selected using criteria and guidelines from published clinical 

diagnostic guidelines (Johansson et al. 2014):- 

a) The selected antibodies were from a monoclonal antibody list. The reason for 

considering monoclonal antibody was to produce high specificity antibody 

binding to epitope/receptors, to reduce cross reactivity and to acquire high 

reproducibility of staining outcome between different experiments.  
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b) The clone where an antibody was developed had been taken into account prior to 

selecting the antibodies. The selection of expression (clone) determines the 

quality of the antibody and reproducibility. To maintain the reproducibility of 

FACs outcome between experiments, therefore the same clone was considered 

while purchasing different batches of a particular antibody.    

c) The bright fluorochromes were selected for the antibodies from either BD 

biosciences, BioLegend or R&D system antibody-fluorochromes list. With the 

knowledge of lasers available for the BD flow cytometry instrument, appropriate 

fluorochromes were selected using the specific staining index (SI) given for the 

respective antibody conjugated with a specific fluorochrome. The effective 

brightness of a fluorochrome is dependent on the difference between the positive 

and negative (D) peaks and the spread of the peak of negative population (W). 

The SI is a useful metric for normalised signal over background signals (Figure 

3.15). These background signals are influenced by autofluorescence of cells, 

non-specific staining, electronic noise and optical background from other 

fluorochromes (spillover). 

d) Although the SI can help to guide the choice of the bright fluorochromes for 

multicolour parameters, it was derived from single antibody reagent. However, 

in the present study, a multicolour antibody cocktail was used for 

multiparameter analysis. Considering the spectral overlapping issue between 

different fluorochromes, which can cause false positive outcome, fluorochromes 

were also finalised based on the signal overlapping profile. However, some 

minor overlapping between fluorochromes was still observed and further 

minimised by applying a compensation matrix (described below).  
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Figure 3.15: The peaks represent positive (blue) and negative (red) staining of 

single fluorochromes. ‘D’ is the distance between positive and negative peaks and 

‘W’ indicates the width of the negative peak. The greater the distance between 

negative and positive peaks and narrow the width of negative peak determine the 

brightness of a fluorochrome. 

3.4.4 FACs panel  

3.4.4.1 The phenotyping and functional receptors  

Two panels of eight-flourochromes conjugated monoclonal antibodies were 

developed to use in the migration study (figure 3.16). The receptors used for 

phenotyping were included in both panel 1 and panel 2. Selected functional receptors 

were only included either in panel 1 or panel 2. 

 

Figure 3.16: The FACs panel 1 and 2 that were used in this study. Both panels had 

a number of common phenotyping markers such as CD45 (haematopoietic lineage) 

and CD16 and CD14 (monocytes), which were conjugated with different 

fluorophores. Both panels also had common lineage negative markers including 

CD3 (T-cell), CD19 (B-cell), CD56 (Natural killer-cell) and CD66b (Neutrophil), 

which were conjugated with similar fluorophores. Typical monocyte activation 

markers were also included in panel 1 (CD182 and DCSTAMP) and panel 2 

(CX3CR1 and CD42b) which were conjugated with different fluorophores for the 

respective panel. 
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3.4.5 Flow cytometry instrumental details 

The FACs sample acquisition was performed using BD FACSCanto
TM

 II digital 

analyser with FACSDiva v6.1.2 operating software. The cytometer was equipped with 

405 (violet), 488 (blue) and 633(red) nm lasers with appropriate hardware and optical 

configuration (filters, mirrors and detectors). 

3.4.5.1 Flow cytometry instrument quality control (QC) check 

To check the FACs instrument QC, a routine instrument performance check is 

undertaken every fortnight using Cytometry Setup and Tracking (CS&T) beads (BD 

Biosciences). These CS&T beads comprise three bead populations, negative, 

intermediate and bright fluorescence. The median fluorescence intensity (MFI) and 

percent robust CV (% CV) of beads are recorded on all detectors, including the forward 

(FSC) and side scatter (SSC) parameters. The software algorithms analyse linearity of 

signals, detector efficiency, optical background, electronic noise, area scaling factors 

and laser. The software automatically adjusts the photomultiplier tubes (PMT) voltages 

for fluorophores at the wavelength set for each detector e.g. 575/25nm for phycoerythrin 

(PE). The software then pre-sets all the PMTs and FSC diode, which are suitable for 

organic fluorophores.  

Once the baseline is set, daily performance checks are performed each time the 

instrument is used. All the QC parameters are plotted against time and flagged if system 

performance falls outside this range. The software adjusts voltage so that the CS&T 

beads always fall in the same channel. This high QC allows us to use the same 

compensation matrix from the automated compensation panel (from the pre-set list) 

without using single colour controls every time an experiment is carried out.    
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3.4.5.2 Flow cytometry instrument setting 

In the flow cytometry desktop, a new experiment folder was created from the 

browser toolbar and renamed as per the study ID. From the experiment folder, new 

specimen was selected and renamed as per the patient anonymous ID.    

3.4.6 Developing FACs compensation matrix 

When multiple fluorochromes are used to study cell surface receptors, spectral 

overlapping between fluorochromes can affect the accuracy and quality of the data. This 

optical background spillover happens when the emission spectra of one fluorochrome is 

detected by a detector designed to measure signal from a different fluorochrome. The 

amount of the spillover is a linear function, therefore the average fluorochrome signal 

level can be corrected by the process called compensation (Figure 3.17) (BD 

Biosciences 2009). 

 

Figure 3.17: Diagrams shows the spillover between BV421/ BV510/ BB515/ PE/ 

APC/ PerCPCy5.5/ PECy7/ APC-H7 [Adapted from (BD Biosciences 2009)]. 

Material and methods 

The compensation matrix was developed for the 8 selected antibodies using an 

established method (Hristov et al. 2009). Fluorescence compensation was assessed with 

anti-mouse Igκ CompBeads (BD Bioscience, no.552843). 100 µL of PBS was added to 

each of 9 FACS tubes (BD Falcon, US) followed by 1 drop of the CompBeads negative 
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and 1 drop of the CompBeads Anti-Mouse Igκ beads were added and the mixture 

vortexed. A 5 µL of an antibody stock was added to one of 8 labelled FACS tubes, the 

mixture vortexed and incubated for 15-30 mins at RT in the dark. PBMNCs were added 

to a FACs tube without either antibodies or beads. During incubation of the antibody-

beads cocktail, the PMT voltage of flow cytometer instrument was set using the 

PBMNCs as a reference value. After the incubation, 2 mL of PBS was added to each 

tube and centrifuged at 250g for 10 mins. The supernatant was discarded by careful 

aspiration using fine-tip pasteur pipettes. The pellet was resuspended in 500 µL of PBS 

and vortexed thoroughly. A tube was applied to the FACS and events data acquired and 

gated on the single bead population from FSC and SSC. The flow rate was adjusted to 

200-300 events per second and a dot-plot for the given fluorochrome-conjugated 

antibody created as appropriate. A quadrant gate was placed such that the negative bead 

population was in the lower left quadrant and the positive bead population in the right 

upper or lower quadrant. The compensation values were adjusted until the MFI of each 

population become equal. The steps were repeated for all the tubes and a compensation 

matrix calculated using the FACSDiva software. The compensation matrix was saved in 

the automated compensation panel list and used for the experiments involving 

multicolour staining.  

Result  

The compensation matrix for the eight-fluorochrome panel of this study was developed 

(Figure 3.18). 
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Figure 3.18: The unique compensation matrix for the eight-fluorochrome panel of 

this study. (A) The peaks of unstained (Blue) and stained (Green) compensation 

beads for  BB515, PE, PerCP-Cy5.5, PE-Cy7, APC, APC-H7, BV421 and BV510, 

(B) The compensation matrix generated and saved in the automated compensation 

panel list to be applied in subsequent experiments and (C) The dot spots of 

compensated (Black-dots) and uncompensated (green-dots) panel of all eight 

fluorochromes.   
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3.4.7 FACs antibody titration  

Following designing a multicolour flow cytometry panel, the concentration of each 

antibody was optimised. The antibody reagents were recommended for 100 tests, based 

on standard testing performed by the vendors. Optimisation is required to avoid non-

specific binding from excessive antibody in the final concentration and combination. 

The unbound antibodies can bind to low-affinity targets (off-target effects) and may 

give false positive signals. To overcome the non-specific binding and to obtain a 

brightest signal, all the antibodies were tested at two different volumes i.e. 5 µL 

(recommended volume) and 2.5 µL/test. 

Materials and methods 

Aliquots of 100 µL WB sample were added to FACs tubes containing a single 

antibody at either volume and incubated for 30 mins on ice in the dark. The erythrocytes 

were lysed with FACSlyse for 15-20 mins followed by fixing in 4% PFA. After 

fixation, FACs tubes were centrifuged at 250g for 5 mins and the cell pellet resuspended 

in 250 μL of PBS prior to FACs acquisition. Standard protocols for FACs machine use 

include ensuring the waste tank was emptied and the sheath fluid filled and pre-

warming the lasers for 15 mins before sample acquisition; routine calibration as 

mentioned earlier allows use of pre-set CS&T settings to calibrate the lasers and PMT 

for sample acquisition. For cytometer settings, all the parameters including FSC 

(measure cell size), SSC (measure cell granularity), BV421, BV510, BB515, PE-Cy7, 

APC-H7, APC, PE and PerCP-Cy5.5 were selected; area, height and width were also 

selected for FSC and SSC. For fluorescence channels, the compensation matrix was 

selected and applied to all the acquisition tubes; Log and area were selected. On the 

global worksheet, dot plots were prepared for all the parameters. For each plot, 

individual axis was selected for the preferred parameters e.g. PE versus PerCP-Cy5.5. 
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For data collection, median was selected from the statistic column. FACs tubes were 

briefly vortexed prior to acquisition. The unstained tube was run before other sample 

tubes. During the acquisition, low flow rate was used and population of interest 

identified while adjusting FSC and SSC on the plot. To acquire single cell, FSC-area 

and FSC-height were adjusted from the FSC area scaling until they reach linear on the 

plot. The MFI of samples was used to overlay the peaks between 2.5 µL and 5 µL 

(recommended volume) for all the fluorochromes. The staining index (SI) was 

calculated using an equation as published earlier (Equation 1) (Telford et al. 2009). This 

equation uses the difference between the MFI of the positive signal (MFIpos) and 

negative signal (MFIneg) and divides that difference by the right side of the negative 

curve (84%neg-MFIneg).   

Equation 1. Staining Index (SI)  

𝑆𝐼 =  
𝑀𝐹𝐼𝑝𝑜𝑠 − 𝑀𝐹𝐼𝑛𝑒𝑔

[
84%𝑛𝑒𝑔 − 𝑀𝐹𝐼𝑛𝑒𝑔

0.995
]
 

Results 

The histograms of MFI for all the individual antibody staining indicated no 

significant different between 2.5 µL and 5 µL antibody volume (Figure 3.19). 
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Figure 3.19: The overlaid peaks of 2.5 µL and 5 µL (vendor recommended volume) 

flourochromes conjugated antibody reagents for CCR2/CD192, ITGAM/CD11b, 

CD45, CD16, CD14, CD42b, CX3CR1, CXCR2, CD3, CD19, CD66b and CD56.  

Conclusion 

The 2.5 µL antibody volume was suitable, cost effective and reliable for FACs 

analysis in this study.     
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3.4.8  Data analysis using FlowJO 

Although FACS Diva free software is available for data analysis, FlowJo software 

version 10 (Tree Star, CA) was used as the main software for all FACs data analysis. 

FlowJo is widely recognised for its robustness in producing high quality outputs.  

3.4.9  Validating FACs panels, a pilot study 

A pilot study was conducted using blood samples from 21 Malaysian patients. The 

aims were:- 

1. To validate the selected surface receptors for phenotyping PBMNCs  

2. To ensure the FACS panels worked on cells migrating in response to tissue 

conditioned media  

3. To measure CD14
+
 monocyte population functional surface receptors using 

selected antibody receptors.    

3.4.9.1 Demographic data sampling  

Female and male orthopaedic patients were recruited (n=21) based on inclusion or 

exclusion criteria. Pilot study patient demographics, clinical history and laboratory data 

are presented in Table 3.1. 
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Table 3.1: Demographic, clinical and laboratory characteristic of patients. 

Demographics  
Descriptive 

(n, %) 

Number of patients 21 (100) 

Male 5 (24) 

Female 16 (76) 

 

Ethnicity 

 

Malay: 3 (14) 

Chinese: 8 

(38) 

Indian: 10 (48) 

Age (Years, median[IQR]) 65 (62.5-70) 

BMI (kg/mm
2
,median [IQR]) 29.8(26.2-34) 

Clinical data 
 

Patient with primary arthroplasty 

(n, %) 
18 (85) 

Kellgren-Lawrence knee classification 

Grade 0: 0 (0) 

Grade 1: 3 (18) 

Grade 2: 1 (6) 

Grade 3: 10 

(53) 

Grade 4: 4 (24) 

Aseptic loosening revision surgery  

(n, %) 

Knee: 1 (5) 

Hip: 2 (10) 

Paprosky classification (Hip) 

Type 1: 0 

Type 2: 1 

Type 3: 1 

Type 4: 0 

Laboratory data (Median, [IQR]) 
 

CRP (mg/dL) 0.4 (0.2-0.7) 

ESR (mm/hr) 35 (23.5-57.8) 

Monocytes (10
9
/L) 0.37 (0.2-0.6) 

Neutrophils (10
9
/L) 3.7 (3.2-5.3) 

Lymphocytes (10
9
/L) 2 (1.8-3) 

Platelets (10
9
/L) 317 (214-350) 
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3.4.9.2 Patient tissue acquisition and tissue conditioned media preparation 

Tissue conditioned media for migration tests was prepared from synovium of ES-OA 

(n=3) and revision arthroplasty patients (n=3) using method as described earlier. 

3.4.9.3 Blood samples  

PBMNCs to be used in migration and FACs analyses were separated from venous 

blood samples using method as described earlier. 

3.4.9.4 Migration assay 

PBMNCs suspended in SFM at a concentration of 3 x 10
6
 cells/mL were seeded in 

transwell inserts with the lower well containing 1 mL of SFM, OACM-I or RTCM-I. 

After 3 h incubation, those cells that had migrated into the lower well were used in flow 

cytometry analyses. Data was collected from three individual experiments.    

3.4.9.5 Flow cytometry  

For each donor, the nucleated cell populations within PBMNCs and migrating cells 

in response to SFM, OACM-I and RTCM-I were stained with antibodies as in the panel-

1 and panel-2, (Figure 3.16). The expression of monocyte surface receptors in all 

conditions was characterised and analysed relative to the MFI of antibodies. 

Contamination of the monocyte population with B, T, neutrophils and natural killer 

(NK) cells was assessed and gated out using CD19, CD3, CD66b and CD56 lineage 

negative receptors, respectively. For PBMNCs characterisation, 1 x 10
5 

cells were 

stained with antibody cocktail from either panel-1 or 2 and incubated for 30 mins on ice 

in the dark. Migrated cells were transferred from the lower well into FACs tubes and 

centrifuged for 5 mins at 250g. The cell pellet was resuspended in 150 µL PBS followed 

by aliquoting 50 µL of cell suspension into FACs tubes for panel-1 and 2 for staining. 

After the antibody staining, the cells were fixed in 4% PFA. After fixation FACs tubes 

were centrifuged at 250g for 5 mins and the cell pellet resuspended in 250 μL of PBS 
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prior to acquisition. FACs data was acquired within 24 h of staining using flow 

cytometry settings as detailed below. A specific gating strategy was applied during 

acquisition event as described previously enabling accurate identification of monocyte 

subtypes followed by an assessment of the surface receptor expression (Zawada et al. 

2015). The MFI was recorded and FACs data exported in ACS format for a further 

analysis using FlowJo. 

Results  

The monocyte population was identified by localising in leukocyte plot in forward 

FSC-Area versus SSC-Area (Figure 3.20A). The singlet cells were gated based from the 

linear correlation between FSC-height (FSC-H) and FSC-area (FSC-A) to improve the 

accuracy of the analysis (Figure 3.20B). All the immune cells were distinguished using 

the leukocyte common antigen CD45
+
, a pan leukocyte marker (Figure 3.20C). The T 

and B cells were excluded with a lineage negative exclusion criteria based on the 

negative selection of CD3 and CD19 antibodies, respectively. Since NK cells can be 

found between the border of monocytes and lymphocytes, therefore, CD56 antibody 

was used to exclude these cells. Neutrophils were excluded using CD66b antibody as a 

minor contamination of these cells expected during PBMNC isolation. Subsequently, 

monocyte population according to their CD45
+dim

 and CD14
+
 expression was identified 

(Figure 3.20D). Finally, the expression of CD14
+
 and CD16

+
 using a bivariate dot-plot 

was compared in order to classify the different monocyte subtypes:                       

classical (CM-CD14
++

CD16
-
), intermediate (ITM-CD14

+
CD16

+
) and non-classical                       

(NCL-CD14
+low

CD16
+
) (Figure 3.20E).  
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Figure 3.20: Proposed sequential gating strategy for the identification and 

classification of the monocyte population and their subtypes from PBMNCs 

obtained from patients by flow cytometry.  

The specific gating strategy was developed to clarify the availability or activation of 

functional receptors on monocyte population in quadrant 3 (Q3) using selected 

functional receptors. Those cells positive to the functional receptors but localised in Q2 

was excluded from further analysis (Figure 3.21D).  

 

Figure 3.21: A proposed gating strategy to analyse the functional receptors on 

CD14
+
 monocyte population (Q3, red highlighted box). (Q: quadrant) 

The Figure 3.22 confirms that the MFI of selected functional receptors was greater 

than that of unstained population. The trafficking and migration of the CD14
+
 monocyte 

population require the availability of different chemokine receptors and adhesion 

molecules with different profiles. In order to test whether adhesion molecules and 

chemokine receptors would be detected within CD14
+
 monocyte population before 

and/or after migration, the staining of CD11b (ITGMA); CX3C-chemokine receptor 1 

(CX3CR1); CXC-chemokine receptor 2 (CXCR2 also known as CD182);                      
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CC-chemokine receptor 2 (CCR2 also known as CD192) and glycoprotein Ib-alpha (GP 

Ib-α) DC-STAMP (Figure 3.22 A-F) was analysed. 

 

Figure 3.22: Comparative analysis of functional activation receptors within CD14
+
 

monocyte population obtained from PBMNCs and migrating cells in response to 

SFM, OACM-I and RTCM-I using flow cytometry.     

Conclusion 

The selected antibody panel-1 and -2 appeared to be suitable to perform monocyte 

phenotyping and functional receptors analysis in main experiment of this study. The 

compensation matrix and gating strategies functioned satisfactorily.   
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3.5 MCP-1 (Specific chemokine control) 

Using SFM as a non-stimuli spontaneous migration control yielded very low cell 

numbers limiting parameters that could be tested. Monocyte chemoattractant protein-1 

(MCP-1) is a potent chemotactic factor for monocytes (Deshmane et al. 2009). The use 

of MCP-1 as a specific chemokine control in migration assays has long been established 

(Hardy et al. 2003, Skorokhod et al. 2014). In the present study, MCP-1 in the lower 

migration chamber functions as a specific chemokine control for monocyte migration. 

MCP-1 became a better option as a control to be used as a baseline against which to 

analyse OACM and RTCM stimulated migration.  

3.5.1 MCP-1 standard curve 

Although the recommended concentration of MCP-1 is given in the product 

information, optimisation to determine the ideal concentration of MCP-1 for use as a 

positive control in this study was essential. 

Materials and methods  

The recombinant human MCP-1 (R&D System, USA) was reconstituted in 1 mL of 

sterile PBS containing 0.1% bovine serum albumin (sigma). The MCP-1 stock solution 

was prepared in aliquots of 80 μL/tube in 200 μL centrifuge tubes and stored in -20ºC 

until the use. PBMNCs were isolated from blood samples from 3 patients, migration 

assay, FACs and RNA extraction were performed using methods as described in section 

3.4 and 3.6 with a minor modification: instead of using tissue conditioned media in the 

lower wells, 25, 50, 100 and 150 ng of MCP-1 in 1 mL of SFM was prepared from a 

10ng/uL stock. Phase contrast images of the bottom well were taken after 3 h migration 

assay using an inverted light microscope (Eclipse Ti-E, Nikon, UK). Data was entered 

into excel and analysed using standard descriptive and non-parametric (Kruskal-Wallis) 
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significance tests in SPSS v24. Graphs were produced using GraphPad Prism v7. Data 

was presented as mean ± SD. 

Results and discussion 

Phase contrast images indicate cell migration to be enhanced in the 100 and 150 

ng/ml MCP-1 treated groups (Figure 3.23). Using the cell counting option (each cursor 

pointing on the cell counted as one cell) from the Nikon imaging software, the number 

of migrated cells was calculated for each well. A standard curve was plotted using total 

cell number against different MCP-1concenrations (Figure 3.24). A steady increase in 

cell number parallel to MCP-1 concentration was observed. The goodness of fit test 

shows 98% linear regression of cell migration with a range of concentration between     

0 to 150 ng/mL MCP-1.         

 

Figure 3.23: Phase contrast images of cells in bottom well after 3 h migration event 

in response to MCP-1 at 0, 25, 50, 100 and 150 ng/mL. (Magnification: 20X)  
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Figure 3.24: The standard curve of migrated cell number versus MCP-1 

concentration (ng/mL). The error bars indicate the standard deviation of biological 

replicates.  

3.5.1.1 FACs gating  

The CD14
+
 monocyte population was responsive to different concentration of    

MCP-1 (Figure 3.25 A&B). The histogram indicates no changes in the MFI of CD14 

marker although the cell count was increased parallel to the concentration of MCP-1 

(Figure 3.25 B). The CD14
+
 FACs events indicate monocyte chemotaxis directly 

proportional to the MCP-1 concentration. There was a significant difference in 

monocyte migration in all MCP-1 treated groups when compared with negative control 

(p<0.05), although there was no significant differences in numbers of CD14
+
 FACs 

events between 50-150 ng/mL MCP-1 treated groups. This suggested the notion that the 

MCP-1 concentration might have reached saturation level for stimulation of migration.  
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Figure 3.25: The CD14
+
 gated monocytes from FACs analysis after 3 h migration 

in 0, 25, 50, 100 and 150 ng/mL of MCP-1. (A) The representative image of FACs 

event, (B) The representative histogram of MFI and (C) The bar chart shows the 

total CD14
+
 FACs event acquired   (Significant level: *p< 0.05 and **p<0.01). 

RNA was extracted from the migrated cells in response 50 and 100 ng/ml MCP-1 

and quantified. SFM (spontaneous migration control) and a single patient derived 

RTCM-I were included as comparison groups. The RNA quantity extracted from cells 

in response to MCP-1 (p<0.05) and RTCM-I (p<0.01) treated groups was significantly 

greater than that of SFM treated group (Figure 3.26).   
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Figure 3.26: The total RNA isolated from monocyte migrated in response to 50 and 

100 ng/mL of MCP-1, SFM (spontaneous migration control) and RTCM-I.    

Conclusion 

As monocyte chemotaxis did not be vary between 50-150 ng/mL MCP-1; therefore, 

100 ng/mL MCP-1 was selected as the concentration to use as a positive control in 

migration assays. 
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3.6 Gene Expression 

Optimisation of protocols for each step required for gene expression analysis of 

migrated cells was undertaken:- 

1) To establish a protocol to isolate RNA from PBMNCs.  

2) To establish and validate the quality and quantity of RNA from migrating cells 

in response to SFM, MCP-1, OACM-I and RTCM-I using qPCR technique. 

3) To validate the efficiency of PCR instrument.    

3.6.1 RNA extraction from PBMNCs  

One of the main concerns in gene expression analysis was the small number of cells 

available for total RNA extraction. The total blood volume was strictly limited         

(~30 mL) and isolated PBMNCs were required for testing many different parameters i.e. 

migration assays, FACs surface receptors analysis and phagocytosis assay. Thus, the 

RNA extraction steps were carefully optimised to isolate a maximum quantity of total 

RNA from low yield of cell number without compromising its quality. A high quality 

total RNA is crucial to obtain reliable and reproducible outputs from the quantitative 

polymerase chain reaction (qPCR).     

3.6.1.1 RNA extraction 

RNA extraction was optimised on PBMNCs sample using Qiagen RNeasy micro kit 

(Qiagen, USA). The total RNA extraction was performed according to the manufacturer 

standard protocol. Briefly, PBMNCs were isolated from 100 μL of WB from 3 patients, 

diluted in 1 mL of PBS and counted using the haemocytometer. The cells were seeded 

on cell culture plate at a density of 1x10
6
, 1x10

5
, 1x10

4
 and  1x10

3
 cells/mL and 

incubated in SFM for 30 mins at 37ºC (95% humidity). After 30 mins, the adherent cells 

were washed with warm PBS and treated with ~300 μL of RLT cell lysis buffer 

containing 1% β-Mercaptoethanol. The lysate was homogenised by repeat pipetting 
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using 100 μL tips to disrupt the cell membrane to release the intracellular contents. The 

lysates were transferred into DNA removal column to eliminate genomic DNA 

contamination. The columns were centrifuged for 30 s at 9000g. The flow-through was 

mixed with 300 μL 70% RNA grade ethanol (Sigma, USA) and pipetted into RNA 

purification columns. The columns were centrifuged for 30 s at 9000g and the flow-

through discarded. The RNA bound to the membrane of the columns, was washed with 

700 μL of RW1 buffer followed by 500 μL of RPE buffer with applying centrifugation 

for 30 s at 9000g for each step. The washed columns were transferred into new 2 mL 

collection tubes and centrifuged at full speed for 1 min. The columns were transferred 

into new 1.5 mL collection tubes and ~14 μL of RNase-free water added directly onto 

the membrane of the columns. The columns were centrifuged for 1 min at 9000g and  

~2 μL sample of RNA was pipetted into 200 μL centrifuge tube to measure the quantity 

of RNA. The remaining RNA samples were immediately stored in -20ºC. The 

concentration of RNA harvested was determined by measuring absorbance at 260 and 

280 nm using a spectrophotometer (NanoDrop
TM

, UK). 

3.6.1.2 cDNA synthesis and real-time PCR 

The first-strand cDNA was synthesised with 12 ng pure RNA, using the RT
2
 First 

Strand kit (Qiagen) according to the manufacturer’s instructions. The cDNA copies 

were validated in qPCR (CFX96, Bio-Rad, USA) using experimentally validated RT
2
 

qPCR GAPDH primer assay (Qiagen) and RT
2
-qPCR SYBR green master mix 

(Qiagen).  
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Results and discussion 

The phase contrast images confirmed the density of the cells after 30 mins of cell 

adhesion. The morphology appeared to be uniform (Figure 3.27). The RNA copies 

extracted from the PBMNCs at different density are shown in (Figure 3.28). There was 

a steady increase in the RNA concentration parallel to cell density. The mean 

absorbance 260/280 ratio of RNA extracted from cells at different density was within 

the range of standard RNA quality (1.8-2.0 range). The GAPDH qPCR amplification 

rate (Ct cycle) was constant and decreased as the RNA concentration increased (Figure 

3.29 A). The melting curves for all the amplicons indicated the qPCR product melted at 

a constant rate (Figure 3.29 B). This was crucial to validate the specificity of primers to 

the cDNA samples (Pryor and Wittwer 2006). The GAPDH qPCR amplification cycle 

(Ct value) was inversely proportional to the quantity of RNA concentration and the 

goodness of fit curve achieved to 98% (Figure 3.29 C). This finding suggests that the 

RNA concentration was proportional to the density of the PBMNCs.    

 

Figure 3.27: Phase contrast images of PBMNCs seeded on cell culture plate at 

density of 10
3
, 10

4
, 10

5
, and 10

6
 cells/mL. (Magnification: 20X) 
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Figure 3.28: RNA concentration (ng/μL) and the 260/280 standard RNA quality 

range of RNA extracted from PBMNCs at the density of 10-fold serial dilution 

from 10
6
 cells/mL.  

 

Figure 3.29: The real time qPCR analysis of RNA extracted from different density 

of PBMNCs using GADPH as a primer. (A) Amplification cycle (Mean Ct value), 

(B) Melt curve and (C) The standard curve of GAPDH mean Ct value versus 

PBMNCs cell density (10-fold serial dilution).  
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Conclusion 

Qiagen micro RNeasy kit appeared to be effective in extracting RNA copies from as 

low as 10
3
 cells/mL without compromising the quality.      

3.6.2 RNA extraction from migrated cells in response to TCM 

The quality of RNA copies isolated from migrating cells in response to TCM was 

validated using qPCR. This step was crucial to the consideration as to use of a PCR 

custom array for expression analysis on small numbers of migrated cells. 

Materials and methods 

PBMNCs were isolated from 25 mL of WB from 3 patients and subjected to 

migration assay. The SFM and MCP-1 were used as a spontaneous and specific 

chemokine migration controls, respectively. The OACM-I and RTCM-I were used as a 

complex chemokines group in the migration assay. The migration assay was performed 

in a suspension plate (Greiner Bio-One Ltd.) to avoid cell attachment and to retrieve the 

cells into flow cytometry tubes for washing step. The migrating cells either in OACM-I 

or RTCM-I were transferred into flow cytometry tubes and centrifuged at 400g for        

5 mins. The supernatants were discarded and the pellets washed with 1 mL of warm 

PBS. The cell pellets were suspended with 300 μL of RLT lysis buffer with 1% of       

β-Mercaptoethanol and homogenised by repeat pipetting using 100 μL tips. The RNA 

was extracted and purified using the RNA extraction method as above. The RNA 

samples were quantified and first strand cDNA library synthesised with 12 ng RNA 

copies. The quality of the cDNA copies were validated in qPCR using RT
2
 qPCR 

GAPDH primer assay and RT
2
 qPCR SYBR green master mix.   
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Results and discussion  

The phase contrast images confirm the cell migration in response to SFM, MCP-1, 

OACM-I and RTCM-I (Figure 3.30).  

 

Figure 3.30: The phase contrast images of cells after 3 h migration in response to 

SFM (negative control), MCP-1 (100 ng/mL-positive control), OACM-I and 

RTCM-I. (Magnification: 20X) 

The total RNA (12 μL elution volume x RNA copies ng/μL) concentration from all 

the groups were above the threshold level (1 ng/array) of RNA quantity required by 

Qiagen 96-well plate custom PCR array (Figure 3.31). The absorbance ratio of RNA 

samples was lower than the standard ratio (A260/280: 1.8-2.0). This could be due to 

protein contamination, typically responsible for increased absorbance readings at 280 

nm. To confirm the RNA quality, qPCR was performed. This approach is well accepted 

and noted in the guideline of Minimum Information for Publication of Quantitative real-

time PCR Experiments (MIQE) (Bustin et al. 2009). The ratio between 260 and 230 nm 

was not given much attention because neither Trizol nor EDTA, which has absorbance 

near 230 nm, was used in RNA extraction.          
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Figure 3.31: RNA concentration (ng/μL) and the 260/280 standard RNA quality 

ratio of RNA extracted from migrated cells in response to SFM, MCP-1, OACM-I 

and RTCM-I in three individual experiments. (Red bar: RNA concentration ng/μL 

and red bar: the ratio of A260/A280 absorbance reading)  

The mean CT value of GAPDH for cDNA sample of migrating cells in response to 

SFM, MCP-1, OACM-I and RTCM-I indicated that the RNA quality was in an 

acceptable range for the Qiagen custom PCR array analysis (Figure 3.32 A). The 

negative signal of no-template control (NTC) indicates the absence of nucleic acid 

contamination in the RNA samples. The melt curves, which were positioned at the same 

level of cDNA copies for all the samples confirm that the dissociation rate of double-

stranded DNA formed from the qPCR cycle during heating was constant. It also 

indicates no primer dimer formation due to hybridisation between GAPDH primers 

(Figure 3.32 B). This finding further confirms the reliable quality of Qiagen validated 

primer assay. 
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Figure 3.32: The real time qPCR analysis of RNA extracted from migrated cell in 

response to SFM, MCP-1, OACM and RTCM. (A) Amplification cycle (Mean Ct 

value) and (B) Melt curve of amplicons. NTC: No-template control. 

The Ct value of qPCR cycles for all the samples except RNA copies from SFM 

migrating cells was below 30 cycles indicating RNA quantity at sustainable range 

(Figure 3.33). Although the GAPDH was expected to be abundant and resilient the low 

yield of cells from SFM migration assays may have compromised total GADPH copies 

available for qPCR analysis.   

 

Figure 3.33: The GAPDH mean Ct values of RNA samples obtained from cells 

migrating in response to SFM, MCP-1, OACM-I and RTCM-I. The error bars 

indicate standard deviation of biological replicates.  
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Conclusion 

An acceptable quantity of RNA samples is possible to achieve from the cells 

migrating in SFM, MCP-1, OACM-I and RTCM-I. The validated RNA extraction 

technique appeared to be suitable in maintaining the quality of RNA and reproducible 

for subsequent experiments. Therefore, this technique was used in custom PCR array 

analysis to achieve the objectives of main study. 

3.6.3 RT-PCR instrument efficiency test 

Based on the MIQE guideline, PCR efficiency testing is crucial to determine how 

robust and precise the qPCR assays are (Bustin et al. 2009). A calibration curve can 

provide a prompt and reproducible indication of the mean PCR efficiency, the analytical 

sensitive and robustness of the assay (Bustin et al. 2009).  

Materials and methods 

For the calibration assay, PBMNCs (N=3) were isolated and seeded on cell culture 

plates in 3 sequences of serial dilution using 10000 cells/mL as a starting density. The 

RNA copies were extracted using the method as described before. The isolated RNA 

samples were used to measure their concentration, to prepare cDNA libraries and to use 

in qPCR analysis. The qPCR analysis was performed with an appropriate technical 

replicates and its efficiency was determined using the equation as given below:- 

𝑞𝑃𝐶𝑅 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = [10 (
−1

𝑠𝑙𝑜𝑝𝑒
) − 1] × 100 
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Results and discussion 

The amplification efficiency was determined from the slope of the log-linear portion 

of the calibration curve (Figure 3.34 A). The goodness of fit was achieved up to ~99% 

and the qPCR efficiency (%) reached ~97%.  A good reaction is expected to be between 

90% to 110%, which corresponds to a slope between -3.58 to -3.10 (Rutledge and 

Stewart 2008). In the current validation outcome, the slope of the standard curve was -

3.395, which was within the standard slope range (Figure 3.34 B). This calculated qPCR 

efficiency percentage and slope value indicate that the amount of PCR products doubles 

with each amplification cycle.     

 

Figure 3.34: The qPCR efficiency test. (A) The amplification cycle of cDNA 

product at different concentrations and (B) The GAPDH standard curve of 

amplification cycle. 

Conclusion  

The calibration and validation of the CFX96 real-time qPCR instrument show that 

the instrument’s performance was reliable and reproducible. Thus it can be used in PCR 

array gene expression analysis to achieve the objectives of study. 
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3.6.4 A pilot study of the expression of selected genes 

The ability of the experimental system developed so far to measure the expression 

level of selected genes i.e. S100A8, CX3CR1 and DCSTAMP in PBMNCs and 

migrating cells in response to SFM (negative control), MCP-1 (positive control), 

OACM-I and RTCM-I was investigated. All these genes were under consideration as 

targets for the study. Moreover, S100A8 was one of the selected genes in the custom 

PCR array and CX3CR1 and DC-STAMP were markers selected in FACs analysis. 

Materials and methods 

PBMNCs (N=3) isolation from WB, migration assay, RNA extraction, cDNA 

synthesis and gene expression were performed using the method as described before 

with a minor modification. Sufficient RNA yield was achieved through technical 

replicates as shown in the plate design (Figure 3.35).  

 

Figure 3.35: Experimental 12-well plate design with biological replicates (n=3) and 

technical replicates (SFM, n=4), (MCP-1, n=4), (OACM-I, n=2) and (RTCM-I, 

n=2). 
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Qiagen experimentally validated RT qPCR S100A8, CX3CR1 and DC-STAMP 

primers were used. The RT qPCR GAPDH primer was used for the housekeeping gene. 

The normalisation and fold change were calculated using the following equations. The 

subtraction of Gene of interest (GOI) with average housekeeping gene (AVG HKG):- 

∆𝐶𝑇 = 𝐶𝑇
𝐺𝑂𝐼 − 𝐶𝑇

𝐴𝑉𝐺 𝐻𝐾𝐺  

Due to the inverse proportional relationship between the threshold cycle (CT) and the 

original gene expression level and the doubling of the amount of product with every 

cycle, the original expression level (L) for each GOI is expressed as:-  

𝐿 = 2−𝐶𝑇 

To normalise the expression level of GOI to the HKG, the expression level of the 

genes are divided:  

2𝐶𝑇
𝐺𝑂𝐼

2𝐶𝑇
𝐴𝑉𝐺 𝐻𝐾𝐺 =  2−[𝐶𝑇

𝐺𝑂𝐼−𝐶𝑇
𝐴𝑉𝐺 𝐻𝐾𝐺] =  2−∆𝐶𝑇 

To determine fold change in gene expression, the normalised expression of the GOI 

in the experimental sample (expt.) is divided by the normalised expression of the same 

GOI in the control sample (ctrl):  

2−∆𝐶𝑇(𝑒𝑥𝑝𝑡)

2−∆𝐶𝑇(𝑐𝑡𝑟𝑙)
=  2−∆∆𝐶𝑇   

Data was entered into excel and analysed using standard descriptive and non-

parametric (Mann-Whitney & Kruskal-Wallis) significance tests in SPSS v24. Graphs 

were produced using GraphPad Prism v7. Data was presented as mean ± SD.  
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Results and discussion 

The phase contrast images confirm the cell migration in response to SFM, MCP-1, 

OACM-I and RTCM-I (Figure 3.36).  

 

Figure 3.36: The phase contrast images of cells after 3 h migration in response to 

SFM, MCP-1, OACM-I and RTCM-I. (Magnification: 10X) 

The amplification cycles were found in all the tested groups except the NTC     

(Figure 3.37 A). That the amplification cycle for cDNA from SFM migration groups 

started after 35 cycles would probably be due to low yield of RNA copies. The melt 

curves vary between different amplicons of qPCR products produced from different 

primers (Figure 3.37 B). Primer dimers were not obvious among the different amplicons 

suggesting they were from single PCR products.    
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Figure 3.37: The real time qPCR analysis of RNA extracted from migrated cell in 

response to SFM, MCP-1, OACM-I and RTCM-I. (A) Amplification cycle (Mean 

Ct value) and (B) Melt curve of amplicons.  

PBMNCs (2−∆𝐶𝑇(𝑐𝑡𝑟𝑙)) was used as the control to calculate the fold expression (2
-∆∆Ct

) 

of migrating cells (2−∆𝐶𝑇(𝑒𝑥𝑝𝑡)). S100A8 and DCSTAMP expression was upregulated in 

migrating cells in different conditions (Figure 3.38). However, upregulation of CX3CR1 

was only found in MCP-1 treated group. A significant fold increase in S100A8 (p<0.01) 

was observed in cells migrating in response to MCP-1, OACM-I and RTCM-I when 

compared with SFM. The DCSTAMP expression was only significantly increased in 

RTCM treated group (p<0.01). The S100A8 fold expression was 80-fold higher in 

migrating cells to OACM-I and RTCM-I when compared with MCP-1 (p<0.01). DC-

STAMP expression was ~80-fold higher in migrating cells to RTCM-I when compared 

with MCP-1 (p<0.01).     
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Figure 3.38: The expression level of S100A8, DCSTAMP and CX3CR1 in 

migrating cells in response to SFM (negative control), MCP-1 (positive control), 

OACM-I and RTCM-I. The fold change was calculated using PBMNCs as the 

baseline control. [Significant level: SFM as the comparison control, *(p<0.05) and 

**(p<0.01) and MCP-1 as the comparison control , 
#
(p<0.05) and 

##
(p<0.01)]. 

Conclusion 

Gene expression analysis was possible using RNA yield achieved from the migrating 

cells. When the RNA yield from SFM migrating cells is much lower than the expected 

level, MCP-1 can still be used as a baseline control group to study differential gene 

expression of migrating cells in response to OACM-I and RTCM-I. Overall, the 

upregulation and significant fold-change in selected genes seemed to be promising, 

providing a profile of monocytes before and after migration using either custom PCR 

array or conventional qPCR.  
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3.6.5 Final protocol for RT
2
PCR array and conventional qPCR 

Alterations in the relative gene expression of 16 genes associated with alarmins 

(HSP27, S100A8, HMGB1, and MYD88), inflammatory cytokines (TNF-α and IL-1β) , 

survival/apoptosis (MAPK1 and Caspase 3), cell adhesion (ITGAL and C1qR1), 

chemotaxis (CCR2), foreign body giant cell formation (IL13RA1 and STAT3) and 

osteoclast precursor (RANK, CSF1R and NFATc1) were quantified either  using a 

customise human RT
2
 Profiler PCR Array or conventional qPCR (Qiagen, Valencia, 

California, USA) in a 96-well plate. RNA extraction was performed from circulating 

monocytes (ES-OA/Stable primary arthroplasty/revision arthroplasty) or migrated 

monocytes in response either to SFM, MCP-1, OACM or RTCM using method 

described in section 3.6.1.1. An equal amount of RNA (2 µg) isolated was used to 

synthesise complementary DNA (cDNA) using an RT
2
 First Strand Kit (Qiagen, 

Valencia, California, USA), as described in the section 3.6.1.2. Customised RT
2 

PCR 

array was acquired from Qiagen (catalogue number: CLAH 25489) and the cDNA 

copies (25 ng) were either applied to the PCR array or conventional qPCR plate along 

with the SYBR green master mix (Qiagen). RT
2
 Profiler PCR Array and qPCR 

reactions were conducted on CFX 96 real-time PCR system with an initial denaturation 

step at 95°C for 10 mins, followed by 40 cycles of denaturation at 95°C for 15 s and 

annealing/extension at 60°C for 1 min. The melting curve stages were from 60 to 95°C, 

which were performed according to the manufacturer’s instructions        

(https://www.qiagen.com/at/ resources/ resourcedetail?id= 6161ebc1- f60f-4487-8c9e 

9ce0c5bc3070&lang=en). The CT values (cycle threshold) for each sample were set 

automatically by the thermal cycler according to the amplification curves. The baseline 

and threshold values were manually set as recommended by the RT
2
 PCR user manual. 

Results derived from RT
2
 PCR array and conventional qPCR were evaluated using RT

2
 

Profiler PCR Array Data Analysis version 3.5 and manual calculation as described in 
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section 3.6.4, respectively. Expression data obtained were normalized to the average CT 

value of the 2 housekeeping genes (HPRT1 and SDHA) to minimise functional biases 

and were expressed relative to the control group (ES-OA: circulating monocytes or 

SFM: migrated monocytes). A heat map was only generated for RT
2
 PCR derived data 

using the web-based program of the RT
2
 Profiler PCR Array Data Analysis. Variations 

in the gene expression between the controls and experimental groups were shown as a 

fold increase or decrease. The raw data from the RT
2
 Profiler PCR Array were uploaded 

using a PCR Array data analysis template available at http://pcrdataanalysis. 

sabiosciences.com/pcr/arrayanalysis.php. The integrated Web-based software package 

for the RT
2
 Profiler PCR Array system automatically performed all comparative 

threshold cycle (ΔΔCT)-based fold-change calculations of the uploaded results. Fold 

regulation of each gene was calculated by the 2−ΔΔCT method by the software RT
2
 

Profiler PCR Array Data Analysis provided by the manufacturer. Only genes that were 

statistically different from the control groups ES-OA or SFM (Bonferroni correction 

test, p<0.05), and showed a fold regulation ≥ 1.5 relative to the control groups were 

considered in the analyses. 
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3.7 Phagocytosis assay optimisation for image analysis 

The objectives were:- 

1) To ensure that the phagocytosis assay can be used as one of the outcome 

measure to study the monocytes functional commitment. 

2) To determine the appropriate image analysing modality for final data statistical 

analysis.  

3.7.1 Phagocytosis assay on migrating cells 

The flow chart of the methods that were employed in this experiment was given in 

figure (Figure 3.39) 

 

Figure 3.39: The flow chart of methods as described in Part-1, -2, -3, 4a-b and 5. 

Briefly, sterile round glass cover slips were placed in 12-well plate. Isolated 

PBMNCs were seeded on to the glass cover slips and treated with red fluorescence 

latex beads. After 15 mins incubation, the glass cover slips were either viewed 

using SEM or CLSM. The images acquired from CLSM were blinded and used in 

Image-J software to enumerate the latex beads internalised by the cells.   
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3.7.1.1 Part-1 (Migration and phagocytosis assay) 

Prior to the migration assay, sterile glass cover slips (16 mm) were placed in 12-well 

suspension plate in duplicates. OACM-I and RTCM-I of individual patients were 

selected from the TCM archive from -80ºC and added in the plate with glass cover slips. 

SFM was used as a negative control. 50 μL of 1-µm Sulfate FluoSpheres® latex beads 

(LB) (F8851, Invitrogen) suspension was rinsed in PBS twice and centrifuged at 

12,300g. After the last washing step, the LB pellet was suspended in 1200 mL of SFM 

and placed in a water bath until use. PBMNCs (N=2) were isolated from ~30 mL of WB 

and applied in a migration assay. Following migration, the inserts were removed and the 

supernatant discarded carefully without disturbing the cells adhering to the cover slips. 

The cover slip adherent cells were washed gently with 500 μL of warm PBS and 200 μL 

of LB suspension at cell to LB ratio of 1:100 was added. Following 1 min centrifugation 

at 400g the coverslips were incubated for 15 mins at 37ºC. Phagocytosis activity was 

arrested by chilling the coverslips on ice. Coverslips were rinsed twice in PBS and fixed 

in 4% PFA prior to cytoskeletal staining as described below. The phagocytosis assay 

was assessed using SEM and CLSM. 

3.7.1.2 Part-2 (CLSM and analysis)  

All confocal images were acquired using Leica TCS SP5 II inverted CLSM and 

analysed using Leica Application Suite X imaging software (Leica LAS X, UK). 

Following migration and phagocytosis assays, the LB treated adherent cell coverslips 

were fixed in 4% PFA for 10 mins at RT and stained with Alexa Fluor 488 phalloidin  

F-actin according to the manufacturer’s protocol. The nucleus was counterstained with 

Hoechst 33342 (Invitrogen). The images were recorded at the magnification of 40X 

zoom-5X in tiff format. All the confocal images were blinded prior to use in analysis 

using Image-J software.  
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3.7.1.3 Part-3: SEM 

Coverslip adherent cells were fixed overnight in 4% glutaraldehyde in 0.1 M 

cacodylate buffer and post fixed for 1 h in 1% aqueous osmium tetroxide. After fixation 

they were processed using three consecutive washing steps in distilled water followed 

by dehydration steps using a graded ethanol series (50, 70, 80, 90, 95 and 100%). The 

coverslips were dried using a critical point drier (Bal Tec, CPD030) and mounted on an 

aluminium stub for a gold coating process. The imaging was performed using a digital 

SEM (JSM 6400; JEOL, Tokyo, Japan). 

3.7.1.4 Part-4a: Image-J LB fluorescence intensity calculation  

The total mean fluorescence intensity (MFI) of LB was calculated (Figure 3.40):-    

(1) A confocal image in tiff format was selected into Image-J. (2) For scale bar 

calibration, a line was drawn over the scale bar on the image using the freehand line 

option. (3) From the analysis menu, 10 µm scale distance was filled in the known 

distance space and the unit of length recorded as ‘µm’. (4) From the set measurement 

menu, the area, integrated density and mean grey value were selected. (5) The 

rectangular area was selected from the application panel. (6A) A rectangular area at the 

dimension of 13 µm (height) x 13 µm (width) was drawn over the nucleus and LB from 

the confocal images. The same rectangular area was applied to all the selected cells in 

the confocal image. (6B) A result box was created when the parameters were measured 

from the analysis menu. (7A-B) The same sequence of steps was repeated to measure all 

the parameters for background (nucleus without LB). (8) For total LB fluorescence 

intensity detection, corrected total cell fluorescence (CTCF) was calculated in excel 

sheet using an established equation (Lane et al. 2013):- 

𝐶𝑇𝐶𝐹 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐼𝑛𝑡𝐷𝑒𝑛) − (𝐴𝑟𝑒𝑎 𝑅𝑂𝐼 − 𝑀𝑒𝑎𝑛 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑑 𝑓𝑙𝑜𝑢𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 
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(9) The CTCF value was used as a total MFI of LB and data was presented as MFI ± 

SD.  

 

Figure 3.40: The flow chart of measuring fluorescence intensity of LB using   

Image-J software. [Blue bar: integrated density (IntDen) and red bar: corrected 

total cell fluorescence (CTCF)] 
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3.7.1.5 Part-4b: Image-J LB enumeration 

The total number of phagocytosed LB was calculated (Figure 3.41):-  

(1) A confocal image in tiff format was selected into Image-J. (2) For scale bar 

calibration, a line was drawn over the scale bar on the image using the freehand line 

option from the Image-J application panel. (3) From the analysis menu, 10 µm scale 

distance was filled in the known distance space and the unit of length was recorded as 

‘µm’. (4) Once the scale bar was calibrated, a rectangular area was selected from the 

Image-J application panel.  (5) A rectangular area at the dimension of 13 µm (height) x 

13 µm (width) was drawn over the nucleus and LB from the confocal images. (6) The 

space outside the cells and LB were removed by using ‘clear’ from edit list. (7) The 

image was converted into 8-bits grayscale image format from RGB format by selecting 

type of image. (8) The threshold of the image was adjusted from the threshold adjusting 

panel to get a specific threshold for the LB. (9A-C) When adjusting the bar from the 

threshold panel, the LB were gradually distinguished from the cells. (10) When the 

threshold was fixed, the image was converted into 8-bits inverting LUT (LB in black 

spots). (11) To distinguish the individual LB, borders between LB were drawn selecting 

watershed from binary list. (12) The total LB were calculated selecting analyse particles 

dialogue. (13) In the dialogue box, the size 1-µm and shape of the LB (circularity) were 

ticked. (14 A-B) The total number of LB was calculated and exported in excel sheet for 

further analysis.     



132 

 

Figure 3.41: The flow chart of measuring total number of LB using Image-J 

software. 

Results and discussion 

The confocal images confirm an increased phagocytic potential of migrating cells in 

response to OACM-I and RTCM-I (Figure 3.42). The F-actin expression was greater on 

cells migrating in response to OACM-I and RTCM-I when compared with SFM.   
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Figure 3.42: Representative confocal images of the cells internalised 1 µm red 

florescence LB. (Magnification: 40X zoom-5X), DIC: Differential Interference 

contrast. 

When the MFI of region of interest (ROI) was calculated using the Image-J software, 

the data demonstrated that the MFI of LB internalised in OACM-I and RTCM-I 

migrating cells was 1.5- and 1.6-fold higher than the cells migrating in SFM (Figure 

3.43). This finding indicates that the phagocytic potential of cells was enhanced in 

response to OACM-I and RTCM-I.    

 

Figure 3.43: The Image-J assisted MFI calculation of LB internalised by cells 

migrating in response to SFM, OACM-I and RTCM-I. Statistical significance was 

determined performing non-parametric Kruskal-Wallis test, **p<0.01. 
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The Image-J software was utilised to calculate the total number of LB phagocytosed 

by the migrated cells (Table 3.2). This data demonstrated that the total number of the 

LB uptake was significantly increased in cells migrating in response to OACM-I 

(p=0.040) and RTCM-I (p=0.037) when compared with SFM migrating cells. However, 

no significant difference was observed between OACM-I and RTCM-I treated groups. 

This finding parallel to the outcome obtained from MFI calculation.  

Table 3.2: The measurement of total LB uptake by migrating cells in response to 

SFM, OACM-I and RTCM-I using Image-J software. Statistical significance was 

determined performing non-parametric Kruskal-Wallis test (Bold: statistical 

significance). 

Descriptive 

PBMNCs  [ES-OA (n=2)] 

Condition 
 

p value 

SFM OACM-I RTCM-I 
 

SFM 

Vs 

OAC

M-I 

SFM        

vs 

RTCM-I 

OACM-I    

vs 

RTCM-I 

Mean 145 1572 2279 
 

0.040 0.037 0.556 SD 79 771 1718 
 

IQR 77 - 232 712 - 2290 802 - 4055 
 

 

Conclusion 

The phagocytosis assay appeared to be promising for exploring the functional 

commitment of the cells after migration. The Image-J analytical tool seemed to be an 

approachable platform and the outcomes appeared to be reproducible for statistical 

analysis. Therefore, phagocytosis assay could be a potential outcome measure for this 

study. 
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3.8 Proteomics: protocol development and validation for protein identification 

The aims were:- 

1) To prepare a protein standard curve using bovine serum albumin (BSA). 

2) To measure the protein concentration in pooled OACM and pooled RTCM. 

3) To establish a protocol to discover the proteins in pooled OACM and pooled 

RTCM using Nano-ESI-LCMS/MS QTOF. 

3.8.1 Protein quantification 

In order to standardise the volume input required by Nano-ESI-LCMS/MS QTOF 

systems, to be used in protein identifications in pooled OACM and RTCM, their protein 

content must be measured. Protein quantification was performed using the Bio-Rad DC 

Protein Assay according to the manufacturer’s instruction (DC Protein Assay, BIO-

RAD, USA) (Attachment provided in appendix).  

Materials and methods 

A patient was recruited from UMMC clinic and informed consent obtained prior to 

acquire ~10 mL of peripheral blood to isolate serum and plasma. The serum and plasma 

samples were used as a positive control in protein assay. Dilutions of BSA (Sigma-

Aldrich), 0-1.4 mg/mL BSA in DMEM were used as protein standards. The OACM and 

RTCM for testing were centrifuged at 12,300g for 10 mins to remove the tissue residues 

and 5 µL of standard and sample solutions were added in 96-well microtiter plate in 

technical replicates followed by 25 µL of reagent A and 200 μL of reagent B per well 

(Figure 3.44). The solutions were mixed for 5 s in dark and incubated for 15 mins in RT 

prior to measure the absorbance at 750 nm in microtiter plate reader (Epoch, USA).  
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Figure 3.44: The 96-well experimental microtiter plate layout. DMEM was used as 

the background control. Serum and plasma were used as a positive control. Pooled 

OA-SF (osteoarthrosis synovial fluid)and R-SF (revision synovial fluid) were also 

included in the list to measure their protein concentration.   

Results and discussion 

A protein standard curve was plotted using the absorbance reading from colorimetric 

assay versus protein concentration (Figure 3.45). The goodness of fit score shows that 

the standard plot fits 98% of linear regression. The linear equation derived from this 

plot was used to calculate the protein concentration of the sample solutions.  

 

Figure 3.45: The protein standard curve prepared using bovine serum albumin 

(BSA) as known protein concentration. 
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3.8.1.1 Protein concentration in OACM and RTCM 

The equation developed from the BSA standard curve was applied to estimate the 

protein concentration in OACM and RTCM (Table 3.3). The serum and plasma protein 

were about 4- and 3-fold greater than that of the DMEM (background).    

Table 3.3: The protein concentration of OACM, RTCM and other sample solutions 

estimated using the equation established from the BSA protein standard curve. 

Descriptive 
Protein concentration (mg/mL) 

DMEM OACM OASF RTCM RSF FPCM Serum Plasma 

Mean 3.40 6.99 7.58 6.03 5.63 6.49 13.42 11.89 

SD 0.13 0.22 0.18 0.26 0.18 0.35 0.41 0.32 
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The corrected OACM and RTCM protein concentration were calculated by 

subtracting the DMEM (background) value as this medium was used for the their 

preparation (Figure 3.46). The estimated protein concentration was used to determine 

the volume of OACM and RTCM required for mass spectrometry analysis. 

 

Figure 3.46: The corrected protein concentration in OACM and RTCM after a 

DMEM (background) subtraction.   

3.8.2 Proteomics using Nano-ESI-LCMS/MS QTOF  

OACM and RTCM were processed using a series of methods to prepare the samples 

for mass spectrometry analysis. The identified peptides in OACM and RTCM were 

further validated using software prior to discover their proteomes.  

3.8.2.1 In-solution digestion 

In-solution digestion was performed using the standard method from our 

collaborator’s proteomics laboratory; that of Professor Iekhsan Othman, Monash 

University, Malaysia (Malih et al. 2014). Briefly, ~3 μg of protein either from OACM 

or RTCM was mixed with 25 μL of 100 mM ammonium bicarbonate, 25 μL of 

trifluroethanol and 1 μL of 200 mM DTT, followed by vortexing, centrifuging and 

incubating at 60ºC for 1 h. Iodoacetamide (4 μL of 200 mM) was added into the tubes 

and left in the dark at RT for 1 h. About 1 μL of DTT was added into the tubes and left 
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to incubate at RT for 1 h. Samples were diluted with Milli-Q grade ddH2O and 

ammonium bicarbonate to achieve pH 7-9. Mass spectrometry grade Trypsin (Trypsin 

Gold, Promega, USA) was added into the chemical resistance microcentrifuge tubes 

(Eppendorf, Germany) based on a ratio of 1:100 and incubated overnight at 37ºC. 

Formic acid (1 μL) was added at the end of the incubation to stop enzyme activity. 

Later, the samples were concentrated in a vacuum concentrator and kept at -20ºC prior 

for analysis. Formic acid (10 μL of 0.1%) was added to the sample tubes, which were 

briefly vortexed and centrifuged before they were loaded into an Nano-ESI-LCMS/MS 

system. 

3.8.2.2 Nano-flow liquid chromatography electrospray-ionization coupled with 

mass-spectrometry/mass-spectrometry (Nano-ESI-LCMS/MS) 

The Nano-ESI-LCMS/MS protein acquisition was performed by the technicians,             

Ms. Nurziana Sharmilla and Ms. Tee Ting Yee at Professor Iekhsan Othman’s 

proteomics laboratory in Monash University. This machine is highly sensitive and only 

can be operated by the technicians who have been trained to use it. The sample 

acquisition in Nano-ESI-LCMS/MS was performed using a standard operating 

procedures (Rusmili et al. 2014). Briefly, the digested peptides from OACM and RTCM 

were loaded into an Agilent C18 300 Å Large Capacity Chip (Agilent, USA). An 

aliquot of ddH2O was used as an experimental negative control. The column was 

equilibrated by 0.1% formic acid in dH2O (solution A) and peptides eluted with an 

increasing gradient of 90% (acetonitrile) ACN in 0.1% formic acid (solution B) by the 

following gradient; 3-50% solution B from 0 to 30 mins, 50-95% solution B from 30 to 

32 mins, 95% solution B from 32 to 39 mins and 95-3% solution B from 39 to 47 mins. 

The polarity of the Q-TOF was set at positive, capillary voltage at 2050 V, fragmentor 

voltage at 300 V, drying gas flow of 5 L/min and gas temperature of 300ºC. The intact 

protein spectrum was analysed in auto MS/MS mode from range of 110-3000 m/z for 
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MS scan and     50-3000 m/z range for MS/MS scan. The spectrum was analysed using 

Agilent MassHunter data acquisition software (Agilent Technologies, Santa Clara, 

USA). 

3.8.2.3 Peptide identification  

Protein identification by automated de novo sequencing was performed using an 

established analytical SOP in the licensed PEAKS Studio (version 7.0, Bioinfomatics 

Solution, Waterloo, Canada) at Professor Iekhsan Othman’s proteomics laboratory 

(Rusmili et al. 2014). The homology search was performed by comparing de novo 

sequence tag with NCBInr Serpentes database. Carbamidomethylation was set as fixed 

modification and maximum missed cleavage set at 3. Parent mass and precursor mass 

tolerance were set at 0.1 Da. By using false discovery rate  <0.1% and significant score 

(-10lgP) for protein >20, proteins were accepted if they have at least 2 peptides detected 

and 1 unique peptide. Maximum variable post-translational modification (PTM) was set 

at 4. The matching between spectrum and the highest-scoring peptide are referred as 

peptide-spectrum match. However, the possibility of false discovery of PSM due to 

either low quality spectrum, peptides not in the database or flawed scoring function can 

be determined based on false discovery rate. 
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3.8.2.4 Validation of peptide-spectrum match of OACM and RTCM  

The reality of even highest standard proteomics is that false peptide-spectrum match 

are inevitable. To estimate the false discovery rate effectively, therefore, target-decoy 

method was applied where the software can identify the concatenation of a target 

database and a decoy database with the same size. With a proper decoy construction, the 

false identification of peptide-spectrum match by the software can be distributed evenly 

in the target and decoy database. Since all the decoy identification is false, therefore, the 

false discovery rate can be estimated by calculating the ratio between decoy hits and 

target hits. In the present study, the peptide-spectrum match score distribution was 

shown in stacked histogram. It was validated that the software search result and peptide 

score above –10lg 0.01 for OACM and RTCM were not matched with decoy score 

distribution when compared with experimental control (Figure 3.47 A). Thus, it was 

confirmed that the identified peptide-spectrum match for OACM and RTCM were of 

high confidence outcomes from the software.  

The resolution of the instrument is important to identify the spectra with high mass 

accuracy. Generally, the high-scoring points are centred on the mass error of 0. In the 

present study, with the threshold score of –10lg 0.01, it was confirmed that the peptide-

spectrum match of OACM and RTCM were scattered around the mass error of 0 when 

compared with experimental control. However, a bigger mass error was observed for 

peptide-spectrum match of decoy (amber), which was below the threshold line (Figure 

3.47 B). 
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Figure 3.47: PSM score distribution of target (Blue-OACM and RTCM) and decoy 

(amber). (A) Distribution of peptide score and (B) Scatterplot of peptides score 

versus precursor mass error (PPM). Dotted line: threshold [–10lg 0.01] 
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3.8.2.5 Protein network analysis 

The protein list was exported from the PEAKS Studio in excel sheet and Swissprot 

code of the protein list validated using the DAVID Functional Annotation Tools 

(Version 6.8, DAVID Bioinformatics resources, NIH, USA). The validated protein list 

with their respective Swissprot code was uploaded in STRING Functional Protein 

Association Networks (Version 10.5, ©STRING Consortium 2017). In the STRING 

software, the default setting was used with a minimal modification. In the basic and 

advanced setting, ‘0.7 high confidence level’ of proteins interaction and ‘hide 

disconnected nodes in the network’ options were selected. Once the protein interaction 

networks were created, the TSV file was exported in text format and copied into excel 

sheet to select the ‘nodes 1’ and ‘nodes 2’. The nodes 1 and nodes 2 columns from the 

excel sheet were exported into a new excel sheet and uploaded in Cytoscape (Version 

3.6.0, ©2001-2017 Cytoscape Consortium) with FunMode plugin as the application 

tool. The OACM and RTCM protein interaction network was created and analysed to 

extract established interactions between known proteins from the protein profiling and 

proteins from the database.     

3.8.2.6 Peptides in OACM and RTCM 

As a result, about 1500 and 1811 spectra were matched with peptides from the 

protein database for OACM (Figure 3.48 B) and RTCM (Figure 3.48 C), respectively. 

Moreover, about 418 and 519 spectra from total peptides of RTCM and OACM were 

identified as de novo sequences, respectively.  
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Figure 3.48: False discovery rate (FDR) curve. (A) Experimental control (Blank), 

(B) pooled OACM and (C) Pooled RTCM. Dotted line: threshold [–log10 20 

(p=0.01)] 

Conclusion  

The protein standard curve was developed and the concentration of protein in OACM 

and RTCM estimated using the equation from the standard curve. The spectra resulted 

from the mass spectrometry analysis was matched with known spectra from Swissprot 

protein sequence database. Moreover, the reliability of the identified peptides (target) 

was confirmed using decoy database. The identified peptides were used to discover the 

relative proteomes in OACM and RTCM and presented in the Chapter 4: Results Part-1. 
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3.9 Methods development overview 

Each of the methods together with their constraints and analytical pathways have 

been standardised and validated separately. The next challenge was to test whether the 

entire system could function in a complete experiment. 
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3.10 Pilot experiment 

The aim of the pilot experiment was to test the experimental design (Figure 3.49), 

which was constructed to address the research questions of this study. In this pilot 

study, an experimental flow was tested integrating the protocols documented above. 

This experimental design required 2 culture plates. Plate-1 was used to isolate migrating 

cells for FACs and phagocytosis assay and plate-2 used to harvest the RNA from 

migrating cells for gene expression analysis. Technical replicates were included to 

provide sufficient cell numbers after migration for FACs, phagocytosis and gene 

expression analyses. The cells from the replicates (same colour as in the Figure 3.49) 

were pooled prior to being used in subsequent analyses.  

 

Figure 3.49: The experimental design of the main study. This design involves three 

cohort of patients, End stage primary OA, clinically stable primary arthroplasty 

and revision arthroplasty, who donated blood samples for peripheral blood 

mononuclear cells (PBMNCs) isolation. PBMNCs were used in FACs, migration 

assay, gene expression and phagocytosis assay. All these analyses were repeated on 

PBMNCs after a transwell migration assay.   
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3.10.1 Testing the experimental design 

An experimental flow (Figure 3.50) was prepared to test the practicality of the 

integrated experimental design. This flow chart was prepared to support the efficient 

running of the experiment and to highlight any timing bottlenecks or equipment 

requirement clashes while conducting the experiment.  
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Figure 3.50: The experimental flow chart of the main study. 1) One patient 

recruited at the time either from End stage primary OA, clinically stable primary 

arthroplasty or revision arthroplasty, 2) About 100 μL whole blood aliquot used 

for FACs staining, 3) The remaining blood samples were used for PBMNCs 

isolation using Ficoll-Paque density gradient technique, 4) Cell count was 

performed using haemocytometer cell count technique, 5) About 10
5
 cells/mL was 

used for FACs staining, 6) for phagocytosis assay and RNA extraction, 7) The 

remaining cells were used for 3-h migration assay, 8) The migrated cells were used 

for FACs analysis, 9) Phase contrast microscopy imaging, 10) Phagocytosis assay 

and 11) RNA extraction, 12) The insert membranes after migration assay were 

used for H&E staining, 13) The flow cytometry acquisition was performed using 

FACs Canto II system, 14) The phagocytosis activity of pre-and port-migrated 

cells was observed using confocal laser scanning microscopy (CLSM), 15) The 

RNA samples extracted from migrated cells were used in PCR array and qPCR, 

16) The FACs data was analysed using FLOW-JO software, 17) The phase 

contrast and confocal images were used for cell counting and latex beads 

phagocytosis count, respectively, using Image-J software, 18) The PCR array data 

was analysed using Qiagen software and 19) All the data was interrogated and 

presented. 
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3.10.1.1 Materials and reagents 

1. Patient blood sample 3 tubes/patient 

2. 24 inserts of 3-µm pore size 

3. 3 suspension & 1 cell adherent plates 

4. Macrophage media without antibiotics 

5. RPMI-1640 without antibiotics 

6. 80 µL of stock solution (100 ng/mL) added in 8 mL of SFM 

7. Pooled OACM and pooled RTCM  

8. FACs antibodies 

9. FACs tubes  

10. FACs lysis buffer (1X)  

11. 4% formalin  

12. 50 μL fluorescence latex beads  

13. 4 sterile round cover slips (16 mm)  

14. RNeasy micro isolation kit 

15. 4% paraformaldehyde (PFA) 
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3.10.2 Finalised Protocol 

3.10.2.1 Pre-migration  

PBMNCs Isolation 

Intravenous blood sample was collected from patient diagnosed with ES-OA (n=1). 

Aliquots of 100 µL WB were taken into FACs tubes in preparation for FACs. PBMNCs 

isolation was performed and ~1 x 10
5
 PBMNCs were prepared in 3 aliquots in FACs 

tubes (unstained/panel 1/panel 2). About 1 x 10
5
 PBMNCs were seeded on the adherent 

plate and cover slips for gene expression and phagocytosis assay, respectively. The 

remaining PBMNCs were diluted in 12 mL of SFM and used in migration assay. 

Migration assay 

Sterile cover slips were placed in well-5, -6, -11 and -12 of plate-1. SFM, MCP-1, 

pooled OACM and RTCM were added in plate-1 and -2 as shown in the (Figure 3.49). 

After the inserts were set on the plate-1 and -2, ~500 μL of PBMNCs suspension was 

added in each insert on plate-1 and -2 and the plates incubated for 3 h at 37ºC under 

95% humidity and 5% CO2. 

WB and PBMNCs FACs staining while progression of migration assay 

Antibody cocktail from panel-1 and -2 were pipetted in WB and PBMNCs FACs 

tubes (Table 3.4) and incubated for 30 mins on RT for WB and on ice for PBMNCs in 

the dark. After the antibody staining, the erythrocytes in WB were lysed with FACSlyse 

(BD Biosciences) for 15-20 mins. WB and PBMNCs were fixed using 4% PFA. After 

fixation, FACs tubes were centrifuged at 250g for 5 mins and the cell pellet resuspended 

in 250 μL of PBS prior to use in flow cytometry acquisition. All the FACs tubes were 

labelled in alphabetical order to ease the flow cytometry acquisition step. 
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Table 3.4: FACs tubes with antibody cocktails for WB and PBMNCs staining. 

PANEL WB 

Unstained A 

Panel-1 B 

Panel-2 C 

PANEL PBMNCs 

Unstained D 

Panel-1 E 

Panel-2 F 

 

PBMNCs phagocytosis assay while progression of migration assay 

The phagocytosis assay was performed using the established protocol. 

PBMNCs RNA extraction while progression of migration assay 

The PBMNCs RNA extraction was performed using the established protocol. 

3.10.2.2 Post-migration 

Migrating cells FACs staining  

After 3 h migration duration, the inserts were transferred in new plate with SFM in 

bottom well for IM H&E staining and returned to incubator. The migrating cells were 

observed and images taken using inverted light microscope for the calculation of cell 

number. The media from plate-1 were pooled in FACs tubes as labelled below:- 

Tube 1(SFM): Well-1, -2, -4 & -5 

Tube 2 (MCP-1): Well-7, -8, -10 & -11 

Tube 3 (OACM): Well- 3 & -6  

Tube 4 (RTCM): Well-9 &-12  
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The well-5, -6, -11 and -12 were washed with PBS 1X and added with 500 µL of LB 

suspension. The plate-1 was centrifuged for 1 min at 180g to settle the LB on the cover 

slip for phagocytosis. The FACs tubes were centrifuged at 250g for 5 mins and the 

pellets washed once with 1 mL of warm PBS. The pellets after the washing step were 

suspended in 150 µL of warm PBS and pipetted 50 µL aliquot per FACs tube with 

antibody cocktails to the respective groups as labelled in the Table 3.5. The tubes were 

incubated for 30 mins at 37ºC and prepared for flow cytometry acquisition. 

Table 3.5: FACs tubes with antibody cocktails for migrating cells                 

(SFM, MCP-1, OACM and RTCM) staining. 

PANEL SFM MCP-1 OACM RTCM 

Unstained G J M P 

Panel-1 H K N Q 

Panel-2 I L O R 

 

Migrating cells phagocytosis assay while progression of FACs staining  

The glass cover slips from well-5, - 6, -11 and -12 were used for phagocytosis assay. 

The cover slips were used for CLSM analysis for imaging.  
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RNA extraction from migrating cells while progression of FACs staining  

The inserts from the plate-2 were removed and the media were pooled in FACs tubes 

as labelled below:- 

Tube 1(SFM): Well-1, -2, -4 & -5 

Tube 2 (MCP-1): Well-7, -8, -10 & -11 

Tube 3 (OACM): Well- 3 & -6  

Tube 4 (RTCM): Well-9 &-12  

The RNA extraction was performed and RNA samples were stored in -80ºC before 

using for the PCR array analysis. In the current pilot study, RNA samples were tested 

using selected primers.   

Insert membrane H&E staining 

Insert membranes were stained and used for bright field viewing. 

Flow cytometry acquisition 

The FACs tubes labelled in alphabetical order from A-R were acquired using the 

flow cytometry. The raw FACs data was copied after the acquisition for the analysis. 

Phase contrast image analysis 

The images of migrating cells were analysed using Image-J software to count total 

migrating cells. 
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Confocal laser scanning microscopy (CLSM) 

The CLSM was and the images were blinded and analysed using Image-J to calculate 

internalised LB by per migrating cell.   

Results  

In the pilot study, the experimental design for testing objectives of main studies was 

validated. In the migration assay, the response of monocyte from PBMNCs and their 

alteration in characteristic were studied using the pooled OACM and RTCM. The phase 

contrast images confirm the increasing migration potential of cells in response to SFM, 

MCP-1, OACM and RTCM (Figure 3.51 A) and consistent with outcome of Image-J 

analysis (Figure 3.51 B and C). 

 

Figure 3.51: The cell-count of migrating cells in response to SFM, MCP-1          

(100 ng/mL), OACM and RTCM. (A) Phase contrast images, (B) The outcome of 

Image-J analysis and (C) The bar chart. 
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The WB, PBMNCs and migrating cells in response to SFM, MCP-1 (100 ng/mL), 

OACM and RTCM were subjected to surface receptors analysis using FACs markers 

and gating strategy. The WB and PBMNCs demonstrate a positive staining outcome for 

all the FACs markers (Figure 3.52 A). Moreover, the dot-plot of migrating cells 

suggests that the number of isolated cells after migration assay was adequate to perform 

the FACs analysis (Figure 3.52 B). This finding provides confidence that the current 

experimental design and flow seemed to be applicable to achieve the objectives of the 

main study.   

 

Figure 3.52: The diagram shows the FACs analysis of cell surface receptors. (A) 

WB and PBMNCs and (B) Migrating cells in response to SFM, MCP-1               

(100 ng/mL), OACM and RTCM. 
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The phagocytosis assay demonstrates that the LB uptake was undertaken in 

migrating cells in response to OACM and RTCM (Figure 3.53 A). Furthermore, the 

image-J analysis appeared to be representable the confocal images to calculate the 

number of internalised LB (Figure 3.53 B). The bar chart summarising Image-J data 

encapsulating the number of internalised LB. This finding confirms that the 

phagocytosis assay can be performed using current experimental design.   

 

Figure 3.53: The fluorescence LB phagocytosis assay on migrating cells in response 

to SFM, MCP-1 (100ng/mL), pooled OACM and RTCM. (A) Confocal images 

(Blue: Nucleus and Red: LB), (B) LB count using Image-J and (C) The bar shows 

the calculated LB using Image-J. 
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In the current pilot study, the quality and quantity of RNA isolated from glass cover 

slip adherent PBMNCs and migrating cells in response to SFM, MCP-1 (100 ng/mL), 

pooled OACM and RTCM were validated using quantitative PCR analysis for S100A8 

(Figure 3.54). The fold expression of S100A8 was significantly increased in PBMNCs 

(p<0.01) and migrating cells in OACM (p<0.05) and RTCM (p<0.05). This finding 

provides the evidence that the quantity of RNA isolated using current experimental 

design and flow can sustain to conduct the custom qPCR array.  

 

Figure 3.54: The S100A8 qPCR gene expression analysis of pilot study. The RNA 

samples were isolated from PBMNCs and migrating cells in response to SFM, 

MCP-1 (100 ng/mL), OACM and RTCM. (Statistical significance: *p<0.05 and 

**p<0.01) 

3.10.2.3 Final Conclusion of methods development 

The experimental design and flow worked. All experimental lines of investigation 

had enough cells for standards and test samples as required for analysis, while adhering 

strictly to the ethical constraint of 30 mL peripheral blood. Undertaking the full range of 

investigations on the same sample offers consistency in linking clinical and scientific 

data across the study.     
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3.11 Overview of the main experiment  

Based on the results obtained from the methods development, a study was designed 

and performed in the sections to determine: 

1) The proteome profiles of pooled OACM and RTCM. 

2) The characteristic of circulating monocytes from ES-OA, stable primary and 

revision arthroplasty patients and migrating monocytes in response to SFM, 

MCP-1, OACM and RTCM. 

The characteristics of circulating monocytes refer to the expression of functional 

surface receptors, selected gene expression profile and phagocytosis potential.  

The results of these experiments are presented in the Chapter 4-6.  
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3.12 Limitations to the current study design 

Technical limitations were encountered during the development of methods required 

by the experimental design of the study. These constraints are acknowledged and 

understood. The limitations are listed as below:- 

1) The majority of the hip/knee revision arthroplasty cases presenting to the 

University of Malaya clinical orthopaedics unit were due either to infection or 

fracture. There was a limited number of hip/knee revision cases due to aseptic 

loosening of the implant. This limited patient selection and sample size within 

the study period available.  

2) The maximum of 30 mL blood samples from patients constrained the number of 

PBMNCs available for downstream experiments. Therefore, only minimal 

numbers of technical replicates were included in the migration groups i.e. SFM, 

MCP-1, OACM and RTCM. This resulted in low yields of cell numbers for 

FACs, RNA extraction and phagocytosis assays.  

3) The limited pooled OACM and RTCM constrained the selection of both 

biological and technical replicates.  

4) The total RNA yield was a limitation to use a bigger scale custom PCR array or 

number of genes in conventional qPCR. 
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CHAPTER 4: RESULTS PART-1                                                                                    

(THE PROTEOME PROFILES OF RTCM & OACM) 

4.1 Introduction 

The conditions of the dual PhD programme, under which this study was conducted, 

mandate experimental work be undertaken at both the University of Liverpool and the 

University of Malaya. Orthopaedic patients from both University hospitals were 

recruited to different elements of the study, therefore different ethnicities were 

unavoidable. Conditioned media was prepared from debrided tissues donated by the UK 

arthroplasty patients and transferred to University of Malaya for application in 

migration experiments utilising blood samples donated by Malaysian arthroplasty 

patients. The detailed methods are described in section 3.1, page 65. In this chapter, the 

results are presented in two sections.  

Section one presents the analysis of demographic and clinical profiles of patients 

recruited at both locations. The objectives of section one are to determine:- 

1) Whether there are any differences in demographic, orthopaedic or clinical 

profiles between the study patients recruited from UK or Malaysia. 

2) The effect on clinical haematology full blood differential count on demographic, 

orthopaedic status and clinical profile of recruited subjects.    

Section two presents the protein profiles of OACM and RTCM. The methods used in 

this section are described in chapter 4.2, page 167. Both OACM and RTCM were 

derived from patients recruited in the UK. Proteomic analysis was undertaken at 

Monash University, Malaysia. The objectives of section two are to identify:- 

1) Proteins in pooled OACM and RTCM used in the migration studies. 

2) Differential proteins between pooled OACM and RTCM. 



161 

3) Protein-protein interaction network in OACM and RTCM.  

4) The functional cluster of the proteins of OACM and RTCM.  

5) The S100A8/9 profile in OACM and RTCM.   

4.1.1 The demographic and clinical profiles of study patients  

Demographic profile of patients is presented in Table 4.1. A total of 38 Caucasian 

patients were recruited from Royal Liverpool and Broadgreen University Hospital for 

intra-operative tissue sample donation.  

 ES-OA: 25 patients (10 males and 15 females) undergoing arthroplasty surgery 

for ES-OA of the knee. From this total cohort, 11 patients underwent unilateral 

knee arthroplasty surgery and reported clinically stable. One patient underwent 

revision surgery of right knee after 12 years of duration.    

 Revisions: 13 patients (6 males and 7 females), undergoing revision surgery for 

aseptic loosening of arthroplasty implants due to WDP-related periprosthetic 

osteolysis; 11 knee and 2 hip revisions. 

A total of 30 patients (7 Malay, 19 Chinese, 3 Indian and 1 Caucasian) were recruited 

from University of Malaya Medical Centre for blood sample donation. Ten patients 

were recruited to one of three orthopedically determined groups:  

 ES-OA: immediately prior to primary arthroplasty surgery for ES-OA; 9 knee 

and 1 hip (3 males and 7 females)  

 Primary: clinically stable primary knee arthroplasty patients (10 females)  

 Revision: aseptic loosening of arthroplasty due to WDP related periprosthetic 

osteolysis; 2 knee and 8 hip (2 males and 8 females)  
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Table 4.1: The summary of the orthopaedic status of patients recruited for this 

study. The implant longevity detail of ES-OA patients from UK was based on the 

joints where the patients already underwent primary arthroplasty surgery. 

However, the synovial tissues obtained from these patients were from ES-OA 

joints prior to undergo primary arthroplasty surgery.  

 

There was no significant difference in age and BMI between patients from UK and 

Malaysia, (Table 4.2).      

Table 4.2: A summary of demographic data, including age and BMI of ES-OA, 

primary and revision arthroplasty patients from UK and Malaysia.  

Descriptive 

Orthopaedic patient groups 

P 

value 

UK   Malaysia 

ES-OA 

 (n=25) 

Revision   

(n=13) 
 ES-OA 

 (n=10) 

Primary   

(n=10) 

Revision 

(n=10)   

   Age      

(Years) 

Mean 67.6 69.6 
 

71.2 77.3 71.0   

SD 8.7 12.4 
 

5.3 6.4 8.4 0.340 

IQR 61.5-75.0 63.5-77.5   67.5-75.5 71.3-81.3 61.5-78.8   

BMI     

(kg/m
2
) 

Mean 30.9 30.15 
 

28.6 27.9 24.1   

SD 4.5 4.8 
 

2.9 4.0 4.4 0.380 

IQR 27.7-33.8 25.9-34.3   26.5-29.7 24.1-29.9 20.6-26.6   

 

  

Descriptive 

Orthopaedic patient groups 

UK 
 

Malaysia 

ES-OA       

(n=25) 

Revision 

(n=13) 
 

ES-OA       

(n=10) 

Primary 

(n=10) 

Revision 

(n=10) 
 

Arthroplasty 

joint    

(Knee/Hip) 

       

 
25/0 11/2 

 
9/1 10/0 2/8 

       
Implant 

longevity         

(Years) 

Mean 2.6 6.5 
 

0 7.4 10.6 

SD 3.6 4.5 
 

0 6.0 4.9 

IQR 0.0-5.0 3.0-8.2 
 

0 1.5-11.0 6.5-16.5 
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4.1.2 Clinical haematology blood profile of patients from UK and Malaysia 

There was no significant difference in clinical haematology differential blood cell 

counts between patients from UK and Malaysia (Table 4.3).  

Table 4.3: The summary of haematology differential blood cell count of patients 

recruited from UK and Malaysia. 

Blood cell 

count 

(109/L) 

Descriptive 

Region 

p value UK 

(n=38) 

Malaysia 

(n=30) 

WBC 

Mean 7.8 8.9 
 

SD 2.2 4.3 0.240 

IQR 6.1-9.9 6.5-9.1 
 

Neutrophils 

Mean 5.1 5.5   

SD 2.1 2.4 0.507 

IQR 3.5-6.3 3.8-5.7 
 

Lymphocytes 

Mean 1.8 2.6   

SD 0.8 0.5 0.118 

IQR 1.2-2.4 1.3-2.5 
 

Monocytes 

Mean 0.7 0.6   

SD 0.3 0.2 0.315 

IQR 0.5-0.8 0.5-0.7   
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4.1.3 Comparison of comorbidities and/or clinical conditions between patients 

recruited from UK and Malaysia  

Diabetes was significantly more common amongst the Malaysian cohort, 60% 

compared with UK 13%. Elevated CRP levels were measured in 76% of the Malaysians 

compared to 21% of the UK cohort. However, no significant difference was found in 

renal disease, increased ESR level or NSAIDs usage between patients from UK or 

Malaysia (Table 4.4).  

Table 4.4: The comparison of total patients with comorbidities and/or clinical 

conditions between UK and Malaysia. (Bold: statistical significance) 

 
Clinical 

condition  
Score 

Region 
Total p value 

 
 

UK Malaysia 
 

 Diabetes 
0 33 12 45 

0.001 
 

 

1 5 18 23 
 

 
Renal 

0 33 25 58 
0.689 

 
 

1 5 5 10 
 

 
ESR 

0 28 16 44 
0.114 

 
 

1 10 13 23 
 

 
CRP 

0 30 17 47 
0.051 

 
 

1 8 13 21 
 

 

NSAIDs 0 30 23 53 
0.525 

 
 

  1 8 7 15 
 

 

Clinical Group: 0 = No. & 1 = Yes (Diabetes, Renal disease, NSAIDs medication) 

ESR: concentration raised above 29 mm/hr, 0 = No. & 1 = Yes 
CRP: concentration raised above 0.8 mg/dL, 0= No. & 1 = Yes 
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4.1.4 Effect of comorbidities/clinical conditions of patients to the clinical blood 

profile 

As the monocyte population was of such importance to this study the effect of 

comorbidities, clinical blood parameters and NSAIDs usage on the haematology full 

blood count differential was explored (Table 4.5). Using Mann-Whitney U test, it was 

demonstrated that none of the blood cell counts of study patients was significantly 

affected by diabetes, renal disease, CRP, ESR or use of NSAIDs (p>0.05). 

Table 4.5: The influence of clinical profile of recruited patients in haematology 

blood cell count was observed performing Mann-Whitney U test. 

    Clinical profile 
Blood cell 

count 

(109/L) 
Desc. 

Diabetes 
p value 

Renal 
p value 

CRP 
p value 

ESR 
p value 

NSAIDs 
p value No 

(n=45) 
Yes 

(n=22) 
No 

(n=57) 
Yes   

(n=10) 
No 

(n=46) 
Yes 

(n=21) 
No 

(n=44) 
Yes 

(n=23) 
No 

(n=52) 
Yes 

(n=15) 
WBC 

 

Mean 7.900 9.169   8.009 10.070   7.483 10.144   7.732 9.436   8.456 7.833   
SD 2.255 4.714 0.139 2.867 4.920 0.227 2.192 4.449 0.116 2.371 4.415 0.095 3.569 2.070 0.522 
IQR 6.20-

9.40 
6.50-

10.60   6.50-

9.30 
6.58-

10.9   6.05-

8.43 
7.55-

11.35   6.10-

9.90 
7.00-

9.30   6.13-

9.45 
6.50-

9.90   
 

Neutrophils 

 

Mean 5.465 5.167   5.083 6.419   4.780 6.290   4.987 5.781   5.313 5.103   
SD 2.329 2.178 0.611 2.203 2.049 0.099 1.989 2.365 0.516 2.091 2.391 0.188 2.346 1.724 0.756 
IQR 3.51-

6.12 
3.80-

6.18   3.80-

5.73 
4.67-

7.90   3.50-

5.13 
4.36-

7.75   3.58-

5.61 
4.10-

6.70   3.51-

6.70 
3.80-

5.80   

Lymphocytes 
Mean 1.965 2.654   2.069 3.000   1.863 2.900   1.935 2.679   2.214 2.139   

SD 0.796 2.758 0.263 1.309 3.398 0.439 0.791 2.749 0.423 0.804 2.685 0.207 1.877 1.146 0.886 
IQR 1.20-

2.54 
1.32-

2.63   1.23-

2.61 
1.75-

2.40   1.20-

2.40 
1.72-

2.71   1.20-

2.49 
1.31-

2.70   1.31-

2.40 
1.11-

2.92   

Monocytes 
Mean 0.656 0.665   0.632 0.827   0.626 0.727   0.638 0.697   0.683 0.571   

SD 0.260 0.345 0.907 0.273 0.342 0.135 0.273 0.314 0.216 0.302 0.264 0.424 0.313 0.154 0.199 
IQR 0.51-

0.85 
0.42-

0.84   0.40-

0.65 
0.60-

1.13   0.40-

0.80 
0.51-

0.90   0.40-

0.80 
0.50-

0.90   0.47-

0.85 
0.40-

0.62   
  Mean 0.221 0.283   0.271 0.192   0.268 0.245   0.258 0.256   0.295 0.139   

Eosinophils SD 0.230 0.282 0.535 0.272 0.194 0.546 0.256 0.273 0.818 0.256 0.273 0.984 0.284 0.094 0.168 
  IQR 0.02-

0.30 
0.08-

0.41   0.10-

0.46 
0.01-

0.39   0.09-

0.35 
0.03-

0.37   0.09-

0.35 
0.03-

0.39   0.01-

0.43 
0.09-

0.16   

 

Mean 0.070 0.050 
 

0.058 0.055 
 

0.046 0.070 
 

0.051 0.065 
 

0.058 0.055 
 Basophils SD 0.051 0.048 0.318 0.052 0.035 0.918 0.027 0.064 0.207 0.026 0.066 0.475 0.053 0.036 0.895 

  IQR 0.0.3-

0.09 
0.03-

0.07   0.03-

0.06 
0.02-

0.09   0.03-

0.07 
0.03-

0.10   0.04-

0.08 
0.02-

0.09   0.03-

0.07 
0.03-

0.09   
Desc.: Descriptive 
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4.1.5 Histology of ES-OA and aseptic loosening revision tissue  

The detailed methods are described in section 3.2.5, page 73. The H&E section of the 

ES-OA synovium demonstrates an increased infiltration of macrophages at the intimal 

region of this tissue (arrow head) in twenty patients from the total of twenty-five 

patients. Moreover, the feature of villous hyperplasia (*) with increased vascularity (#) 

was also observed at the sub-intimal region of synovium. In H&E sections of revision 

tissues, wear debris (α) was obvious throughout the tissue compartment. Macrophages 

and foreign body giant cells (arrow) were also identified within this section (Figure 4.1).    

 

Figure 4.1: The H&E histology representative images of synovial tissue. (A) ES-OA 

and (B) Revision arthroplasty.    
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4.2 Proteomics of OACM and RTCM    

The pooled OACM and pooled RTCM were identified as OACM and RTCM, 

respectively. The detailed methods are described in section 3.8, page 135. A mass 

spectrometry analysis was performed on the OACM and RTCM using Nano-ESI-

LCMS/MS matching and annotating the spectra to known specific peptides from the 

Swissprot protein sequence database for Homo sapiens.  

4.2.1 Liquid mass chromatogram of OACM and RTCM    

The liquid mass chromatogram spectra below demonstrate overlapping and distinct 

features between RTCM and OACM (Figure 4.2 B and C).The spectrum generated from 

the Nano-ESI-LCMS/MS based on the mass/ion (m/z) were matched with Mascot 

database. The significantly matched spectrum (p<0.01) with specific peptides were 

identified. In RTCM and OACM, about 1811 and 1500 peptides were found, 

respectively.  
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Figure 4.2: The liquid mass chromatogram. (A) Experimental control (blank), (B) 

OACM (Red) and (C) RTCM (Green). The peaks of mass/ion were identified over 

40 mins running time of Q-TOF. The acquisition buffer (Acetonitrile) was used as 

experimental control/blank.    
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4.2.2 LC-MS profile of OACM and RTCM    

The identified peptides and de novo sequences from protein database for OACM and 

RTCM were shown in an interactive LC-MS distribution profile. The distribution of 

peptides and de novo sequences of RTCM was distinct from that of OACM (Figure 4.3 

A-C). The 3-dimension (3D) peak of identified peptides in OACM and RTCM confirms 

that peptides were present at different intensities (Figure 4.3 D-F).      

 

Figure 4.3: LC-MS view of identified peptides and de novo sequences of 

experimental control (blank), OACM and RTCM. (A-C) Distribution profile and 

(D-F) 3D peaks of peptide intensity. (Blue square: identified peptides and Amber 

square: de novo sequences)   
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4.2.3 Protein discovery from OACM and RTCM    

The peptides identified in OACM and RTCM were matched with 184 and 168 

proteins from the protein database respectively. The complete list of peptides and 

proteins identified in OACM and RTCM has been provided in the appendix. Using 

Microsoft Access, 126 common proteins were identified in both OACM and RTCM, 

while 58 and 42 proteins were found only in OACM or RTCM, respectively, as shown 

in the Venn diagram (Figure 4.4).  

 

Figure 4.4: The Venn diagram shows the common and differential proteins 

between OACM and RTCM.  

4.2.4 Protein-protein interaction network analysis 

Using the proteins identified from OACM and RTCM, protein-protein interaction 

networks were created using the STRING protein network database (http://string-

db.org) and imported in the Cytoscape application v.3.6.0 (http://www.cytoscape.org). 

The significant pathways in which these proteins were known to participate were 

explored as the proteins might interact similarly in both OA associated synovitis and 

wear debris related inflammation. The majority of proteins in both RTCM (Figure 4.5) 

and OACM (Figure 4.6) have comparable networks of interaction.  
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Figure 4.5: Protein-protein interaction network analysis of RTCM. The interaction 

networks were created using STRING protein network database. Orphan proteins 

(unconnected proteins) were removed and the protein-protein interaction 

networks exported for visualization in Cytoscape v.3.6.0 incorporated with 

Funmode plugin.  
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Figure 4.6: Protein-protein interaction network analysis of OACM. The 

interaction networks were created using STRING protein network database. 

Orphan proteins (unconnected proteins) were removed and the protein-protein 

interaction networks exported for visualization in Cytoscape v.3.6.0 incorporated 

with Funmode plugin. 
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The protein networks of OACM and RTCM were overlapped to explore the 

differential protein network between OACM and RTCM. The common proteins 

between these two conditioned media were excluded when the whole protein network of 

OACM and RTCM were overlapped and typical proteins were presented in Figure 4.7 

and 4.8 for OACM and RTCM, respectively.  This differential protein network analysis 

confirms the presence of protein profile related to macrophage alternative activation, 

M2 (IL13RA1 and Chitinase 1-CHIT1) and osteoclast activity (Cathepsin D-CTSD, 

Vitronectin-VTN and Cystatin B-CSTB) in RTCM (Figure 4.7) but not in OACM 

(Figure 4.8).  

 

Figure 4.7: The differential protein-protein interaction network analysis of RTCM.  
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Figure 4.8: The differential protein-protein interaction network analysis of 

OACM. 
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4.2.5 Classification proteins based on gene ontology (GO) annotation 

GO-based analysis of proteins from the tissue conditioned media revealed many of 

the proteins from OACM to be involved in lactate metabolism, negative regulation of 

hydrolase activity, protein activation cascade, chylomicron assembly and wound healing 

(Figure 4.9). Proteins specific to inflammatory response were also found in OACM    

(Figure 4.9 A). Proteins from RTCM were mainly related to neutral lipid catabolic 

processes, protein activation cascade, cytokine secretion and phagocytosis activity 

(Figure 4.9 B). Acute inflammatory response and platelet degranulation proteins were 

common amongst OACM and RTCM (Figure 4.9 A and B).          

 

Figure 4.9: Gene Ontology based classification of proteins discovered in OACM    

and RTCM. The functional clustering of proteins was identified using Cytoscape 

v.3.6.0 incorporated with ClueGO plugin. (Statistical significant:  *p<0.05 and 

**p<0.01)  
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4.3 S100A8/14 protein profile of OACM and RTCM     

The S100A8/9 protein concentration in RTCM was 1.2-fold greater than that of 

OACM. However, the mean difference in concentration between these conditioned 

media was not statistically significant (p=0.502) (Figure 4.10).  

 

Figure 4.10: The S100A8/9 protein profile of OACM and RTCM. (Mean ± SD) 
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4.4 Summary of Results Part-1 

4.4.1 Clinical profiles of patients from UK and Malaysia 

 The demographic profiles and haematology full blood count between 

orthopaedic patients from UK and Malaysia were comparable.  

 The clinical haematology differential blood counts of patients were not affected 

by their comorbidities, CRP, ESR or NSAIDs usage. 

4.4.2 OACM and RTCM proteomic analysis 

 Wear debris particles and foreign body giant cells were observed in revision 

synovial tissue. 

 The OACM and RTCM demonstrate common and divergent peptides. 

 OACM and RTCM contained 126 common proteins and 42 and 58 unique 

proteins, respectively.  

 The common protein-protein interaction networks overlapped and were 

unchanged by the unique proteins in either OACM or RTCM.  

 The differential protein networks in RTCM were associated with macrophage 

alternative activation, M2 (IL13RA1 and Chitinase 1-CHIT1) and osteoclast 

activity (Cathepsin D-CTSD, Vitronectin-VTN and Cystatin B-CSTB).  

 The GO protein functional clustering identified proteins related to lactate 

metabolism, chylomicron and wound healing in OACM.  

 Proteomes of RTCM were mainly clustered for cytokine secretion and 

phagocytosis activity.  

 The S100A8/9 profile was comparable between OACM and RTCM.   
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CHAPTER 5: RESULTS PART-2                                                                          

(THE CHARACTERISTICS OF CIRCULATING MONOCYTES OF END 

STAGE OA, STABLE PRIMARY ARTHROPLASTY FOR OA AND REVISION 

ARTHROPLASTY FOR ASEPTIC LOOSENING IN OA PATIENTS) 

5.1 Introduction 

The circulating monocyte population from ES-OA (n=10) and arthroplasty [stable 

primary (n=10) and revision (n=10)] patients were analysed using FACs (method 

section 3.4, page 89), gene expression (method section 3.6, page 110) and phagocytosis 

assay (method section 3.7, page 127) to determine:- 

1) The effect of comorbidities and/or clinical conditions of patients on monocyte 

characteristic. 

2) The WB or PBMNCs CD14
+
 monocyte percentage count in ES-OA and 

arthroplasty patients. 

3) Surface receptors profile of PBMNCs CD14
+
 monocyte in ES-OA and 

arthroplasty patients. 

4) Gene expression profile of PBMNCs monocyte in ES-OA and arthroplasty 

patients. 

5) The phagocytic potential of PBMNCs monocyte in ES-OA and arthroplasty 

patients.  

5.2 The effect of comorbidities/clinical conditions of patients in WB monocyte 

FACs cell count 

The WB blood profile of patients can be altered by their comorbidities/clinical 

conditions apart from their orthopaedic status. This alteration may contribute to 

misinterpretation of monocyte activation due to OA or wear debris induced 

inflammation in arthroplasty patients. Therefore, alteration in WB profile of recruited 
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patients in this study was investigated due to their comorbidities/clinical conditions. The 

FACs gated CD14
+
 monocyte population is termed as monocyte throughout this 

chapter. The monocyte count was not altered by patient comorbidities such as diabetes 

(p=0.900) and renal disease (p=0.430). Moreover, monocyte count did not change 

although some of the patients showed an increase in CRP (p=0.150) and/or ESR 

(p=0.111) when compared with patients who had normal levels of CRP and ESR. 

Monocyte count of patients with NSAIDs intake was comparable with patients without 

NSAIDs intake (Table 5.1).   

Table 5.1: The table shows the difference and their statistical significant of WB 

monocyte count in patients with or without comorbidities and/or clinical 

conditions.  

    Clinical profile 
Blood 

cell 

count 
Desc. 

Diabetes p  
value 

Renal p  
value 

CRP p  
value 

ESR P 
 value 

NSAIDs p  
value 

No  
(n=12) 

Yes 
 (n =18) 

No  
(n =25) 

Yes   
 (n =5) 

No 
 (n =17) 

Yes 
 (n =13) 

No 
 (n =16) 

Yes  
(n =14) 

No  
(n =23) 

Yes (n 

(n=7)  CD14
+
 

Cells 

(absolute 

FACs 

cell 

count) 

Mean 1918.42

 
1963.58

  
1884.50

 
2250.60

  
2157.76

 
1667.96

  
2027.84

 
1879.04

  
1848.41

 
2264.57

  SD 1041.46

 
869.20

 
0.900

 
887.57

 
1153.71

 
0.430

 
787.21

 
1045.10

 
0.150

 
772.16

 
1135.59

 
0.680

 
795.97

 
1285.90

 
0.305

 
IQR 1114.50-

2645.75 
1302.50-

2429.50   1289.50-

2471.00 
1251.00-

3183.50  
1401.00-

2627.00 
951.50-

2137.50  
1304.50-

2387.25 
951.50-

2901.50   1301.00-

2388.00 
1265.00-

3583.00   
Desc.: Descriptive 

 
5.3 WB monocyte percentage count of ES-OA and arthroplasty patients 

There was approximately a 1.5-fold increase in the monocyte count in arthroplasty 

patients (p=0.012) as compared with ES-OA patients (Figure 5.1 A). This agreed with 

the raised clinical haematology differential monocyte count observed in arthroplasty 

patients and detailed in Table 5.2. However, the clinical increase was not statistically 

significant (p=0.242) (Figure 5.1 B).  



180 

 

Figure 5.1: The comparison of WB monocyte. (A) Representative bivariate dot-

plot of lineage negative markers versus CD14 and (B) Clinical haematology 

differential monocyte and monocyte percentage count between ES-OA and 

arthroplasty patients. (T-test: **p<0.01)  

Table 5.2: The descriptive table of monocyte in ES-OA and arthroplasty patients 

identified from clinical haematology differential monocyte count and experimental 

FACs analysis. (Bold red: statistical significant) 

Monocyte  

count 
Descriptive 

Orthopaedic cohorts 
p value ES-OA 

(n=10) 
Arthroplasty 

(n=20) 
Haematology 

monocyte cell 

count (10
9
/L) 

Mean 0.55 0.66 
0.242 SD 0.16 0.26 

CD14
+ 

monocyte  
Mean 39.70 58.60 

0.012 SD 16.32 18.96 
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5.3.1 The functional surface receptors on WB monocyte of ES-OA and 

arthroplasty patients 

The functional characteristic of monocyte population between ES-OA and 

arthroplasty patients were investigated using FACs markers for chemotaxis, 

inflammation, cell adhesion, foreign body giant cell formation (FBGC)/ osteoclast 

precursor (OCP) and monocyte-platelet aggregate (MPA) formation. The MFI data was 

compiled in scatter plots and histograms (ES-OA- blue, Arthroplasty-red and unstained 

control- grey). The descriptive table documents statistically significant data only.   

5.3.1.1 WB monocyte chemotaxis surface receptors (Figure 5.2 A-D) 

The CCR2 and CX3CR1 chemotaxis surface receptors on WB monocyte of ES-OA 

and arthroplasty patients were compared. The CCR2 expression of CD14
+
 monocyte 

from arthroplasty patients was 1.1-fold greater than that of ES-OA patients. This finding 

was confirmed with the CCR2 MFI peak, which was shifted to the right but the 

difference was not statistically significant. There was no significant difference in 

CX3CR1 expression of CD14
+
 monocytes between ES-OA and arthroplasty patients. 
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Figure 5.2: The expression of chemotaxis surface receptors on WB monocyte of 

ES-OA and arthroplasty patients. (A) MFI of CCR2/CD192, (B) Representative 

MFI histogram of CCR2/CD192, (C) MFI of CX3CR1 and (D) Representative MFI 

histogram of CX3CR1. Histogram: Grey-Unstained control, arthroplasty-red and 

ES-OA- blue. 
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5.3.1.2 WB monocyte inflammatory surface receptor (Figure 5.3 A and B) 

The CXCR2 inflammatory receptors on WB monocyte between ES-OA and 

arthroplasty patients were very similar. Moreover, the MFI histogram peaks of these 

two cohorts overlapped, but were greater than unstained control. 

 

Figure 5.3: The expression of inflammatory receptor on WB monocyte of ES-OA 

and arthroplasty patients. (A) MFI of CXCR2/CD182 and (B) Representative MFI 

histogram of CXCR2/CD182. Histogram: Grey-Unstained control, arthroplasty-

red and ES-OA- blue. 
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5.3.1.3 WB monocyte cell adhesion surface receptor (Figure 5.4 A and B and table 

5.3) 

The ITGAM/CD11b cell adhesion receptor on WB monocyte of arthroplasty patients 

was 1.3-fold greater than that of ES-OA patients (p=0.024). This significant difference 

in MFI was also shown on the histogram peak, with the right shift of the red 

arthroplasty group histogram.  

 

Figure 5.4: The expression of cell adhesion receptor on WB monocyte of ES-OA 

and arthroplasty patients. (A) MFI of ITGAM/CD11b and (B) Representative MFI 

histogram of ITGAM/CD11b. Histogram: Grey-Unstained control, arthroplasty-

red and ES-OA- blue. (Statistical significance: *p<0.05) 

Table 5.3: The table shows the mean MFI difference in ITGAM/CD11b receptor 

on WB monocyte between ES-OA and arthroplasty patients.  (Bold red: statistical 

significant) 

Function 
FACs marker 

(MFI) 
Descriptive 

Orthopaedic cohorts 

p value ES-OA 

 (n=10)  
Arthroplasty 

(n=20) 

Cell adhesion 
ITGAM/ 
CD11b 

Mean 764.12 997.00 
0.024 

SD 281.84 222.33 
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5.3.1.4 WB monocyte foreign body giant cell formation/OCP receptor (Figure 5.5 

A and B) 

Dendritic cell-specific transmembrane protein (DCSTAMP) expression on monocyte 

of arthroplasty patients was 1.3-fold higher than that of ES-OA patients, but not 

statistically significantly. This fold increase was also apparent in the histogram peaks in 

which the arthroplasty patient MFI of DCSTAMP receptor peak was shifted right 

compared with ES-OA. 

 

Figure 5.5: The expression of receptor for foreign body giant cell formation on WB 

monocyte of ES-OA and arthroplasty patients. (A) MFI of DCSTAMP and (B) 

Representative MFI histogram of DCSTAMP. Histogram: Grey-Unstained 

control, arthroplasty-red and ES-OA- blue. 

5.3.1.5 WB monocyte-platelet aggregation receptor (Figure 5.6 A and B) 

The receptor for monocyte-platelet aggregates (MPA) formation in WB monocyte of 

ES-OA and arthroplasty patients was examined based on the expression of platelet 

glycoprotein 1b alpha (GP1BA)/CD42b. MFI of CD42b receptor between monocyte of 

these two cohort of patients was comparable and the peaks overlapped (p=0.091).  
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Figure 5.6: The expression of receptor for monocyte-platelet aggregation on WB 

monocyte of ES-OA and arthroplasty patients.  (A) MFI of GP1BA/CD42b and (B) 

Representative MFI histogram of GP1BA/CD42b. Histogram: Grey-Unstained 

control, arthroplasty-red and ES-OA- blue. 

5.3.2 The WB monocyte subtypes in ES-OA and arthroplasty patients 

WB monocyte subtypes were identified from monocyte of ES-OA and arthroplasty 

patients (Figure 5.7 A) based on the differential expression of CD14 and CD16. In 

FACs bivariate dot-plots, an established gating strategy (trapezoid gating) was applied 

to segregate monocyte subtypes into classical (CM: CD14
++

CD16
-
), intermediate (ITM: 

CD14
++

CD16
+
) and non-classical (NCM: CD14

+dim
CD16

++
) (Figure 5.7 B). 

 

Figure 5.7: The monocyte subtypes gating strategy from FACs bivariate dot-plot. 

(A) Monocyte and (B) Representative trapezoid gating strategy to identify classical 

(CM: CD14
++

CD16
-
), intermediate (ITM: CD14

++
CD16

+
) and non-classical    

(NCM: CD14
+dim

CD16
++

).   
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5.3.2.1 The effect of comorbidities/clinical conditions of patient in WB monocyte 

subtypes percentage count 

The effect of comorbidities/clinical conditions of patient in alteration of monocyte 

subtypes percentage count was investigated in ES-OA and arthroplasty patients     

(Table 5.4). The monocyte subtype percentage count was not altered by the 

comorbidities/clinical conditions of the patients.  

Table 5.4: The table demonstrates the effect of comorbidities/clinical conditions of 

patients in WB monocyte subtypes percentage count. 

Clinical  

profile  
Group 

ES-OA Arthroplasty  

N 
CM ITM NCM 

N 
CM ITM NCM 

p value p value 

Diabetes 
0 5 

0.343 0.368 0.234 
7 

0.204 0.846 0.207 
1 5 13 

Renal 
0 6 0.157 0.264 0.183 

19 0.827 0.496 1.000 
1 4 1 

NSAIDs 
0 9 0.462 0.368 0.505 

14 0.215 0.283 0.371 
1 1 6 

ESR 
0 4 0.430 0.410 0.554 

13 0.072 0.287 0.098 
1 6 7 

CRP 
0 4 0.199 0.720 0.143 

13 0.580 0.114 0.084 
1 6 7 

Monocytes: CM, Classical /ITM, Intermediate /NCM, Non-classical 

Clinical Group: 0 = No. 1 = Yes (Diabetes, Renal disease, NSAIDs medication) 
ESR: concentration raised above  29 mm/hr,  0 = No. 1 = Yes 

CRP: concentration raised above  0.8 mg/dL,  = No. 1 = Yes 
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5.3.2.2 WB monocyte subtypes percentage count of ES-OA and arthroplasty 

patients  

A compassion analysis was performed to investigate the changes in monocyte 

subtype population in WB of ES-OA and arthroplasty patients (Figure 5.8).  It was 

found that neither CM, ITM nor NCM percentage count was significantly different 

between ES-OA and arthroplasty patients.   

 

Figure 5.8: The monocyte subtypes percentage count in WB monocyte of ES-OA 

and arthroplasty patients. 
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5.3.2.3 The functional surface receptors on WB monocyte subtypes of ES-OA and 

arthroplasty patients 

CCR2 was significantly expressed in NCM of arthroplasty patients when compared 

with ES-OA patients (Table 5.5, p=0.01). Moreover, CXCR2 expression was 2.7-fold 

increase in NCM of arthroplasty patients when compared with ES-OA patients (Table 

5.5, p=0.014). However, the expression of GP1BA receptor was 3.7-fold greater in ITM 

of ES-OA patients than that of arthroplasty patients (Table 5.5, p=0.022).   

Table 5.5: The table shows the MFI of FACs markers on WB monocyte subtypes of 

ES-OA and arthroplasty patients. (Bold: statistical significant) 

Function FACs 
marker Desc. 

Monocyte subtypes 

Classical (CM)  
(CD14

++

CD16
-

)  
Intermediate (ITM)  

(CD14
++

CD16
+

) 
Non-classical (NCM) 

(CD14
+dim

CD16
++

) 
ES-OA Arthro. P 

value ES-OA Arthro. P 

value ES-OA Arthro. P 

value 

C
h

em
o

ta
x

is
 CCR2/ 

CD192 
Mean 480.84 416.85 0.466 

  
378.24 454.84 0.254 

  
720.31 1096.09 0.010 

  
SD 202.06 233.34 146.72 170.32 324.83 341.20 

CX3CR1 
Mean  5036.89 4550.11 0.416 

  
14947.29 13848.21 0.483 

  
26152.00 24924.24 0.228 

  
SD 1975.04 1250.69 1634.42 4710.40 3961.65 1527.00 

In
fl

m
.  

CXCR2/ 
CD182 

Mean  1314.63 1379.00 0.833 
  

1503.50 1690.06 0.495 
  

2754.33 7470.13 0.014 
  SD 376.76 913.54 493.89 733.07 220.63 917.34 

C
el

l 

ad
h

.  

ITGAM/ 
CD11b 

Mean  462.26 414.94 0.463 
  

854.50 1138.29 0.105 
  

1287.14 1391.38 0.081 
  SD 234.26 117.19 352.97 447.43 70.09 173.80 

F
B

G
C

 

DCSTAMP Mean  496.60 371.25 0.210 
  

974.80 1031.85 0.124 
  

1121.24 1179.45 0.821 
  SD 363.11 177.44 121.66 75.46 696.20 641.49 

M
P

A
 

GP1BA/ 
CD42b 

Mean  3398.00 2188.53 0.383 
  

25210.90 6749.94 0.022 
  

7351.00 6294.59 0.459 
  SD 2835.20 3802.19 33506.85 5987.76 3819.78 3538.02 

Desc.: Descriptive 
Arthro.: Arthroplasty 
Inflm.: Inflammation 

         Cell adh.: Cell adhesion 
         FBGC: Foreign body giant cells 
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5.3.3 WB monocyte percentage count of stable primary arthroplasty and 

revision arthroplasty patients  

CD14
+
 monocyte percentage count in revision arthroplasty patients was ~1.2-fold 

higher than that of ES-OA; however the difference was not statistically significant 

(Figure 5.9).   

 

Figure 5.9: The WB monocyte in stable primary and revision arthroplasties. (A)  

Representative FACs bivariate dot-plot of lineage negative markers versus CD14 

and (B) The bar chart of percentage count.  
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5.3.3.1 The functional surface receptors on WB monocyte of primary and revision 

arthroplasty patients 

CX3CR1 expression of WB monocyte was marginally increased in revision 

arthroplasty patients (1.1-fold) when compared with primary arthroplasty patients 

(Table 5.6). However, this increase was not statistically significant (p=0.054). There 

were no significant differences found in the availability of any other surface receptors 

on monocyte between primary and revision arthroplasty patients.  

Table 5.6: The table shows the MFI of FACs markers on WB monocyte of primary 

and revision arthroplasty patients.  

  
Function 

  
FACs 

marker 

  Arthroplasty   
Descriptive Primary Revision p value 

C
h
em

o
ta

x
is
 

CCR2/ 
CD192 

Mean 677.1 626.3 
0.262 

SD 22.69 37.61 

CX3CR1 
Mean 13461 14822 

0.054 
SD 34.9 561.8 

In
fl

m
.  

CXCR2/ 
CD182 

Mean 1298 1257 
0.749 

SD 98.26 78.96 

C
el

l 

ad
h
.  ITGAM/ 

CD11b 
Mean 985.9 1008 

0.834 
SD 50.43 91.73 

F
B

G
C
 

DCSTAMP 
Mean 705.4 774.6 

0.650 
SD 112.6 98.96 

M
P
A
 

GPIBA/ 
CD42b 

Mean 3435 4747 0.242 
SD 755.2 779.1   

Inflm.: Inflammation 

Cell adh: Cell adhesion 

FBGC: Foreign body giant cells 

MPA: Monocyte platelet aggregates 
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5.3.3.2 The functional surface receptors on WB monocyte subtypes of primary 

and revision arthroplasty patients 

Expression of CXCR2 was ~1.5-fold higher in ITM in primary arthroplasty patients 

than in revision arthroplasty patients (Table 5.7). However, this increase was not 

statistically significant (p=0.051). Furthermore, neither of surface receptors was 

significant altered in monocyte subtype between primary and revision arthroplasty 

patients (Table 5.7). 

Table 5.7: The table shows the MFI of FACs markers on WB monocyte subtypes of 

primary and revision arthroplasty patients.  

Func. FACs 

marker Desc. 

Monocyte subtypes 
Classical (CM) 
(CD14

++

CD16
-

)  
Intermediate (ITM) 

(CD14
++

CD16
+

) 
 Non-classical (NCM) 

(CD14
+dim

CD16
++

) 
Primary  Revision p 

value Primary  Revision p 
value Primary  Revision p 

value 

C
h
em

o
ta

x
is
 

CCR2/ 
CD192 

Mean 420.93
 

412.77
 0.940 

478.82
 

430.86
 0.543 

1059.70
 

1132.48
 0.646 SD 237.96

 
241.41

 
170.06

 
176.20

 
448.84

 
203.37

 
CX3CR1 

Mean  4144.11
 

4956.11
 0.151 

13678.30
 

14018.12
 0.877 

24292.95
 

25555.52
 0.062 SD 1257.85

 
1163.50

 
5549.34

 
3997.72

 
1197.47

 
1613.39

 

In
fl

m
.  

CXCR2/ 
CD182 

Mean  1481.60
 

1276.40
 0.629 

2005.41
 

1374.71
 0.051 

7412.98
 

7527.28
 0.965 SD 1277.84

 
324.91

 
898.84

 
324.96

 
5326.67

 
6087.30

 

C
el

l 

ad
h

.  ITGAM/ 
CD11b 

Mean  448.59
 

381.28
 0.207 

1107.16
 

1169.43
 0.765 

1374.68
 

1408.08
 0.679 SD 144.05

 
75.65

 
252.42

 
597.30

 
186.62

 
168.29

 

F
B

G
C
 

DCSTAMP 
Mean  1970.15

 
2406.91

 0.853 
1048.24

 
1015.46

 0.345 
1242.30

 
1116.60

 0.673 SD 4207.69
 

3564.96
 

61.46
 

87.45
 

583.28
 

720.93
 

M
P

A
 

GP1BA/ 
CD42b 

Mean  3398.00 2188.53 0.805 
6771.59

 
6728.29

 0.988 
6216.06

 
6373.12

 0.924 SD 2835.20 3802.19 7655.43
 

4133.22
 

4836.56
 

1737.78
 Func.: Function 

Desc.: Descriptive 
Inflm.: Inflammation 

         Cell adh: Cell adhesion 
FBGC: Foreign body giant cells 

MPA: Monocyte platelet aggregates 
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5.3.3.3 The correlation between WB monocyte subtypes percentage count and the 

duration of prosthesis 

A linear regression analysis was performed between monocyte subtypes percentage 

count and the duration of prosthesis in primary and revision arthroplasty patients. Only 

those primary (n=7) and revision (n=8) arthroplasty patients with available information 

of prosthesis duration were used (Figure 5.10). A positive correlation of CM 

(CD14
++

CD16
-
) percentage count with the duration of prosthesis was observed in 

primary arthroplasty patients. The goodness of fit was statistically significant (p=0.030) 

with 75% linear regression (Figure 5.10 A, R
2
=0.5717). In contrast, NCM subtype 

percentage count was significantly increased with the duration of prosthesis in revision 

arthroplasty patients (p=0.044). This positive linear regression was 72% goodness of fit 

(Figure 5.10 B).     

 

Figure 5.10: The regression analysis between monocyte subtypes percentage count 

and the duration (year) of prosthesis of arthroplasty patients. (A) Primary and (B) 

Revision arthroplasties. (Bold red: statistical significant).  
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5.4 PBMNCs cell count & viability (Figure 5.11 & table 5.8) 

The total PBMNCs isolated from 30 mL of human WB using Ficoll-Paque density 

gradient centrifugation technique was estimated using haemocytometer. The trypan blue 

exclusion method was applied to estimate the cell viability. PBMNCs count of ES-OA 

and arthroplasty patients was approximately 1.9x10
7 

cells/mL and 1.5x10
7
 cells/mL, 

respectively. The cell viability of isolated PBMNCs from ES-OA and arthroplasty 

patients was ~90%. There were no significance differences found in PBMNCs cell 

count (p=0.174) or viability (p=0.400) between ES-OA and arthroplasty patients. 

 

Figure 5.11: The PBMNCs cell count and viability of ES-OA and arthroplasty 

patients. (Error bars= Standard deviation) 

Table 5.8: The table shows descriptive details of PBMNCs cell count (cells/mL) and 

viability (%) test of ES-OA and arthroplasty patients.   

Parameter Descriptive 
Orthopaedic cohorts 

p value ES-OA 

(n=10) 
Arthroplasty 

(n=20) 
Cell count 

(Cells/mL) 
Mean 1.94E±07 1.52E±07 0.174 
SD 9.36E±06 6.32E±06 

Cell viability 

(%) 
Mean 91.59 93.09 0.400 
SD 4.21 4.42 
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5.4.1 PBMNCs recovery between ES-OA and arthroplasty in experimental set 

up  

The total PBMNCs isolated in experimental set up was compared with the result of 

the clinical haematology differential monocyte count of ES-OA and arthroplasty 

patients. The PBMNCs recovery was above 50% (Figure 5.12) and no significant 

difference recorded between mean percentage of these two cohorts (Table 5.9, 

p=0.609).  

 

Figure 5.12: PBMNCs recovery (%) from ES-OA and arthroplasty in experimental 

set up. (Error bars= Standard deviation) 

Table 5.9: The descriptive details of PBMNCs recovery for ES-OA and 

arthroplasty groups in experimental laboratory set up.  

Percentage 

(%) 
Descriptive 

Orthopaedic cohorts 
p value ES-OA 

(n=10) 
Arthroplasty 

(n=20) 

PBMNCs 

recovery 
Mean 55.16 59.54 

0.609 
SD 20.37 20.36 
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5.4.2 PBMNCs monocyte percentage count of ES-OA and arthroplasty patients 

(Figure 5.13 A and B and Table 5.10)  

Dot-plot density of PBMNCs monocyte from arthroplasty patient was greater than 

that of ES-OA. PBMNCs monocyte percentage count in arthroplasty patients was ~1.4-

fold higher and statistically significant (p=0.001) [(Primary, p=0.001) and (revision, 

p=0.047)] when compared with ES-OA. This trend of increase was comparable with 

WB monocyte percentage count of arthroplasty patients as shown in subchapter 5.3, 

page 179.       

 

Figure 5.13: The PBMNCs monocyte percentage count in ES-OA and arthroplasty 

patients. (A) Representative FACs bivariate dot-plot of lineage negative markers 

versus CD14 and (B) The bar chart of mean percentage of CD14
+
 gated monocyte 

population. (Error bars= Standard deviation) (T-test: **p<0.01) 

Table 5.10:  The descriptive table of PBMNCs monocyte percentage count in ES-

OA and arthroplasty patients. (Bold: statistical significant) 

FACs 

Percentage 

(%) 
Descriptive 

Orthopaedic cohorts 
p value ES-OA 

(n=10) 
Arthroplasty 

(n=20) 

CD14+ 

monocyte 
Mean 52.00 72.74 

0.001 
SD 13.25 8.69 
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5.4.3 The functional surface receptors on PBMNCs monocyte of ES-OA and 

arthroplasty patients 

The functional characteristic of PBMNCs monocyte between ES-OA and 

arthroplasty patients were investigated using FACs antibodies for chemotaxis, 

inflammation, cell adhesion, foreign body giant cell formation (FBGC)/OCP and 

formation of monocyte-platelet aggregate (MPA) receptors. The MFI data was compiled 

in scatter plots and histograms (ES-OA-blue, Arthroplasty-red and unstained control- 

grey). The descriptive table documents statistically significant data only. The error bar 

represents the standard deviation.   

5.4.3.1 PBMNCs monocyte population chemotaxis surface receptors              

(Figure 5.14 A-D) 

CCR2 receptors on monocyte of arthroplasty patients was 1.2-fold greater than that 

of ES-OA, however the MFI mean difference was not statically significant (p=0.404). 

This minimal increase CCR2 availability was observed in histogram plot. For CX3CR1 

expression, the average MFI was comparable and statistically not significant (p=0.731).  

 

Figure 5.14: The availability of chemotaxis surface receptors on PBMNCs 

monocyte of ES-OA and arthroplasty patients. (A) MFI of CCR2/CD192, (B) 

Representative MFI histogram of CCR2/CD192, (C) MFI of CX3CR1 and (D) 

Representative MFI histogram of CX3CR1. Histogram: Grey-Unstained control, 

arthroplasty-red and ES-OA- blue.  
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5.4.3.2 PBMNCs monocyte inflammatory receptor (Figure 5.15 A and B) 

The CXCR2 availability on monocyte between ES-OA and arthroplasty patients was 

comparable and statistically not significant (p=0.692).   

 

Figure 5.15: The availability of inflammatory receptor on PBMNCs monocyte of 

ES-OA and arthroplasty patients. (A) MFI of CXCR2/CD182 and (B) 

Representative MFI histogram of CXCR2/CD182. Histogram: Grey-Unstained 

control, arthroplasty-red and ES-OA- blue. 

5.4.3.3 PBMNCs monocyte cell adhesion receptor (Figure 5.16 A and B and table 

5.11) 

A significant increase in ITGAM/CD11b receptor (1.1-fold) was observed on 

monocyte of arthroplasty patients (p=0.024)/ (revision, p=0.015) when compared with 

ES-OA patients. This finding was also supported by the histogram plot of MFI where 

the distance of the MFI peak of red histogram (arthroplasty) was greater than that of 

blue histogram (ES-OA). 
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Figure 5.16: The availability of cell adhesion receptor on PBMNCs monocyte of 

ES-OA and arthroplasty patients. (A) MFI of ITGAM/CD11b and (B) 

Representative MFI histogram of ITGAM/CD11b. Histogram: Grey-Unstained 

control, arthroplasty-red and ES-OA- blue. (Statistical significance: *p<0.05) 

Table 5.11: The table shows the T-test result of mean MFI difference in 

ITGAM/CD11b receptor on PBMNCs monocyte of ES-OA and arthroplasty 

patients.  (Bold red: statistical significant) 

Function 
FACs marker 

(MFI) 
Descriptive 

Orthopaedic patient group 
p value ES-OA 

(n=10) 
Arthroplasty 

(n=20) 
Cell 

adhesion 
ITGAM/ 
CD11b 

Mean 2229.60 2533.30 
0.024 SD 1001.83 420.41 

 

5.4.3.4 PBMNCs monocyte foreign body giant cell formation/OCP receptor 

(Figure 5.17 A and B) 

The availability of DCSTAMP on PBMNCs monocyte of arthroplasty patients was 

marginally increased but not statistically significant when compared with ES-OA 

patients. This marginal increase was shown in MFI histogram peaks where the red peak 

shifted to right when compared with blue or grey.  
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Figure 5.17: The availability of receptor for foreign body giant cell formation on 

PBMNCs monocyte of ES-OA and arthroplasty patients. (A) MFI of DCSTAMP 

and (B) Representative MFI histogram of DCSTAMP. Histogram: Grey-Unstained 

control, arthroplasty-red and ES-OA- blue. 

5.4.3.5 PBMNCs monocyte-platelet aggregation receptor (Figure 5.18 A and B) 

The mean MFI of CD42b marker in monocyte-platelet aggregation (MPA) was in the 

same range between arthroplasty and ES-OA patients and was not statistically 

significant (p=0.244). The MFI histogram of CD42b of ES-OA and arthroplasty groups 

appeared to be identical.  

 

Figure 5.18: The availability of receptor for MPA on PBMNCs monocyte of       

ES-OA and arthroplasty patients. (A) MFI of GP1BA/CD42b and (B) 

Representative MFI histogram of GP1BA/CD42b. Histogram: Grey-Unstained 

control, arthroplasty-red and ES-OA- blue.  
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5.4.4 PBMNCs monocyte FACs markers correlation matrix  

Pearson correlation coefficient analysis matrix was produced using MFI of FACs 

markers of PBMNCs monocyte from ES-OA and arthroplasty patients. The significant 

positive associations in availability between markers were elaborated in the below. This 

correlation between expressions of receptors is important to understand the association 

between monocyte different functional commitments.   

5.4.4.1 Correlation analysis of PBMNCs monocyte surface receptors in ES-OA 

and arthroplasty patients    

The PBMNCs monocyte of ES-OA patients was shown a significant positive 

association of CX3CR1 and CXCR2 availability with ITGAM/CD11b (Figure 5.19 A,   

r=0.894, p=0.001) and FBGC/OCP marker (DCSTAMP) (Figure 5.19 A, r=0.715, 

p=0.020), respectively. Similar type of positive association between these markers was 

also found in the PBMNCs monocyte of arthroplasty patients (Figure 19 B). The MFI of 

CX3CR1 was shown a positive correlation with the MFI of CCR2 (r=0.453, p=0.045) 

and DCSTAMP (r=0.569, p=0.028) (Figure 5.19 B).  
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Figure 5.19: The MFI Pearson correlation coefficient matrix of FACs markers of 

PBMNCs monocyte. (A) ES-OA and (B) Arthroplasty. (Bold red: statistical 

significant) 
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5.4.5 PBMNCs monocyte subtypes percentage count of ES-OA and arthroplasty 

patients  

The monocyte subtypes percentage count was not significantly different when 

compared between ES-OA and arthroplasty patients (Figure 5.20 B).  

 

Figure 5.20: The PBMNCs monocyte subtypes percentage count of ES-OA and 

arthroplasty patients. (A) Representative FACs bivariate dot-plot of CD16 versus 

CD14 and (B) The bar chart of mean percentage of CD14
+
 gated monocyte 

population. (Error bar= standard deviation) 
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5.4.5.1 The functional surface receptors on PBMNCs monocyte subtypes of ES-

OA and arthroplasty patients 

The characteristic of the PBMNCs monocyte subtypes was studied based on the 

availability of the surface receptors. Although an increased MFI was observed when 

compared with unstained cells, there were no statistically significant differences in 

mean MFI found between ES-OA and arthroplasty patients (Table 5.12). 

Table 5.12: The table shows the MFI of FACs markers on PBMNCs monocyte 

subtypes of ES-OA and arthroplasty patients.  

Function FACs markers Desc. 

Monocyte subtypes 
Classical (CM)   
(CD14

++

CD16
-

)  
Intermediate (ITM) 

 (CD14
+

CD16
+

) 
Non-classical (NCM) 
 (CD14

+dim

DCD16
++

)  
ES-OA  Arthro. p value ES-OA  Arthro. p 

value ES-OA  Arthro. p 
value 

C
h
em

o
ta

x
is
 

CCR2/CD192 
Mean 404.75 355.20 0.603 401.84 313.16 0.294 893.45 884.69 0.969 

SD 206.60 258.43 0.576 262.43 187.14 0.357 615.68 512.46 0.971 
CX3CR1 

Mean  5236.00 5061.10 0.899 11183.10 10483.20 0.750 19777.80 18450.65 0.572 
SD 4150.50 3161.62 0.908 6599.44 5091.36 0.773 6328.96 5818.23 0.586 

In
fl

m
.  

CXCR2/CD182 
Mean  1040.30 1398.05 0.538 1195.00 2880.80 0.222 16871.67 14595.60 0.631 

SD 894.19 169.82 0.455 617.79 420.88 0.094 1243.77 1020.89 0.650 

C
el

l 

ad
h

.  

ITGAM/CD11b 
Mean  3588.80 3244.40 0.840 3326.30 2631.75 0.583 1174.30 1268.40 0.662 

SD 450.64 429.26 0.843 428.44 257.91 0.646 466.31 585.86 0.638 

F
B

G
C
 

DCSTAMP 
Mean  231.91 797.92 0.517 1101.19 1677.79 0.196 3633.06 3287.76 0.726 

SD 131.79 269.83 0.361 552.15 130.72 0.108 238.85 239.95 0.728 

M
P

A
 

GP1BA/CD42b 
Mean  5999.20 4157.08 0.412 8402.00 6924.00 0.778 5944.20 4722.42 0.335 

SD 426.99 628.66 0.353 658.03 1561.45 0.724 271.28 339.04 0.303 
Desc.: Descriptive 
Arthro.: Arthroplasty 
Inflm.: Inflammation 

         Cell adh: Cell adhesion 
         FBGC: Foreign body giant cells 

        MPA: Monocyte platelet aggregates 
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5.4.6 PBMNCs monocyte in primary and revision arthroplasty patients 

The PBMNCs CD14
+
 monocyte population of primary and revision patients was 

localised in the bivariate FACs dot-plot (Figure 5.21 A). The PBMNCs CD14
+
 

monocyte population percentage count in primary and revision arthroplasty patients was 

comparable and shown similar pattern with WB (Subchapter 5.3.3).        

 

Figure 5.21: The PBMNCs monocyte in primary and revision arthroplasties. (A)  

Representative FACs bivariate dot-plot of lineage negative markers versus CD14 

and (B) The bar chart of mean percentage of CD14
+
 gated monocyte population. 

(Error bars= Standard deviation) 

  



206 

5.4.6.1 The functional surface receptors on PBMNCs monocyte of primary and 

revision arthroplasty patients 

The availability of receptors on PBMNCs monocyte between primary and revision 

arthroplasty patients was comparable (Table 5.13).    

Table 5.13: The table shows the mean MFI of FACs markers on PBMNCs 

monocyte of primary and revision arthroplasty patients.  

 

  

Function FACs marker Descriptive 
Arthroplasty 

p value 
Primary  Revision  

C
h
em

o
ta

x
is
 

CCR2/CD192 
Mean 520.60 468.30 

0.574 
SD 215.25 192.64 

CX3CR1 
Mean 11352.60 11310.90 

0.984 
SD 1580.54 1253.16 

In
fl

m
.  

CXCR2/CD182 
Mean 6033.20 4270.40 

0.395 
SD 1371.19 1489.26 

C
el

l 

ad
h
.  

ITGAM/CD11b 
Mean 2533.30 2229.60 

0.778 
SD 704.42 795.45 

F
B

G
C
 

DCSTAMP 
Mean 2098.70 1552.00 

0.455 
SD 623.94 350.78 

M
P
A
 

GPIBA/CD42b 
Mean 3379.40 6769.90 

0.365 
SD 862.05 3541.26 

Inflm.: Inflammation 

Cell adh: Cell adhesion 

FBGC: Foreign body giant cells 

MPA: Monocyte platelet aggregates 
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5.4.6.2 Correlation analysis of PBMNCs monocyte surface proteins of primary 

and revision arthroplasty patients  

In primary arthroplasty patients, only the CX3CR1 availability was positively 

associated with DCSTAMP (Figure 5.22 A, r=0.642, p=0.045). In revision arthroplasty 

patients, availability of CX3CR1 (r=0.872, p=0.001) and ITGAM/CD11b (r=0.982, 

p=0.001) demonstrated a positive association with MPA (GP1BA/CD42b). Moreover, a 

positive association was also observed in availability between CX3CR1 and 

ITGAM/CD11b (Figure 5.22 B, r=0.882, p=0.001).    

 

Figure 5.22: The MFI Pearson correlation coefficient matrix of FACs markers of 

PBMNCs monocyte. (A) Primary and (B) Revision arthroplasties. (Bold red: 

statistical significant). 
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5.4.6.3 PBMNCs monocyte subtypes percentage count in primary and revision 

arthroplasty patients 

The monocyte subtypes percentage count was comparable between primary and 

revision arthroplasty patients (Figure 5.23).   

 

Figure 5.23: The monocyte subtypes percentage count in PBMNCs monocyte of 

primary and revision arthroplasty patients. 
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5.4.6.4 The functional surface receptors on PBMNCs monocyte subtypes of 

primary and revision arthroplasty patients 

The availability of surface receptors on PBMNCs between primary and revision 

arthroplasty patients was not statistically significant (Table 5.14).    

Table 5.14: The table shows MFI of FACs markers on PBMNCs CD14
+ 

monocyte 

subtypes of primary and revision arthroplasty patients. 

FACs  
markers Desc. 

Monocyte subtypes 
Classical (CM) 
(CD14

++
CD16

-
)  

Intermediate (ITM) 
(CD14

++
CD16

+
)  

Non-classical (NCM) 
 (CD14

+dim
CD16

++
)  

Primary 

(n=10) 
Revision 

(n=10) 
p 

value 
Primary 

(n=10) 
Revision 

(n=10) 
p 

value 
Primary 

(n=10) 
Revision 

(n=10) 
p 

value 
CCR2/ 
CD192 

Mean 383.56 276.80 0.331 
344.00 282.90 0.480 

847.33 922.33 0.767 SD 85.00 66.20 56.61 63.06 187.59 162.71 
CX3CR1 

Mean  5200.60 3656.20 0.189 
10922.30 10044.10 0.711 

17934.80 18966.50 0.703 SD 966.99 589.47 1760.34 1526.68 2223.84 1463.52 
CXCR2/ 
CD182 

Mean  1834.90 961.20 0.259 
3064.00 2697.60 0.852 

16230.75 12726.86 0.527 SD 716.74 219.41 1289.73 1435.90 3431.25 4237.69 
ITGAM/ 
CD11b 

Mean  3494.70 2994.10 0.802 
2696.90 2566.60 0.914 

1408.20 1128.60 0.298 SD 1377.84 1409.93 707.39 950.68 211.85 152.44 
DCSTAMP 

Mean  1396.70 199.20 0.335 
1880.70 1452.33 0.491 

3247.11 3328.44 0.945 SD 1205.80 71.89 502.23 315.47 614.82 985.55 
GP1BA/ 
CD42b 

Mean  2849.40 4522.35 0.550 
3203.00 11058.44 0.286 

4086.00 5429.56 0.404 SD 1006.23 2556.49 830.46 7484.34 825.72 1379.77 
Desc.: Descriptive 
Inflm.: Inflammation 

      
Cell adh: Cell adhesion 

      
FBGC: Foreign body giant cells 

      
MPA: Monocyte platelet aggregates 
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5.5 PBMNCs monocyte gene expression analysis 

The PBMNCs of ES-OA, primary and revision arthroplasty patients were subjected 

to 30 mins glass adherence and washing prior to RNA isolation, in order to select 

/isolate and concentrate the monocyte population (Method section 3.6.5, page 125). 

Gene expression analysis was undertaken either in RT
2
-PCR array with Qiagen bench 

validated primers or in conventional quantitative PCR (qPCR) with bioinformatic 

software validated primers. In both PCR techniques, SDHA and HPRT-1 were used as 

housekeeping genes for normalisation. RNA samples from all thirty patients were used 

in the PCR array. However, in the conventional qPCR, only patients whose samples 

contained sufficient RNA could be used. The PCR data generated from Qiagen         

RT
2
-PCR array was validated using Qiagen data analysis software. The 

competency/reproducibility of the data was confirmed using this software. The PCR 

data quality check report was shown in the Figure 5.24. The selected gene list for this 

study was identified in the groups such as alarmins, inflammatory cytokines, cell 

survival, cell adhesion, chemotaxis, foreign body giant cell (FBGC) and OCP 

formation. These groupings were finalised based on the monocyte functional 

role/maturation pathways in which these genes are known to be involved. The fold 

change in expression of genes in monocyte from the arthroplasty patients were 

measured using ES-OA expression as a control. Between arthroplasties, the fold change 

in expression in monocyte from revision arthroplasty patients was calculated relative to 

expression in monocyte from primary arthroplasty patients. The descriptive details of 

the significantly expressed genes are given in the table.  
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Figure 5.24: The Qiagen RT
2
-PCR array data validation report. 

Using Qiagen data analysis software, it was demonstrated that approximately 95% of 

PCR amplicons were produced within 25-35 PCR cycles (Figure 5.25). This indicates 

that all the samples have sufficient quantity and/or intact cDNA samples.     

 

Figure 5.25: The Qiagen analytical software generated average PCR threshold 

cycle achieved by the amplicons in RT
2
-PCR array for all the studied genes.   
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5.5.1 The effect of patient comorbidities and/or clinical conditions to the 

PBMNCs monocyte gene expression 

A significant expression of CASP3 gene was found in monocytes from diabetic 

patients when compared with normal patients (Table 5.15, p=0.045). However, no other 

comorbidities or clinical conditions significantly altered the monocyte gene expression 

profile.  

Table 5.15: The table shows the mean gene expression and their statistical 

significant of monocyte from patients with or without comorbidities and/or clinical 

conditions. (Bold: statistical significant). 

Genes Desc. 
Medical profile 

Diabetes Renal CRP ESR NSAIDs  
No 

(n=12) 
Yes 

(n=18) 
p 

value 
No 

(n=25) 
Yes 

(n=5) 
p 

value 
No 

(n=17) 
Yes 

(n=13) 
p 

value 
No 

(n=16) 
Yes 

(n=14) 
p 

value 
No 

(n=23) 
Yes 

(n=7) 
p  

value 
IL13RA1 

Mean 2.79 2.50 0.634 
2.59 2.72 0.875 

3.14 1.93 0.132 
3.22 1.84 0.117 

2.52 2.93 0.551 SD 1.61 1.57 1.69 0.83 1.70 1.07 1.64 1.19 1.62 1.45 
HSPB1 

Mean  0.03 0.26 0.357 0.19 0.05 0.664 0.06 0.32 0.290 0.05 0.32 0.282 0.21 0.03 0.536 SD 0.02 0.85 0.72 0.03 0.05 1.01 0.04 1.00 0.75 0.01 
CSF1R 

Mean  2.11 2.93 0.167 2.45 3.38 0.232 2.90 2.21 0.239 2.89 2.02 0.123 2.57 2.70 0.860 SD 1.03 1.81 1.52 1.78 1.65 1.44 1.50 1.41 1.72 1.04 
ITGAL 

Mean  1.71 3.73 0.100 2.64 4.34 0.114 3.17 2.60 0.490 3.25 2.43 0.330 3.08 2.41 0.487 SD 1.39 2.27 1.93 3.04 2.26 2.12 2.36 1.99 2.39 1.31 
MAPK1 

Mean  4.75 5.29 0.439 4.94 5.74 0.379 5.57 4.43 0.087 5.78 4.11 0.112 4.92 5.59 0.403 SD 1.73 1.89 1.91 1.10 1.46 2.07 1.23 2.06 1.92 1.42 
CD93 

Mean 1.08 1.21 0.649 1.13 1.29 0.675 1.28 1.00 0.296 1.30 0.93 0.181 1.13 1.26 0.682 SD 0.84 0.66 0.76 0.58 0.77 0.67 0.75 0.68 0.79 0.50 
CASP3 

Mean  0.57 0.89 0.045 
0.74 0.87 0.534 0.80 0.71 0.562 0.82 0.70 0.456 0.80 0.64 0.396 SD 0.35 0.43 0.44 0.34 0.34 0.52 0.28 0.57 0.45 0.31 

TNFRSF11α 
Mean  0.01 0.02 0.385 0.02 0.01 0.732 0.01 0.03 0.236 0.01 0.03 0.288 0.02 0.01 0.527 SD 0.01 0.06 0.05 0.01 0.01 0.07 0.01 0.07 0.05 0.01 

S100A8 
Mean  219.31 136.75 0.136 174.17 147.76 0.624 185.63 149.03 0.364 181.71 153.00 0.491 152.14 227.71 0.104 SD 112.54 92.49 111.90 87.15 111.95 101.42 108.21 112.36 101.61 112.56 

NFATC1 
Mean  0.97 1.19 0.130 1.11 1.06 0.812 1.16 1.03 0.367 1.13 1.05 0.562 1.10 1.12 0.882 SD 0.44 0.34 0.43 0.17 0.31 0.48 0.30 0.50 0.43 0.28 

CCR2 
Mean  15.26 0.58 0.216 7.11 0.00 0.657 9.46 0.04 0.433 11.32 0.03 0.358 8.74 0.04 0.486 SD 40.30 1.83 26.59 0.00 30.66 0.05 33.56 0.05 29.47 0.05 

HMGB1 
Mean 420.26 167.87 0.510 283.49 0.08 0.623 377.71 0.57 0.321 503.22 0.36 0.179 377.74 0.52 0.321 SD 1028.70 579.19 778.60 0.11 887.65 0.50 1006.23 0.45 887.64 0.55 

STAT3 
Mean  175.50 93.91 0.657 147.20 0.05 0.544 196.16 0.21 0.279 235.21 0.15 0.202 181.09 0.21 0.337 SD 464.09 324.13 401.89 0.04 458.02 0.18 496.23 0.18 441.88 0.21 

MYD88 
Mean  47.88 18.35 0.501 34.70 0.05 0.551 46.10 0.32 0.292 55.17 0.24 0.214 42.57 0.34 0.350 SD 125.98 62.70 96.36 0.04 109.98 0.49 119.31 0.47 106.07 0.54 

TNF-α 
Mean  73.35 74.35 0.993 87.83 0.08 0.558 116.95 0.30 0.298 140.13 0.26 0.220 107.99 0.29 0.356 SD 193.35 256.39 248.72 0.09 284.00 0.48 308.22 0.46 273.83 0.54 

IL-1β 
Mean  653.09 207.01 0.436 440.93 0.26 0.563 587.70 0.48 0.302 705.29 0.24 0.224 542.55 0.42 0.360 SD 1727.55 714.82 1262.70 0.30 1442.30 0.46 1565.34 0.27 1390.45 0.53 

Desc.: Descriptive 
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5.5.2 PBMNCs monocyte gene expression of selected alarmins (Figure 5.26 A-E 

and table 5.16)  

The heat map generated from Qiagen data analysis software shows that the 

HSPB1/HSP27 gene expression in monocytes from patient 13 of arthroplasty group was 

of a greater magnitude, an outlier, compared with control (ES-OA) or other patients in 

the arthroplasty group. However, this individual did not move the mean for the 

arthroplasty group, as the bar chart indicates that the HSPB1 mean fold expression in 

monocyte population from arthroplasty patients remained marginally lower than that of 

ES-OA. The heat map indicates that monocytes from a majority of the arthroplasty 

patients demonstrated an increased level of S100A8 expression compared with the 

control. However, the mean fold expression was not statistically significant. The 

conventional qPCR analysis for HMGB1 gene shows a significant drop in fold 

expression of monocyte population from arthroplasty patients when compared with ES-

OA (p=0.001). However, the mean fold expression of MYD88 gene was comparable in 

monocyte population between ES-OA and arthroplasty patients.       
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Figure 5.26: The gene expression of PBMNCs monocyte from ES-OA and 

arthroplasty patients. (A) Heat map of HSPB1/HSP27 and S100A8, (B) 

HSPB1/HSP27, (C) S100A8, (D) HMGB1 and (E) MYD88. (T-test: *p<0.05). 

Table 5.16: The table shows HMGB1 gene mean fold expression in PBMNCs 

monocyte from arthroplasty patients relative to ES-OA. (Bold red: statistical 

significant)     

Genes Descriptive ES-OA Arthroplasty p value 

HMGB1  
Mean  1.00 0.55 

0.001 SD n/a 0.62 
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5.5.3 PBMNCs monocyte population gene expression of selected inflammatory 

cytokines (Figure 5.27 A and B and table 5.17) 

The fold expression of TNF-α in monocytes from arthroplasty patients was 

significantly decreased compared with monocyte of ES-OA patients (p=0.001). 

However, IL-1β fold expression in monocytes from arthroplasty patients was 

comparable to that of monocytes from ES-OA patients.  

 

Figure 5.27: The gene expression of PBMNCs monocyte of ES-OA and 

arthroplasty patients.  (A) TNF-α and (B) IL-1β. (T-test: **p<0.01). 

Table 5.17: The table shows TNF-α gene mean fold expression in PBMNCs 

monocyte from arthroplasty patients relative to ES-OA. (Bold red: statistical 

significant).      

Genes Descriptive 
ES-OA Arthroplasty 

p value 
(n=10) (n=10) 

TNF-α  
Mean 1 0.3 

0.001 
SD n/a 0.26 
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5.5.4 PBMNCs monocyte population gene expression related to survival (Figure 

5.28 A-C) 

The heat map indicates that the magnitude of mitogen-activated protein kinase 1 

(MAPK1) gene expression in monocyte from arthroplasty patients was greater than the 

average level. However, the magnitude of Caspase 3 (CASP3) apoptosis gene was 

minimal either in majority of the monocyte of arthroplasty or ES-OA patients, except 

patient 13 of arthroplasty group. The mean fold expression of MAPK1 and CASP3 in 

monocyte from arthroplasty was not significantly greater than that of ES-OA.  

 

Figure 5.28: The gene expression of PBMNCs monocyte of ES-OA and 

arthroplasty patients. (A) Heat map of MAPK1 and CASP3, (B) MAPK1 and (C) 

CASP3.  
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5.5.5 PBMNCs monocyte gene expression for cell adhesion (Figure 5.29 A-C and 

table 5.18)  

ITGAL or integrin alpha-L is a cognate adhesion molecule for intercellular adhesion 

molecule-1 (ICAM-1), which is expressed on the endothelial cells for monocyte cell 

adhesion and migration. While 35% of arthroplasty patients had monocytes which 

showed a greater magnitude of expression than control ES-OA, the mean fold 

expression of this gene in monocyte population of arthroplasty patients was 

significantly lower when compared with ES-OA (p=0.020). C1qR1/CD93, plays a dual 

role either as cell adhesion molecule or linking transmembrane proteins to the 

cytoskeleton and remodelling for phagocytosis activity. Although 60% of arthroplasty 

patients had monocyte populations whose expression of C1qR1/CD93 was greater than 

control expression, the mean fold expression in monocyte population of arthroplasty 

patients was comparable to ES-OA. 
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Figure 5.29: The gene expression of PBMNCs monocyte of ES-OA and 

arthroplasty patients. (A) Heat map of ITGAL/LFA-1 and C1qR1/CD93, (B) 

ITGAL/LFA-1, and (C) C1qR1/CD93. (T-test, *p<0.05)   

Table 5.18: The table shows ITGAL gene mean fold expression in PBMNCs 

monocyte from arthroplasty patients relative to ES-OA. (Bold red: statistical 

significant).      

Genes Descriptive ES-OA (n=10) 
Arthroplasty 

(n=20) 
p value 

ITGAL/LFA-1 
Mean 1.00 0.70 

0.020 
SD n/a 0.51 
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5.5.6 PBMNCs monocyte population gene expression of selected genes for 

chemotaxis (Figure 5.30 and table 5.19) 

The CCR2 gene expression for chemotaxis was investigated in monocyte of ES-OA 

and arthroplasty patients. The mean fold expression of CCR2 gene in monocyte of 

arthroplasty patients was significantly reduced compared with ES-OA.  

 

Figure 5.30: The CCR2 gene expression of PBMNCs monocyte of ES-OA and 

arthroplasty patients. (T-test: **p<0.01) 

Table 5.19 : The table shows CCR2 gene mean fold expression in PBMNCs 

monocyte from arthroplasty patients relative to ES-OA. (Bold red: statistical 

significant).   

Genes Descriptive 
ES-OA 
 (n=6) 

Arthroplasty 
(n=12) 

p value 

CCR2  
Mean 1.00 0.05 

0.001 
SD n/a 0.10 
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5.5.7 PBMNCs monocyte gene expression for foreign body giant cell formation 

(Figure 5.31 A-C and table 5.20) 

The IL13RA1 gene, whose role in macrophages is primarily anti-inflammation and 

monocytes/macrophages maturation into FBGC in inflamed tissue. Half of the 

arthroplasty patients had monocyte whose expression of IL13RA1 was higher than the 

control average. This finding was further supported by mean fold expression of 

IL13RA1 gene in monocyte of arthroplasty patients when compared with ES-OA 

(p=0.041). Indeed, monocytes from revision arthroplasty patients showed a more 

significantly increased expression compared with ES-OA than primary arthroplasty 

patients (p=0.029). However, the expression of STAT3 gene in monocyte from 

arthroplasty patients was comparable with ES-OA.   
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Figure 5.31: The gene expression of PBMNCs monocyte from ES-OA and 

arthroplasty patients.  (A) Heat map of IL13RA1, (B) IL13RA1, and (C) STAT3. 

(T-test, *p< .05)   

Table 5.20: The table shows IL13RA1 gene mean fold expression in PBMNCs 

monocyte from arthroplasty patients relative to ES-OA. (Bold red: statistical 

significant). 

Genes Descriptive 
ES-OA  
(n=10) 

Arthroplasty 

(n=20) 
p value 

IL13RA1  
Mean 1.00 1.32 

0.041 
SD n/a 0.66 
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5.5.8 PBMNCs monocyte gene expression for OCP formation (Figure 5.32 A-D 

and table 5.21)  

To investigate monocyte commitment into the osteoclast lineage, genes related to 

osteoclast precursor (OCP) formation were measured. Only the monocyte from patient 

13 of arthroplasty group demonstrated a greater magnitude of gene expression for 

TNFRSF11α/RANK compared to any other patients. However, the mean fold 

expression of this gene in monocyte from arthroplasty patients was significantly lower 

than that of ES-OA (p=0.001). In term of gene expression for colony stimulating factor 

1 receptor (CSF1R), no significant increase in fold expression was recorded when 

compared with ES-OA. The expression of the nuclear factor of activated T-cell 1 

(NFATc1), which is the transcription factor for monocyte maturation into OCP, was 

shown a higher magnitude of expression in monocyte from almost all the arthroplasty 

patients. However, the mean fold expression of monocyte was comparable between 

arthroplasty and ES-OA patients.    
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Figure 5.32: The gene expression of PBMNCs monocyte from ES-OA and 

arthroplasty patients. (A) Heat map of TNFRSF11α/RANK, CSF1R and NFATc1, 

(B) TNFRSF11α/RANK, (C) CSFR1/M-CSFR and (D) NFATc1. (T-test, **p<0.01)   

Table 5.21: The table shows TNFRSF11α gene mean fold expression in PBMNCs 

monocyte from arthroplasty patients relative to ES-OA. (Bold red: statistical 

significant) 

 
Descriptive 

ES-OA  

(n=10) 
Arthroplasty 

(n=20) 
p value 

TNFRSF11α/RANK  
Mean 1.00 0.59 

0.001 
SD n/a 0.36 
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5.5.8.1 Correlation analysis between gene expression of monocyte from ES-OA 

and arthroplasty patients  

The correlation matrix of gene expression of monocyte from ES-OA and from 

arthroplasty patients showed a comparable pattern of association (Figure 5.33 A-B). The 

significant positive associations were mainly observed between genes for inflammatory 

cytokines [(TNF-α, r= 1.000, p=0.001) and (IL-1β, r=1.000, p=0.001)] and cytosolic 

adapter protein (MYD88), whose roles are mainly in the toll like receptor associated 

pathway (Figure 5.33 A). Moreover, CCR2 and STAT3 genes expression of monocyte 

were also shown a significant comparable positive association with HMGB1, MYD88, 

TNF-α and IL-1β in both ES-OA and arthroplasty patients (Figure 5.33 A and B). Cell 

adhesion ITGAL/LFA-1 (r=0.799, p=0.006) and C1qR1 (r=0.713, p=0.021) gene 

expression of monocyte from ES-OA and arthroplasty patients were shown a significant 

magnitude of positive association with OCP (CSF1R) (Figure 5.33 A and B).  However, 

it was found that HSPB1/HSP27 expression was significantly associated with 

TNFRSF11α/RANK, only of monocyte from arthroplasty patients (Figure 5.33 B, 

r=0.907, p=0.001).  
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Figure 5.33: The Pearson correlation coefficient matrix of gene expression in 

PBMNCs monocyte. (A) ES-OA and (B) Arthroplasty patients. (Bold red: 

statistical significant)  
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5.5.8.2 Correlation network of gene expression in PBMNCs monocyte from ES-

OA and arthroplasty patients  

A correlation map was generated using the correlation matrix to recognise the 

magnitude of association in gene expression between genes. In general, all the genes 

expressed in monocyte of ES-OA and arthroplasty patients were shown in a baseline 

correlation either in positive or negative to one another (Figure 5.34 A and B). A 

comparable positive correlation network was present between gene expression of 

inflammatory cytokines (TNF-α and IL-1β), chemotaxis (CCR2) and FBGC in 

monocyte population of both ES-OA and arthroplasty patients (Figure 5.34, Red line). 

However, in monocyte of ES-OA, alarmin (HMGB1) gene was shown a strong negative 

correlation to apoptosis gene (CASP3), followed by cell adhesion (ITGAL), alarmin 

(HSPB1/HSP27) and survival (MAPK1) genes (Figure 5.34, blue line). Conversely, in 

arthroplasty patients, the monocyte gene expression for survival gene (MAPK1) was 

negatively associated with genes for alarmin (HSPB1/HSP27) and OCP formation 

(TNFRSF11α/RANK) (Figure 5.34, blue line). 
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Figure 5.34: Correlation network mapping of genes based on the Pearson 

coefficient correlation matrix. (A) ES-OA and (B) Arthroplasty. Highly correlated 

genes were shown in yellow highlighted hexagon. 
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5.5.9 Comparison of gene expression of monocyte from primary and revision 

arthroplasty patients 

The mean fold expression of alarmin genes was significantly reduced in monocyte 

from revision arthroplasty patients, HMGB1 (p=0.041) and MYD88 (p=0.008) when 

compared with primary (Table 5.22). TNF-α, mean fold expression was also 

significantly reduced in monocyte of revision arthroplasty patients (Table 5.22, 

p=0.001), with a similar reduction in CCR2 mean fold expression of monocyte from 

revision arthroplasty patients compared with primary (Table 5.22, p=0.001). However, 

IL-1β expression was increased 3.44-fold in monocytes from revision arthroplasty 

patients as compared with primary (Table 5.22). 

Table 5.22: The table shows the mean fold expression of genes of monocyte from 

revision arthroplasty patients relative to primary arthroplasty patients. (Bold: 

statistical significant).   

Function Genes Descriptive 

Arthroplasty 

p value Primary 

(n=10) 
Revision 

(n=10) 

A
la

rm
in

s  

HSBP1/ 

HSP27 

Mean 1.00 1.40 
0.312 

SD  n/a 0.36 

S100A8 
Mean  1.00 0.68 

0.105 
SD  n/a 0.19 

HMGB1 
Mean  1.00 0.65 

0.041 
SD  n/a 0.21 

MYD88 
Mean  1.00 0.54 

0.008 
SD n/a 0.20 

In
fl

m
. 

 

cy
to

k
in

es
 

TNF-α 
Mean  1.00 0.47 

0.001 
SD  n/a 0.14 

IL-1β 
Mean  1.00 3.44 

0.014 
SD  n/a 1.18 

S
u
rv

iv
al

 MAPK1 
Mean  1.00 0.90 

0.121 
SD  n/a 0.12 

CASP3 Mean 

SD 
1.00 

n/a 
1.31 

0.26 
0.243 
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Table 5.22, continued  

C
el

l 

ad
h
es

io
n
 ITGAL/ 

LFA-1 

Mean  1.00 1.31 
0.385 

SD n/a  0.35 

C1qR1/ 
CD93 

Mean  1.00 1.01 
0.932 

SD n/a  0.20 

C
h
em

.  

CCR2 
Mean  1.00 0.40 

0.001 
SD n/a  0.10 

F
B

G
C

 IL13RA1 
Mean  1.00 0.75 

0.132 
SD  n/a 0.16 

STAT3 
Mean  1.00 0.72 

0.131 
SD n/a  0.24 

O
C

P
 

RANK 
Mean 1.00 7.48 

0.281 
SD  n/a 5.81 

CSF1R 
Mean  1.00 0.94 

0.732 
SD  n/a 0.19 

NFATC1 
Mean  1.00 0.84 

0.142 
SD  n/a 0.10 

Inflm: Inflammatory 

Chem.: Chemotaxis                                                                                            

FBGC: Foreign body giant cell                

 

5.5.9.1 Correlation analysis between gene expression in monocyte of primary and 

revision arthroplasty patients  

The expression of inflammatory cytokine genes in monocyte of primary and revision 

arthroplasty patients was shown a comparable pattern of positive association with the 

expression of alarmin genes (Figure 5.35 A and B). These inflammatory cytokine genes 

expression were also positively correlated with the expression of CCR2 and STAT3 of 

monocyte population from both cohorts (Figure 5.35 A-B, r=0.900, P=0.001). However, 

a positive association in expression of MAPK1 of monocyte with other genes such as 

CASP3 (Figure 5.35, r=0.849, p=0.038) and NFATc1 (Figure 5.35 B, r=0.705, p=0.023) 

was only found in revision arthroplasty patient. Nevertheless, expression of MAPK1 in 

monocyte of revision arthroplasty patients was negatively correlated with RANK 

(Figure 5.35 B, r=-0.880, p=0.001). FBGC formation gene expression (IL13RA1) of 

monocyte from both cohorts was shown a magnitude of correlation above 70% (p<0.01) 

with the expression of alarmin (S100A8), survival (MAPK1) and cell adhesion (C1qR1) 
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genes (Figure 5.35 A and B). The expression of OCP genes (RANK and NFATc1) of 

monocyte from both cohorts was shown a significant association. This association was 

found to be positive in monocyte from primary arthroplasty patients (Figure 5.35 A, 

r=0.785, p=0.007) but negative for revision arthroplasty patients   (Figure 5.35 B,       

r=-0.228, p=0.013).       

 

Figure 5.35: The Pearson correlation coefficient matrix of gene expression of 

monocyte. (A) Primary and (B) Revision arthroplasties. (Bold red: statistical 

significant) 
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5.5.9.2 Correlation network of gene expression in PBMNCs monocyte of primary 

and revision arthroplasty patients 

In the correlation network map, it was demonstrated that the gene expression of 

CCR2 and STAT3 in monocyte from primary and revision arthroplasty patients were 

comparable with a positive association (Figure 5.36 A and B). In primary arthroplasty 

patients, the monocyte expression of CCR2 and MYD88 was highly correlated as was 

STAT3 and HMGB1 (Figure 5.36 A). While the expression of S100A8 and 

HSPB1/HSP27 in monocytes from primary arthroplasty patients were highly negatively 

correlated (Figure 5.36 A). In revision arthroplasty patients monocyte, the expression of 

CCR2 showed a high positive correlation with IL-1β and STAT3 (Figure 5.36 B), while 

expression of survival gene (MAPK1) was highly negatively correlated with alarmin 

(HSPB1/HSP27) and OCP formation (RANK) genes (Figure 5.36 B). 
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Figure 5.36: Correlation network mapping of genes based on the Pearson 

coefficient correlation matrix. (A) Primary and (B) Revision arthroplasties. Highly 

correlated genes were shown in yellow highlighted hexagon. 
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5.5.9.3 Correlation analysis between monocyte gene expression and the duration 

of prosthesis of primary arthroplasty patients 

The gene expression of alarmin (Figure 5.37 A, S100A8), inflammatory cytokines 

(Figure 5.37 B, TNF-α and IL-1β), survival (Figure 5.37 C, MAPK1), cell adhesion 

(Figure 5.37 D, ITGAL/LFA-1 and C1qR1/CD93), FBGC (Figure 5.37 F, IL13RA1) 

and OCP formation (Figure 5.37 G, CSF1R/M-CSFR) of monocytes from different 

primary arthroplasty patients was shown an increasing trend relative to their disease 

severity at different duration of prosthesis. The patient with the implant duration of 20 

years was shown a pronounced increase in alarmins (Figure 5.37 A, HMGB1 and 

MYD88), inflammatory cytokines (Figure 5.37, TNF-α and IL-1β), cell adhesion 

(Figure 5.37 D, ITGAL/LFA-1), chemotaxis (Figure 5.37 E, CCR2) and OCP formation 

(Figure 5.37 G, CSF1R/M-CSFR). 

 

Figure 5.37: The regression analysis of monocyte gene expression with the 

duration of prosthesis of primary arthroplasty patients.  
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5.5.9.4 Correlation analysis between monocyte gene expression and the duration 

of prosthesis of revision arthroplasty patients 

The patient whom the implant failed with only a 5 years duration presented an 

increased gene expression for inflammatory cytokines (Figure 5.38 B, TNF-α and      

IL-1β), cell adhesion (Figure 5.38 D, ITGAL/LFA-1), chemotaxis (Figure 5.38 E, 

CCR2) and OCP formation (Figure 5.38 G, CSF1R/M-CSFR). The patient whose the 

implant failed after 9 years demonstrated an decrease in gene expression for alarmin 

(Figure 5.38 A, S100A8), inflammatory cytokine (Figure 5.38 B, IL-1β), survival 

(Figure 5.38 C, MAPK1) and FBGC (Figure 5.38 F, IL13RA1). 

 

Figure 5.38: The regression analysis of monocyte gene expression with the 

duration of prosthesis of revision arthroplasty patients. 
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5.6 PBMNCs phagocytosis activity 

To investigate the monocyte population phagocytosis activity, glass adherent 

monocytes were incubated with 1-µm fluorescence latex beads (LB) as described in 

section 3.7, page 127. The phagocytosis activity was studied using confocal imaging 

and the number of internalised LB was calculated applying the Image-J analysis in 

blinded confocal images.  

5.6.1 The effect comorbidities and/or clinical conditions of patients to the 

phagocytosis activity of PBMNCs monocyte  

The phagocytosis activity of monocytes was not significantly affected by the 

comorbidities and/or clinical conditions of patients as shown in Table 5.23.   

Table 5.23: The table shows the effect of comorbidities and/or clinical conditions of 

patients to the monocyte phagocytic potential.  

Phago. 

Activity  
Desc. 

Medical profile 

Diabetes Renal CRP ESR NSAIDs  

No 

(n=12) 

Yes 

(n=18) 

p 

value 

No 

(n=25) 

Yes 

(n=5) 

p 

value 

No 

(n=17) 

Yes 

(n=13) 

p 

value 

No 

(n=16) 

Yes 

(n=14) 

p 

value 

No 

(n=23) 

Yes 

(n=7) 

p 

value 

Beads/ 

cell 

Mean 5.83 6.55 
0.805 

5.70 9.10 
0.369 

5.39 7.41 
0.479 

5.16 6.72 
0.582 

5.39 7.41 
0.479 

SD 2.291 2.97 2.23 3.58 3.47 2.40 2.08 1.65 3.47 1.40 

Desc.: Descriptive 

Phago.: Phagocytosis 
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5.6.2 Phagocytosis activity of monocyte from ES-OA, primary and revision 

arthroplasty patients 

The glass adherent monocyte phagocytic potential was observed using the confocal 

images captured at 20X magnification. The cell attachment and homogenous 

morphology of glass adherent monocyte were confirmed with Hoechst blue nucleic acid 

and green F-actin staining, respectively (Figure 5.39).  

 

Figure 5.39: The representative confocal images of LB treated glass adherent 

monocyte from ES-OA, primary and revision arthroplasty patients at 20X 

magnification.  

The Hoechst blue nucleic acid staining confirms a homogenous monocyte present on 

glass cover slips of all groups. The fluorescence intensity of F-actin staining was greater 

on the periphery of monocytes of primary and revision arthroplasty groups when 

compared with ES-OA. The merged images indicates LB uptake in monocyte from 

primary and revision arthroplasty patients to be greater than that of ES-OA patients 

(Figure 5.40).       
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Figure 5.40: The representative confocal images of LB treated glass adherent 

monocyte from ES-OA, primary and revision arthroplasty patients at 40X (Zoom 

5X) magnification. 

Quantitative analysis of total LB uptake/cell showed an approximately 4.5- and 4.4-

fold increase in phagocytosis activity in monocyte from primary (p=0.018) and revision 

(p=0.029) arthroplasty patients in comparison to ES-OA (Figure 5.41 & Table 5.24). In 

overall, LB uptake/cell in monocyte from arthroplasty patients was significantly higher 

(8±4, p=0.001) when compared with ES-OA. 



238 

 

Figure 5.41: The total LB uptake/cell of ES-OA, primary and revision arthroplasty 

patients. (Bonferroni test: *p<0.05)  

Table 5.24: The table shows the mean total LB uptake/cell of ES-OA, primary and 

revision arthroplasty patients. (Bold red: Statistical significant) 

Genes Descriptive 
ES-OA 

(n=10) 

Primary 

(n=10) 

Revision 

(n=10) 

p value 

E vs P E vs R P vs R 

Phagocytosis 

activity  

Mean 3.00 8.00 7.00 
0.018 0.029 1.00 

SD 1.00 5.00 4.00 

E: ES-OA 

       P: Primary 

      R: Revision 
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5.6.2.1 Correlation analysis LB uptake/cell and the duration of prosthesis in 

primary and revision arthroplasty patients 

The phagocytic potential of monocyte from primary arthroplasty patients was 

accelerated relative to the duration of prosthesis (Figure 5.42 A). However, in revision 

arthroplasty patients, this activity fluctuated relative to implant duration of the 

prosthesis (Figure 5.42 B).     

 

Figure 5.42: The regression analysis of total LB uptake/cell versus the duration of 

prosthesis. (A) Primary and (B) Revision arthroplasties.  
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5.7 Summary of results Part-2  

 The monocyte count, surface receptors, gene expression profile and phagocytic 

potential were not affected by the comorbidities and/or clinical conditions of the 

patients. Therefore, it is inferred that the differences in characteristic of these 

monocyte was mainly due to the orthopaedic profile of these patients.    

 The monocyte percentage count in PBMNCs of primary and revision 

arthroplasty patients was significantly increased (primary: 1.5-fold, p=0.001 and 

revision: 1.3-fold, p=0.047) when compared with ES-OA. However, no 

significant difference was found between arthroplasty groups.  

 The expression of (ITGAM)/CD11b receptor on monocyte from revision 

arthroplasty patients was significantly increased (1.1-fold, p=0.015) when 

compared with ES-OA patients, no significant difference was found between 

arthroplasty patients.  The regression analysis shows classical monocyte was 

positively associated (r=0.75, p=0.030) with the implant duration of prosthesis. 

However, in revision arthroplasty patients, the non-classical monocyte was 

shown a significant positive trend (r=0.72, p=0.044) with the duration of 

prosthesis.  

 The IL13RA1 expression of monocyte from revision arthroplasty patients was 

significantly increased (1.5-fold, p=0.029) when compared with ES-OA patients, 

but no differences were found between arthroplasty groups.  The IL-1β gene 

expression of monocyte from revision arthroplasty patients was significantly 

upregulated (3.4-fold, p=0.014) when compared with primary arthroplasty 

group.   

 The LB uptake/cell of glass adherent monocyte from primary and revision 

arthroplasty patients was significantly increased (primary: 4.5-fold, p=0.018 and 

revision: 4.4-fold, p=0.029) when compared with ES-OA.  
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CHAPTER 6: RESULTS PART-3                                                                          

(THE CHARACTERISTICS OF MIGRATED MONOCYTES IN RESPONSE TO 

MEDIATORS DERIVED FROM OA SYNOVIUM AND REVISION SYNOVIUM 

FROM ASEPTIC LOOSENING OF ARTHROPLASTY IMPLANT) 

6.1 Introduction 

This chapter presents the data generated from 3 h migration assays using blood 

samples from thirty orthopaedic patients (ES-OA=10, stable primary arthroplasty =10 

and revision arthroplasty =10) attending UMMC, Malaysia. The chemoattractants were 

either pooled OACM or pooled RTCM with SFM and MCP-1 used as spontaneous and 

specific chemokine directed migration controls, respectively.  

The cells which migrated in response to SFM, MCP-1, OACM and RTCM were 

analysed using cell count, FACs, gene expression and phagocytosis analysis to 

determine;- 

1) The migration activity of monocyte.  

2) The alteration in surface receptors of migrating monocyte.   

3) The gene expression profile of migrating monocyte.    

4) The phagocytic potential of migration monocyte.   

6.2 The migration assay experimental plate  

A representative experimental plate of migration assay layout is shown in Figure 6.1. 

The FACs analysis and phagocytosis assay were conducted on migrating cells in     

plate-1. Gene expression analysis was performed on migrating cells in plate-2. The 

detailed experimental flow chart and protocol is as described in section 3.3, page 75.  



242 

 

Figure 6.1: The representative experimental Plate-1 and -2 of migration assay. 

Plate-1 was designated for FACs and phagocytosis assay, whereas plate-2 was 

meant for gene expression analysis. In plate-1 (round red ring), round glass slips 

were placed in bottom well 5, 6, 11 and 12 to collect migrated cells for phagocytosis 

assay. More replicates were allocated for SFM and MCP-1 (four wells each) to 

sustain enough cells for all the assays, while for OACM and RTCM, only 2 

replicates were allocated.  

6.3  Phase contrast images of migrating cells    

The detailed methods are described in section 3.3.1.8, page 86. Cell migration into 

MCP-1 treated wells (Figure 6.2 B, 4X Magnification) was higher than that of the SFM 

(Figure 6.2 A, 4X Magnification). This finding indicates an active and selective 

migration of cells. The migrating cells in response to OACM (Figure 6.2 C, 20X 

Magnification) and RTCM (Figure 6.2 D, 20X Magnification) were also greater than 

that of SFM. The phase contrast images captured at 20X magnification reveal a uniform 

population of migrating cells in response to MCP-1, OACM and RTCM (Figure 6.2 A-

D). 
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Figure 6.2: The phase contrast images of lower chamber after 3-h migration assay 

in response to, (A) SFM, (B) MCP-1 (100 ng/mL), (C) OACM and (D) RTCM.  
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6.3.1 Migration assay cell count 

Phase contrast images of migrating cells in response to SFM, MCP-1, OACM and 

RTCM were blinded and cell counts performed using Image-J software. The data 

demonstrates a trend of increasing cell migration in response to SFM, MCP-1, OACM 

and RTCM (Figure 6.3). Comparisons between cells from ES-OA, primary or revision 

patients, revealed no significance differences in migrated cell counts in response to 

either SFM, MCP-1, OACM or RTCM.  

 

Figure 6.3: The Image-J cell count analysis on 10X-Magnification phase contrast 

images of ES-OA, primary and revision arthroplasty PBMNCs migrating cells in 

response to SFM, MCP-1, OACM and RTCM.  

The mean ratio and significance levels of migrating cell numbers comparisons 

between SFM, MCP-1, OACM and RTCM are stated in table 6.1. The migration of 

cells from ES-OA, primary and revision arthroplasty patients was significantly 

increased in response to RTCM when compared with either SFM or MCP-1 (Table 6.1). 

However, a significant different in migration of cells in response to OACM was only 

observed among the cells from primary and revision arthroplasty patients, but not from 

ES-OA (Table 6.1). A significant migration in response to MCP-1 was observed only 

among cells from revision arthroplasty patients, but not from ES-OA or primary 

arthroplasty.   
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Table 6.1: The table shows the descriptive details of cell count of migrating cells 

in response to SFM, MCP-1, OACM and RTCM. (Bold red: statistical significant) 

Bonferroni's 

multiple 

comparisons test 

Mean 1 Mean 2 
Mean 2/ 

Mean 1 
p Value 

ES-OA 

SFM vs. MCP-1 30 139 4.6 0.802 

SFM vs. OACM 30 209 7.0 0.095 

SFM vs. RTCM 30 395 13.2 0.001 

MCP-1 vs. OACM 139 209 1.5 1.000 

MCP-1 vs. RTCM 139 395 2.8 0.005 

OACM vs. RTCM 209 395 1.9 0.071 

Primary 

SFM vs. MCP-1 40 158 4.0 0.626 

SFM vs. OACM 40 291 7.3 0.005 

SFM vs. RTCM 40 401 10.0 0.001 

MCP-1 vs. OACM 158 291 1.8 0.408 

MCP-1 vs. RTCM 158 401 2.5 0.008 

OACM vs. RTCM 291 401 1.4 0.794 

Revision 

SFM vs. MCP-1 20 241 12.1 0.018 

SFM vs. OACM 20 299 15.0 0.002 

SFM vs. RTCM 20 442 22.1 0.001 

MCP-1 vs. OACM 241 299 1.2 1.000 

MCP-1 vs. RTCM 241 442 1.8 0.042 

OACM vs. RTCM 299 442 1.5 0.310 
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6.4 The FACs analysis of migrating cells  

The detailed methods are described in section 3.4, page 89. The FACs gating strategy 

as applied to WB and PBMNCs was also applied to migrated cells. The term 

monocyte(s) used throughout this section refers to the “CD14
+
 gated monocyte 

population”. The SSC-A versus FSC-A plots of cells migrating in response to SFM, 

MCP-1, OACM and RTCM were superimposed to demonstrate changes in cell 

granularity (SSC-A) and size (FSC-A). PBMNCs were used as a non-migrating cell 

baseline. Interestingly, an increase in cytosol granularity was observed in response to 

SFM, MCP-1, OACM and RTCM. However, none of the cell populations migrating in 

response to different conditions demonstrated an alteration in cell size (Figure 6.4).   

 

Figure 6.4: A representative overlapped FACs SSC-A versus FSC-A dot-plots of 

migrating monocyte in response to SFM, MCP-1, OACM and RTCM and non-

migrating PBMNCs as a baseline.    
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6.4.1 The migrating monocyte  

The proportions of monocytes migrating in response to SFM, MCP-1, OACM and 

RTCM was estimated comparing non-migrating monocytes of PBMNCs from ES-OA, 

primary and revision arthroplasty patients (Figure 6.5).  

 

Figure 6.5: The flow chart of estimating the percentage of migrating monocyte in 

response to SFM, MCP-1, OACM and RTCM relative to monocyte of PBMNCs.  

Overall, monocyte migration numbers showed an increasing trend when responding 

to SFM, MCP-1, OACM and then RTCM. Monocytes from primary and revision 

arthroplasty patients demonstrated 1.6-fold (p=0.01) and 1.5-fold (p=0.03) increase in 

migration in response to RTCM, respectively, when compared with ES-OA.  A similar 

migratory pattern was observed with MCP-1 stimulation. However, only 4% of ES-OA 

monocyte population responded to MCP-1 compared to 33% to RTCM. Thus, there 

were 5.6- and 7.4-fold increases in migration found for these monocytes when 

compared with ES-OA (Figure 6.6).  
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Figure 6.6: The estimated percentage count of migrating monocyte in response to 

SFM, MCP-1, OACM and RTCM comparing to non-migrating PBMNCs 

monocyte. (One-way ANOVA, ES-OA VS Primary/Revision: *p<0.05 and 

**p<0.01)  

The mean ratio and level of significance for comparisons of migrating monocyte 

between SFM, MCP-1, OACM and RTCM is shown in table 6.2. Results from the 

different methods of sampling and counting migrated cells were contrasted. The phase 

contrast image-J cell count and FACs percentage cell count of migrating monocyte of 

ES-OA, primary and revision arthroplasty patients in different conditions show a 

comparable pattern (Figure 6.7). 
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Table 6.2: The table shows the descriptive details of estimated percentage count of 

migrating monocyte in response to SFM, MCP-1, OACM and RTCM. (Bold red: 

Statistical significant) 

Bonferroni's 

multiple 

comparisons test 

Mean 1(%) Mean 2 (%) 
Mean 1/ 

Mean 2 
pValue 

ES-OA 

SFM vs. MCP-1 0.25 4.47 18.17 1.000 

SFM vs. OACM 0.25 28.50 115.85 0.001 

SFM vs. RTCM 0.25 33.80 137.40 0.001 

MCP-1 vs. OACM 4.47 28.50 6.38 0.001 

MCP-1 vs. RTCM 4.47 33.80 7.56 0.001 

OACM vs. RTCM 28.50 33.80 1.19 1.000 

Primary 

SFM vs. MCP-1 1.00 25.40 25.40 0.001 

SFM vs. OACM 1.00 41.60 41.60 0.001 

SFM vs. RTCM 1.00 53.90 53.90 0.001 

MCP-1 vs. OACM 25.40 41.60 1.64 0.084 

MCP-1 vs. RTCM 25.40 53.90 2.12 0.001 

OACM vs. RTCM 41.60 53.90 1.30 0.349 

Revision 

SFM vs. MCP-1 2.76 33.40 12.10 0.001 

SFM vs. OACM 2.76 44.50 16.12 0.001 

SFM vs. RTCM 2.76 50.20 18.19 0.001 

MCP-1 vs. OACM 33.40 44.50 1.33 0.521 

MCP-1 vs. RTCM 33.40 50.20 1.50 0.064 

OACM vs. RTCM 44.50 50.20 1.13 1.000 
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Figure 6.7: The ratio of mean 2 versus mean 1 percentage values identified from 

image-J cell count and FACs percentage cell count.  

6.4.2 The functional surface receptors profile of migrating monocyte in response 

to SFM, MCP-1, OACM and RTCM   

The functional characteristic of migrating monocyte in response to SFM, MCP-1, 

OACM and RTCM were investigated using FACs antibodies for chemotaxis, 

inflammation, cell adhesion, FBGC/OCP and MPA receptors. Comparisons between 

ES-OA, primary or revision, revealed no significant differences in these surface 

receptors in response to either SFM, MCP-1, OACM or RTCM.  

6.4.2.1 Migrating monocyte chemotaxis receptors (Figure 6.8: A-D and Table 6.3)  

The CCR2 availability on monocytes migrating in response to MCP-1 and OACM 

was about 1.6-fold (p=0.002) and 1.9-fold (p=0.001) lower than that of SFM, 

respectively.  However, CCR2 availability was comparable between SFM and RTCM 

migrating monocytes. The pattern of CX3CR1 availability was similar to CCR2. 

However, this reduction was statistically significant with OACM (p=0.001) and RTCM 

(p=0.001) migrating monocytes, when compared with SFM; evidenced in the low MFI 

peaks for RTCM and OACM, below those of SFM and MCP-1.         
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Figure 6.8: The expression of chemotaxis surface receptors on monocyte migrating 

in response to SFM, MCP-1, OACM and RTCM. (A) MFI of CCR2/CD192, (B) 

Representative MFI histogram of CCR2/CD192, (C) MFI of CX3CR1 and (D) 

Representative MFI histogram of CX3CR1. Histogram: SFM- red, MCP-1-blue, 

OACM- green, RTCM-orange and unstained control- grey.  

Table 6.3: The table shows a one-way ANOVA of mean MFI difference in 

CCR2/CD192 and CX3CR1 on monocyte migrating in response to SFM, MCP-1, 

OACM and RTCM. (Bold red: statistical significant)  

FACs 

marker 
Descriptive 

SFM 

(n=30) 
MCP-1 

(n=30) 
OACM 

(n=30) 
RTCM 

(n=30) 

p value 
SFM      
 vs   

 MCP-1 

SFM     
 vs   

 OACM 

SFM     
 vs 

   RTCM 
CCR2/ 

CD192 
Mean 279.10 171.60 149.00 215.90 

0.002 0.001 0.110 
SD 148.00 62.71 47.10 136.20 

CX3CR1 
Mean  7873.00 7304.00 3671.00 2737.00 1.000 0.001 0.001 SD 4544.00 3755.00 1710.00 931.50 
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6.4.2.2 Migrating monocyte inflammatory receptor (Figure 6.9: A and B and 

Table 6.4) 

The CXCR2/CD182 availability on monocytes migrating in response to OACM and 

RTCM was significantly reduced to 1.6- (p=0.001) and 1.5-fold (p=0.010), 

respectively, when compared with SFM.  

 

Figure 6.9: The availability of inflammatory receptor on monocyte migrating in 

response to SFM, MCP-1, OACM and RTCM. A) MFI of CXCR2/CD182 and (B) 

Representative MFI histogram of CXCR2/CD182. Histogram: SFM- red, MCP-1-

blue, OACM- green, RTCM-orange and unstained control- grey.  

Table 6.4: The table shows a one-way ANOVA of mean MFI difference in 

CXCR2/CD182 on monocyte migrating in response to SFM, MCP-1, OACM and 

RTCM. (Bold red: statistical significant) 

FACs 

marker 
Descriptive SFM MCP-1 OACM RTCM 

p value 
SFM       

vs    
MCP-1 

SFM      
vs    

OACM 

SFM     
 vs   

 RTCM 
CXCR2/ 

CD182 
Mean 1178.00 900.90 710.80 794.30 

0.100 0.001 0.010 
SD 721.40 310.80 365.50 356.50 

 

 



253 

6.4.2.3 Migrating monocyte cell adhesion receptor (Figure 6.10: A and B and 

Table 6.5) 

The ITGAM/CD11b availability on monocytes which migrated in response to RTCM 

was 2.4-and 2.0-fold greater than in response to SFM and MCP-1, respectively. 

However, the mean MFI was significantly increased in RTCM (p=0.049) migrated cells 

when compared with SFM. This difference was shown in MFI peaks of this receptor.        

 

Figure 6.10: The availability of cell adhesion receptor on monocyte migrating in 

response to SFM, MCP-1, OACM and RTCM.  A) MFI of ITGAM/CD11b and (B) 

Representative MFI histogram of ITGAM/CD11b. Histogram: SFM- red, MCP-1-

blue, OACM- green, RTCM-orange and unstained control- grey. 

Table 6.5: The table shows a one-way ANOVA of mean MFI difference of 

ITGAM/CD11b on monocyte migrating in response to SFM, MCP-1, OACM and 

RTCM.  (Bold red: statistical significant) 

FACs 

marker 
Descriptive SFM MCP-1 OACM RTCM 

p value 
SFM       

vs    
MCP-1 

SFM      
vs    

OACM 

SFM     
 vs   

 RTCM 
ITGAM/ 
CD11b 

Mean 1577.00 1840.00 2687.00 3760.00 
0.809 0.313 0.049 

SD 1905.00 2079.00 3889.00 5538.00 
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6.4.2.4 Migrating monocyte FBGCs/OCP receptor (Figure 6.11: A and B and 

Table 6.6) 

The DCSTAMP availability on monocytes was marginally increased (1.4-fold) in 

response to RTCM when compared with SFM. However, the mean MFI difference 

between these groups was not statistically significant (p=0.202). When comparing MFI 

mean difference between MCP-1 and SFM, a statistically significant difference was 

found (p=0.001).   

 

Figure 6.11: The availability of FBGCs/OCP receptor on monocyte migrating in 

response to SFM, MCP-1, OACM and RTCM.  A) MFI of DCSTAMP and (B) 

Representative MFI histogram of DCSTAMP. Histogram: SFM- red, MCP-1-blue, 

OACM- green, RTCM-orange and unstained control- grey. 

Table 6.6: The table shows a one-way ANOVA of mean MFI difference of 

DCSTAMP on monocyte migrating in response to SFM, MCP-1, OACM and 

RTCM.  (Bold red: statistical significant) 

FACs 

marker 
Descriptive SFM MCP-1 OACM RTCM 

p value 
SFM      
 vs    

MCP-1 

SFM     
 vs   

OACM 

SFM   
   vs   

RTCM 

DCSTAMP 
Mean 165.80 284.70 188.10 237.00 

0.001 1.000 0.202 
SD 91.66 217.80 79.36 76.93 
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6.4.2.5 Migrating MPA formation receptor (Figure 6.12: A and B and Table 6.7) 

The receptors for MPA formation were significantly fewer on monocytes migrating 

in response to MCP-1 (p=0.007) and OACM (p=0.001) when compared to SFM. 

However, the mean MFI between SFM and RTCM migrating monocyte was 

comparable. This is apparent in the histogram peaks for MFI.    

 

Figure 6.12: The availability of receptor for MPA formation on monocyte 

migrating in response to SFM, MCP-1, OACM and RTCM.  A) MFI of 

GP1BA/CD42b and (B) Representative MFI histogram of GP1BA/CD42b. 

Histogram: SFM- red, MCP-1-blue, OACM- green, RTCM-orange and unstained 

control- grey. 

Table 6.7: The table shows a one-way ANOVA of mean MFI difference of 

GP1BA/CD42b on monocyte migrating in response to SFM, MCP-1, OACM and 

RTCM. (Bold red: statistical significant) 

FACs marker Descriptive SFM MCP-1 OACM RTCM 

p value 
SFM   

vs    
MCP-1 

SFM      
vs    

OACM 

SFM     
 vs    

RTCM 
GP1BA/ 

CD42b 
Mean 258.70 178.50 162.30 233.40 

0.007 0.001 0.983 SD 116.80 57.03 35.68 125.20 
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6.4.3 Correlation analysis of migrating monocyte surface receptors  

The MFI correlation matrix for all monocytes migrating in response to each 

stimulant is shown in Figure 6.13. Positive correlations of CX3CR1, ITGAM/CD11b 

and DCSTAMP with CCR2 were demonstrated in monocytes migrating in response to 

SFM, MCP-1, OACM and RTCM (Figure 6.13). MCP-1 and OACM migrating 

monocyte showed a positive correlation between CX3CR1, CXCR2 and ITGAM 

(Figure 6.13). Monocytes migrating in response to RTCM showed a significant positive 

correlation between DCSTAMP and CCR2 (r=0.446, p=0.014), CX3CR1(r=0.590, 

p=0.001) and ITGAM (r=0.388, p=0.038) receptor (Figure 6.13). 
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Figure 6.13: The Pearson correlation coefficient matrix of MFI of FACs markers 

in migrated monocyte in response to SFM, MCP-1, OACM and RTCM. (Bold red: 

statistical significant) 
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6.4.4 The monocyte subtypes in migrating monocyte  

The monocyte subtypes from migrating monocyte were identified using the same 

gating strategy as for WB and PBMNCs monocyte subtypes (Figure 6.14 A). Classical 

monocytes were the main subtype among monocytes migrating in response to MCP-1, 

OACM and RTCM (Figure 6.14 A). The population size of each subtype was estimated 

by comparison with the starting PBMNCs monocyte subtypes populations. Classical 

monocyte subtype were shown to be the main migrating subtype in response to RTCM 

(45.9±1.4%, p<0.001), OACM (38.2±19.8%, p<0.001) and MCP-1(20.9±13.2%, 

p<0.05) as compared with SFM (1.3±0.9%).  

 

Figure 6.14: The monocyte subtypes in monocyte migrating in response to SFM, 

MCP-1, OACM and RTCM. (A) The representative FACs gating of CD14 versus 

CD16 and (B) The monocyte subtypes percentage count comparing monocyte 

subtypes in non-migrating monocyte (PBMNCs). (One-way ANOVA: *p<0.05 and 

**p<0.01)   
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6.4.4.1 The functional surface receptors of classical monocytes migrating in 

response to SFM, MCP-1, OACM and RTCM  

The classical monocyte subtype migrating in response to RTCM showed a fall in 

CX3CR1 availability when compared with SFM (Table 6.8). This finding was 

comparable with CX3CR1 availability on monocytes migrating in response to RTCM 

(Figure 6.8 C). However, there were not any significant differences found in the 

availability of other surface receptors among this subtype migrating in response to 

MCP-1, OACM or RTCM, when compared with SFM (Table 6.8). When comparing 

between MCP-1 with OACM and RTCM, no significance differences were found in the 

availability of surface receptors among migrating populations.    

Table 6.8: The table shows MFI of FACs markers on classical monocyte from 

monocyte migrating in response to SFM, MCP-1, OACM and RTCM. (Bold: 

statistical significant) 

Function 
FACs 

markers 
Desc. 

Monocyte subtypes 
p value 

Classical (CD14
++

CD16
-
) 

SFM MCP-1 OACM RTCM 

SFM  

Vs 

 MCP-1 

SFM  

vs  

OACM 

SFM  

vs  

RTCM 

C
h

em
o

ta
x

is
 CCR2/ 

CD192 

Mean 260.94 177.59 167.35 251.31 
0.133 0.113 1.000 

SD 75.68 55.08 70.12 141.55 

CX3CR1 
Mean  4772.13 4787.54 3117.12 2275.76 

1.000 0.100 0.012 
SD 1004.69 926.75 919.30 552.90 

In
fl

m
.  

CXCR2/ 

CD182 

Mean  1636.17 829.44 534.08 739.80 
0.112 0.111 0.114 

SD 1673.27 345.44 279.24 527.09 

C
el

l 

ad
h

.  ITGAM/ 

CD11b 

Mean  307.00 317.64 353.00 391.37 
1.000 1.000 0.338 

SD 111.62 145.66 172.71 122.65 

F
B

G
C

 

DCSTAMP 
Mean  174.47 164.21 174.10 210.00 

1.000 1.000 1.000 
SD 101.53 119.03 82.08 49.18 

M
P

A
 

GP1BA/ 

CD42b 

Mean  1146.38 2243.40 1066.52 1225.92 
0.233 1.000 1.000 

SD 217.04 2956.46 362.72 333.57 

Desc.: Descriptive 

Inflm.: Inflammation 

Cell adh: Cell adhesion 

FBGC: Foreign body giant cells 

MPA: Monocyte platelet aggregates 
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6.4.4.2 The functional surface receptors of intermediate monocyte from monocyte 

migrating in response to SFM, MCP-1, OACM and RTCM 

No significant differences in mean MFI were found for any of the markers when the 

profile of surface receptors of migrating intermediate monocyte subtype in response to 

OACM and RTCM was compared with SFM or MCP-1 (Table 6.9). 

Table 6.9: The table shows MFI of FACs markers of intermediate monocyte from 

Monocyte migrating in response to SFM, MCP-1, OACM and RTCM. 

Function 
FACs 

markers 
Desc. 

Monocyte subtypes 
p value 

Intermediate (CD14
++

CD16
+
) 

SFM MCP-1 OACM RTCM 
SFM  

vs  
MCP-1 

SFM  
vs  

OACM 

SFM  
vs  

RTCM 

C
h

em
o

ta
x

is
 

CCR2/ 
CD192 

Mean 239.00 170.82 156.79 189.58 0.404 0.160 1.000 SD 69.30 52.57 43.85 42.44 
CX3CR1 

Mean  5976.80 6758.89 4912.91 5388.18 1.000 1.000 1.000 SD 3670.17 2017.38 1942.22 3083.67 

In
fl

m
.  

CXCR2/ 
CD182 

Mean  1827.00 1547.29 1115.64 1053.25 
1.000 1.000 1.000 SD 944.69 789.49 698.96 562.78 

C
el

l 

ad
h

.  ITGAM/ 
CD11b 

Mean  1074.50 2015.33 1253.23 1215.00 1.000 1.000 1.000 SD 16.26 1948.33 156.77 253.85 

F
B

G
C
 

DCSTAMP 
Mean  1380.50 874.67 2305.44 1105.83 

1.000 1.000 1.000 SD 419.31 812.46 1958.62 615.94 

M
P

A
 

GP1BA/ 
CD42b 

Mean  917.50 2857.17 1135.82 882.70 0.182 1.000 1.000 SD 641.31 2841.90 664.92 265.87 
Desc.: Descriptive 

Inflm.: Inflammation 

       Cell adh: Cell adhesion 

       FBGC: Foreign body giant cells 

      MPA: Monocyte platelet aggregates 
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6.5 Migrated monocyte population gene expression analysis   

The RNA isolated from each patient’s monocytes migrating in response to SFM, 

MCP-1, OACM and RTCM was subjected to gene expression analysis using either 

Qiagen bench validated primers in RT
2
-PCR array (ES-OA=10, Primary=10, 

Revision=10) or bioinformatics validated primers in conventional quantitative PCR 

(qPCR) (ES-OA=6, Primary=6, Revision=6) (Detailed methods are given in section 

3.6.5, page 125). All the gene expression data was normalised with two housekeeping 

genes, HPRT1 and SDHA. The PCR array data was validated using Qiagen data 

analysis software. The fidelity of the gene expression data was confirmed and analysis 

conducted to explore the fold-expression of the selected genes in monocyte populations 

migrating in response to MCP-1, OACM and RTCM using data from the spontaneously 

migrating SFM as a control group (Figure 6.15 A). The alteration in gene expression 

profile of monocyte populations from ES-OA, primary and revision arthroplasty 

patients in response to SFM, MCP-1, OACM and RTCM was investigated by 

normalising the gene expression data with glass adherent monocyte population from 

PBMNCs. About 50% of PCR threshold cycle found to be within 30-35 cycles, 

followed by 19% within 25-30 cycles (Figure 6.15 B).  
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Figure 6.15: The Qiagen online data analysis. (A) RT
2
-PCR array data validation 

report and (B) The Qiagen analytical software generated average PCR threshold 

cycle achieved by the amplicons in RT
2
-PCR array for all the studied genes.  
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6.5.1 Gene expression profile of migrating monocyte in SFM, MCP-1, OACM 

and RTCM relative to adherent PBMNC monocytes  

The expression of S100A8 was significantly decreased in monocytes from revision 

arthroplasty patients migrating in SFM (0.4-fold, p=0.025) and MCP-1 (0.7-fold, 

p=0.049) when compared with ES-OA (Figure 6.16 A and B). Monocytes from ES-OA 

patients demonstrated a significant increase in HSP27 expression (4.9-fold, p=0.049) 

responding to MCP-1, compared to monocytes from revision arthroplasty patients 

(Figure 6.16 B). RTCM migrating monocytes from revision arthroplasty patients was 

also shown ~180-fold increase in IL-1β compared to circulating monocytes (Figure 6.16 

D). This increase was significantly higher than migrating monocyte from ES-OA and 

primary arthroplasty patients. However, the expression of IL-1β in monocytes from 

primary arthroplasty patients was significantly higher (~3-fold, p=0.042) than that of 

monocytes from revision arthroplasty patients migrating in response to OACM (Figure 

6.16 C). The monocytes from primary arthroplasty patients also demonstrated a 

significant upregulation of RANK in response to MCP-1 (~160-fold), OACM (~22-

fold) and RTCM (~16-fold) when compared with circulating monocytes (Figure 6.16 B-

D). This upregulation was also significantly greater when compared with migrating 

monocytes either from ES-OA or revision arthroplasty patients (p<0.05). Monocytes 

from primary arthroplasty patients showed an increase in Caspase 3 expression when 

migrating in response to MCP-1 (2.7-fold) and RTCM (2.8-fold) when compared to 

PBMNC monocytes before migration (Figure 6.16 B and C). This expression was 

significantly higher when compared with migrating monocyte from revision 

arthroplasty patients (p<0.05).    
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Figure 6.16: The heat map shows fold expression of migrating monocyte relative to 

non-migrating PBMNCs monocyte of ES-OA, primary or revision arthroplasty 

patients. One-way ANOVA performed comparing the fold expression of migrating 

monocyte between ES-OA, primary or revision arthroplasty patients. (Statistical 

significance: *p<0.05 and **p<0.01) 

The monocytes from revision arthroplasty patients, migrating spontaneously towards 

SFM demonstrated a greater magnitude of overall gene expression when compared with 

ES-OA or primary arthroplasty patients (Figure 6.17 A-C). The gene expression pattern 

of monocytes from all cohorts was comparable in response to MCP-1, OACM or 

RTCM. The monocytes from all cohorts demonstrated a significant increase in 

expression of TNF-α in response to RTCM when compared with SFM                   

(Figure 6.17 A-C). The IL-1β and C1qR1 expression were significantly increased in 

migrating monocyte from all cohorts in response to RTCM when compared with   
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MCP-1 (Figure 6.17 A-C). The expression of S100A8 was also significantly higher in 

RTCM migrating monocyte from ES-OA and primary arthroplasty patients when 

compared with MCP-1 (Figure 6.17 A and B), but not in monocytes from revision 

arthroplasty patients (Figure 6.17 C). The expression of RANK was significantly 

increased in ES-OA, primary and revision migrating monocytes only in response to 

OACM. When comparing the gene expression between migrating monocyte in response 

to tissue conditioned media, TNF-α and IL-1β were significantly increased in migrating 

monocytes from primary and revision arthroplasty patients, but not from EA-OS 

patients, in response to RTCM (Figure 6.17 A-C).  
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Figure 6.17: The heat map shows fold expression of migrating monocytes relative 

to non-migrating PBMNCs monocyte population of ES-OA, primary or revision 

arthroplasty patients. One-way ANOVA performed comparing the fold expression 

of migrating monocyte in SFM, MCP-1, OACM or RTCM. (Statistical 

significance: *p<0.05 and **p<0.01) 
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6.5.2 Gene expression profile of migrating monocyte  

The gene expression data of migrating monocyte from ES-OA, primary and revision 

arthroplasty patients were pooled and the changes in response to SFM, MCP-1, OACM 

and RTCM investigated.    

6.5.2.1 Migrating monocyte gene expression for alarmins (Figure 6.18: A-E and 

Table 6.10) 

The heat map of gene expression analysis indicates that the gene for alarmin 

(HSPB1/HSP27) was expressed in a greater level in SFM migrating monocyte when 

compared with those responding to MCP-1, OACM or RTCM. This finding was 

corroborated in matched gene expression data of migrating monocytes of the same 

patients. Nevertheless, it was shown that the monocytes from three patients migrating in 

RTCM showed an increase in fold expression when compared with SFM. RTCM 

migrating monocytes demonstrated an enhanced expression of S100A8, followed by 

those responding to OACM and MCP-1, when compared with SFM. This increasing 

expression pattern was observed in matched gene expression plot. The monocytes 

migrating in RTCM was shown ~5-fold (p=0.001) significant increase in expression 

when compared with SFM. In conventional qPCR, the HMGB1expression was 

significantly lower (p=0.001) in monocyte migrating in MCP-1, OACM and RTCM 

when compared with SFM. 
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Figure 6.18: The gene expression of monocyte migrated in response to SFM, MCP-

1, OACM and RTCM. (A) Heat map of HSPB1/HSP27 and S100A8, (B) 

HSPB1/HSP27, (C) S100A8, (D) HMGB1 and (E) MYD88.  

Table 6.10: The table shows the descriptive details of alarmin genes fold expression 

in monocyte migrated in response to MCP-1, OACM and RTCM relative to SFM. 

(Bold red: statistical significant) 

Genes Descriptive 
SFM 

(n=30) 
MCP-1 

(n=30) 
OACM 

(n=30) 
RTCM 

(n=30) 

p value 
SFM      

vs   

MCP-1 

SFM     

vs   

OACM 

SFM     

vs   

RTCM 

HSPB1/HSP27 
Mean 1.00 0.39 0.24 0.29 

0.001 0.001 0.001 
SD n/a 0.15 0.08 0.09 

S100A8 
Mean  1.00 1.60 2.76 4.99 

1.000 0.053 0.001 
SD n/a 0.26 0.43 0.79 

HMGB1 
Mean  1.00 0.49 0.35 0.15 

0.001 0.001 0.001 
SD n/a 0.18 0.12 0.06 
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6.5.2.2 Migrating monocyte gene expression for inflammatory cytokines       

(Figure 6.19: A and B and Table 6.11) 

The plot for matched gene expression data between SFM, MCP-1, OACM and 

RTCM shows an increasing trend in fold expression of TNF-α and IL-1β. Especially, 

the fold expression of TNF-α and IL-1β RTCM migrating monocytes was 2-fold 

(p=0.001) and 52-fold (p=0.001) greater than that of SFM.    

 

Figure 6.19: The gene expression of monocyte migrated in response to SFM, MCP-

1, OACM and RTCM. (A) TNF-α and (B) IL-1β. 

Table 6.11: The table shows the descriptive details of inflammatory cytokine genes 

fold expression in monocyte migrated in response to MCP-1, OACM and RTCM 

relative to SFM. (Bold red: statistical significant) 

Genes Descriptive 
SFM 

(n=14) 

MCP-1 

(n=14) 

OACM 

(n=14) 

RTCM 

(n=14) 

p value 

SFM     

  vs    

MCP-1 

SFM     

 vs   

OACM 

SFM    

 vs   

 RTCM 

TNF-α 
Mean 1.00 0.71 0.18 2.49 

1.000 0.219 0.001 
SD n/a 0.36 0.05 0.61 

IL-1β 
Mean  1.00 0.40 1.45 52.71 

1.000 1.000 0.001 
SD n/a 0.12 0.39 14.73 
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6.5.2.3 Migrating monocyte gene expression for survival (Figure 6.20: A-C and 

Table 6.12) 

The heat map indicates the magnitude of expression for survival genes (MAPK1 and 

CASP3) in monocytes migrating in response to MCP-1, OACM and RTCM was greater 

than that of SFM. The MAPK1 gene expression in MCP-1, OACM and RTCM was 9-, 

8- and 8-fold significantly higher (p=0.001), respectively, when compared with SFM. 

The mean fold expression of CASP3 in migrating monocyte from MCP-1, OACM and 

RTCM was marginally higher than that of SFM, but was not statistically significant.  

 

Figure 6.20: The gene expression of monocyte migrated in response to SFM, MCP-

1, OACM and RTCM. (A) Heat map of MAPK1 and CASP3, (B) MAPK1 and (C) 

CASP3. 
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Table 6.12: The table shows the descriptive details of survival genes fold expression 

in monocyte migrated in response to MCP-1, OACM and RTCM relative to SFM. 

(Bold red: statistical significant) 

Genes Descriptive 
SFM 

(n=30) 

MCP-1 

(n=30) 

OACM 

(n=30) 

RTCM 

(n=30) 

p value 

SFM      

 vs    

MCP-1 

SFM      

vs   

 OACM 

SFM     

 vs    

RTCM 

MAPK1 
Mean 1.00 8.95 7.54 7.62 

0.001 0.001 0.001 
SD n/a 1.37 0.55 0.58 

CASP3 
Mean  1.00 1.76 1.41 1.77 

0.330 1.000 0.311 
SD n/a 0.45 0.21 0.24 

 

6.5.2.4 Migrating monocyte gene expression for cell adhesion (Figure 6.21: A-C 

and Table 6.13) 

The magnitude of gene expression for ITGAL/LFA-1 was reduced in monocytes 

migrating in RTCM, followed by OACM and MCP-1, when compared with SFM. The 

fold expression plot for this gene demonstrates a declining trend from SFM, MCP-1, 

and OACM to RTCM migrating monocytes.  This reduction was significant in OACM 

(p=0.036) and RTCM (p=0.005), when compared with SFM. An increased magnitude in 

C1qR1/CD93 expression was observed in RTCM migrating monocytes, followed by 

OACM and MCP-1, when compared with SFM. This positive trend was evidenced in 

matched plot where 11- (p=0.001), 6- and 2-fold significant increase (p=0.001) in 

expression was recorded in RTCM, OACM and MCP-1 migrating monocytes, 

respectively.         
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Figure 6.21: The gene expression of monocyte migrated in response to SFM, MCP-

1, OACM and RTCM. (A) Heat map of ITGAL/LFA-1 and C1qR1/CD93, (B) 

ITGAL/LFA-1 and (C) C1qR1/CD93. 

Table 6.13: The table shows the descriptive details of cell adhesion genes fold 

expression in monocyte migrated in response to MCP-1, OACM and RTCM 

relative to SFM. (Bold red: statistical significant) 

Genes Descriptive 
SFM 

(n=30) 

MCP-1 

(n=30) 

OACM 

(n=30) 

RTCM 

(n=30) 

p value 

SFM      

 vs    

MCP-1 

SFM     

 vs   

OACM 

SFM      

vs   

 RTCM 

ITGAL/ 

LFA-1 

Mean 1.00 1.09 0.34 0.19 
1.000 0.036 0.005 

SD n/a 0.32 0.08 0.03 

C1qR1/ 

CD93 

Mean  1.00 1.93 5.97 11.17 
0.001 0.001 0.001 

SD n/a 0.24 0.46 0.87 
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6.5.2.5 Migrating monocyte gene expression for chemotaxis (Figure 6.22) 

The conventional qPCR analysis for CCR2 gene demonstrates that the fold 

expression of migrating monocyte in response to RTCM and OACM was reduced, when 

compared either with SFM or MCP-1. The mean fold expression of this gene in MCP-1 

migrating monocyte was greater than that of SFM but not statically significant 

(p=0.674). 

 

Figure 6.22: The fold expression of CCR2 gene in monocyte migrated in response 

to SFM, MCP-1, OACM and RTCM.  

6.5.2.6 Migrating monocyte gene expression for FBGC formation (Figure 6.23: A-

C and Table 6.14) 

The magnitude of IL13RA1 gene expression was greater in RTCM migrated 

monocytes, followed by OACM and MCP-1. The fold expression plot demonstrates an 

increasing pattern from SFM to MCP-1 to OACM to RTCM. The mean fold expression 

of OACM (2.0-fold, p=0.002) and RTCM (1.9-fold, p=0.001) migrating monocytes was 

significantly higher when compared with SFM. This expression was marginally higher 

in MCP-1 migrating monocyte (1.4-fold, p=0.701) but not statistically significant. 
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The STAT3 expression among migrating monocyte of three patients was increased in 

response to MCP-1(~6-fold), OACM (~4-fold) and RTCM (~3-fold) but not statistically 

significant when compared with SFM. 

 

Figure 6.23: The gene expression of monocyte migrated in response to SFM, MCP-

1, OACM and RTCM. (A) Heat map of IL13RA1, (B) IL13RA1, and (C) STAT3. 

Table 6.14: The table shows the descriptive details of fold expression of FBGC 

forming genes in monocyte migrated in response to MCP-1, OACM and RTCM 

relative to SFM. (Bold red: statistical significant). 

Genes Descriptive 
SFM 

(n=30) 

MCP-1 

(n=30) 

OACM 

(n=30) 

RTCM 

(n=30) 

p value 

SFM      

 vs   

 MCP-1 

SFM    

  vs   

OACM 

SFM   

   vs   

RTCM 

IL13RA1 
Mean 1.00 1.42 2.01 1.86 

0.701 0.002 0.001 
SD n/a 0.24 0.24 0.16 
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6.5.2.7 Migrating monocyte gene expression for OCP formation (Figure 6.24: A-D 

and Table 6.15) 

The heat map for gene expression demonstrates that the magnitude of NFATc1 in 

monocytes migrating in RTCM was greater than that of SFM. This finding was 

confirmed in plot for matched fold expression data where the majority of monocyte 

populations migrating in RTCM demonstrated an increased expression of NFATc1 

gene, but not statistically significant when compared with SFM. 

The matched fold expression plots for TNFRSF11α/RANK and CSF1R/M-SFR1 

show a comparable pattern and negative trend from SFM to MCP-1 to OACM to 

RTCM. The mean fold expression for CSFR1 and NFATc1 genes in RTCM migrating 

monocyte was increased about 2.4- and 1.4-fold, respectively, but not statistically 

significant. In fact, MCP-1 migrating monocytes showed a higher magnitude of 

expression for both CSF1R and TNFRSF11α genes when compared with SFM. This 

increase was confirmed in mean fold expression for TNFRSF11α (2.5-fold, p=0.001) 

and CSF1R (1.4-fold), which were greater than that of SFM.  
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Figure 6.24: The gene expression of monocyte migrated in response to SFM, MCP-

1, OACM and RTCM. (A) Heat map of TNFRSF11α/RANK, CSF1R and NFATc1, 

(B) TNFRSF11α/RANK, (C) CSFR1/M-CSFR and (D) NFATc1. 

Table 6.15: The table shows the descriptive details of fold expression of OCP 

forming genes in monocyte migrated in response to MCP-1, OACM and RTCM 

when normalised with SFM. (Bold red: statistical significant). 

         

Genes Descriptive 
SFM 

(n=30) 

MCP-1 

(n=30) 

OACM 

(n=30) 

RTCM 

(n=30) 

p value 

SFM       

vs    

MCP-1 

SFM      

vs   

 OACM 

SFM      

vs   

 RTCM 

TNFRSF11α/ 

RANK 

Mean 1.00 2.45 0.67 0.40 
0.001 0.984 0.065 

SD n/a 0.28 0.15 0.09 
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6.5.3 Correlation analysis between gene expression of monocyte migrated in 

response to SFM, MCP-1, OACM and RTCM  

The S100A8 gene expression was shown a significant negative correlation with 

HSPB1/HSP27 gene in monocyte migrating in response to SFM, MCP-1, OACM and 

RTCM (Figure 6.25 A-D). On the other hand, HMGB1 was revealed a significant 

positive correlation more than 50% with TNF-α and IL-1β genes in monocyte migrated 

in SFM, MCP-1, OACM and RTCM (Figure 6.25 A-D).  

The expression of MAPK1 gene was positively associated with ITGAL and 

C1qR1/CD93 genes in monocyte migrating in response to all conditions               

(Figure 6.25 A-D).  

Another positive association in gene expression between STAT3 and alarmins 

(HMGB1 and MYD88) and TNFα was also observed in monocyte migrating in all 

conditions (Figure 6.25 A-D). Moreover, the MAPK1gene was shown a significant 

positive correlation (p<0.01) with C1qR1/CD93 in monocyte migrating in all 

conditions.  

A significant positive association in gene expression between ITGAL and IL-1β was 

only found in RTCM migrating monocytes (Figure 6.25 D, r=0. 658, p=0.008), as was 

the positive association between C1qR1/CD93 and RANK also only found in 

monocytes migrating in RTCM (Figure 6.25 D, r=0.500, p=0.040). Monocytes 

migrating in this condition was also shown a significant positive correlation between 

RANK and NFATc1 (Figure 6.25 D, r=0.639, p=0.001). However, this correlation was 

not seen in monocytes migrating either in SFM, OACM or MCP-1.   

The STAT3 expression in migrating monocyte in response to SFM, MCP-1, OACM 

and RTCM was significantly associated with HMGB1 and MYD88 (Figure 6.25 A-D).  
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Figure 6.25: The Pearson correlation coefficient matrix of gene expression in 

monocyte migrating in response to (A) SFM, (B) MCP1, (C) OACM and              

(D) RTCM.  (Bold red: statistical significant) 
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6.5.3.1 Correlation network between genes in monocyte migrating in response to 

SFM, MCP-1, OACM and RTCM 

The correlation network mapping reveals that the gene expression in both SFM and 

MCP-1 was distinct from network mapping of OACM and RTCM (Figure 6.26 A-D). In 

SFM, a strong positive correlation was found between IL-1β and CCR2, followed by 

HMGB1 with STAT3. A positive correlation was also present between IL-1β, CCR2, 

HMGB1, STAT3 and TNF-α. On the other hand, a strong negative correlation was 

identified between C1qR1/CD93, MYD88 and S100A8. Another negative correlation 

was also present between IL13RA1, TNF-α and STAT3 (Figure 6.26 A).  

In MCP-1 migrating monocytes, a positive correlation network was found between 

genes for OCP (NFATc1, CSF1R and RANK), FBGC (STAT3 and IL13RA1) and 

chemotaxis (CCR2). However, a negative correlation was observed between HSP27 

with S100A8, RANK, IL13RA1 and MAPK1 (Figure 6.26 B). 

OACM and RTCM migrating monocytes revealed a comparable correlation network 

mapping. Specifically, a strong positive correlation network was present between gene 

expression of STAT3 and alarmins (HMGB1 and MYD88) and inflammatory cytokine 

(TNF-α). However, STAT3 gene expression was negatively correlated with 

C1qR1/CD93 in OACM (Figure 6.26 C) and IL13RA1 in RTCM (Figure 6.26 D). The 

C1qR1/CD93 gene expression was also negatively correlated with RANK in RTCM 

(Figure 6.26 D). In both OACM and RTCM, HSP27 was negatively correlated with 

S100A8. However, in OACM migrating monocyte, HSP27 gene expression was 

negatively correlated with ITGAL/LFA-1 (Figure 6.26 C).     
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Figure 6.26: Correlation network mapping of genes based on the Pearson 

coefficient correlation matrix. (A) SFM, (B) MCP-1, (C) OACM and (D) RTCM. 

Highly correlated genes were shown in yellow highlighted hexagon. 
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6.6 Migrating monocyte phagocytosis activity 

. To investigate the phagocytic potential of the monocyte populations migrating in 

response to SFM, MCP-1, OACM and RTCM, the cells were collected on glass cover 

slips by adhesion and treated with LB. The detailed methods are described in section 

3.7, page 175. The LB uptake was observed through SEM and CLSM. The number of 

LB uptake/cell was calculated on blinded confocal images using the Image-J software.  

6.6.1 Migrating monocyte LB uptake at microscale  

The detailed methods are described in section 3.3.1.5, page 128. The SEM 

micrographs recorded that the monocytes migrating in response to RTCM (Figure 6.27, 

10,000X) had an increased phagocytic potential when compared with SFM (Figure 6.27, 

10,000X). In micrographs captured at 30,000X magnification, extension of filopodia 

with which to engulf LB was apparent and enhanced (Figure 6.27). The LB uptake was 

also found in MCP-1 (Figure 6.27 B) and OACM (Figure 6.27 C) migrating monocytes. 

However, the phagocytic potential of RTCM migrating monocyte seemed more 

developed than in monocytes migrating in response to other conditions        (Figure 6.27 

D).   
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Figure 6.27: Representative SEM micrographs of the LB uptake by migrating 

monocyte in response to, (A) SFM,  (B) MCP-1, (C) OACM and (D) RTCM. 

(Magnification: 10000X and 30000X) 
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6.6.2 The phagocytosis activity of migrating monocyte in response to SFM, 

MCP-1, OACM and RTCM 

The confocal images captured at 20X magnification provide an overall view of the 

monocytes on glass cover slips. The Hoechst blue nucleic acid staining images confirm 

the recovery of the migrating monocyte in response to SFM, MCP-1, OACM and 

RTCM on glass cover slips (Figure 6.28 A). The F-actin staining images reveal a 

dynamic actin cytoskeleton remodelling among monocyte populations migrating in 

MCP-1, OACM and RTCM (Figure 6.28 B) but not for SFM. Comparing the LB and 

merged images, the unbound LB was successfully removed during washing step (Figure 

6.28 C and D).    
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Figure 6.28: The representative CLSM images of LB uptake by monocyte 

migrating in response to SFM (n=30), MCP-1 (n=30), OACM (n=30) and RTCM 

(n=30). (Magnification: 20X) 

The Hoechst blue nucleic acid staining, with images captured at 40X (Zoom 5X) 

magnification, confirm a homogenous migrating cell population was retrieved on the 

glass cover slips (Figure 6.29 A). The F-actin staining was found to be intense on the 

periphery of the monocyte, mainly on RTCM migrating monocyte (Figure 6.29 B). The 

LB images confirm again that the unbound LB were completely removed during 

washing steps (Figure 6.29 C). The merged images reveal that the LB seemed to be 

either on the periphery or within the cytosolic region of the monocytes. Moreover, the 
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RTCM migrating monocyte appeared to have an increased LB uptake when compared 

with SFM and MCP-1, yet comparable with OACM (Figure 6.29 D). 

 

Figure 6.29: The representative CLSM images of LB uptake by monocyte 

migrating in response to SFM (n=30), MCP-1 (n=30), OACM (n=30) and RTCM 

(n=30). [Magnification: 40X (Zoom 5X)] 
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The alteration in phagocytic potential of migrating monocyte from ES-OA, primary 

and revision arthroplasty patients in response to SFM, MCP-1, OACM and RTCM was 

measured relative to phagocytic potential of non-migrating, adherent monocytes from 

PBMNC (Figure 6.30). The average uptake of LB was above 1-fold in monocytes 

migrating in MCP-1, OACM and RTCM when compared with SFM. However, the 

phagocytic potential of monocytes from revision arthroplasty patients in response to 

OACM was significantly lower (p<0.05) when compared with ES-OA.       

 

Figure 6.30: LB uptake by monocyte from ES-OA, primary and revision 

arthroplasty patients in response to SFM, MCP-1, OACM and RTCM. (One way 

ANOVA: *p<0.05) 

The LB uptake was measured amongst the migrating monocyte in response to MCP-

1, OACM and RTCM. It was found that the monocyte population responding to MCP-1, 

OACM and RTCM was shown 4-fold significant increase in LB uptake than that of 

SFM (Figure 6.31, p<0.01 and Table 6. 16).  
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Figure 6.31: The LB uptake/cell by monocyte population migrating in response to 

SFM, MCP-1, OACM and RTCM. 

Table 6.16: The table shows the t-test outcome of LB uptake/cell by monocyte 

migrating in response to SFM, MCP-1, OACM and RTCM.                                

(Bold red: statistical significant)  

Genes Descriptive SFM MCP-1 OACM RTCM 

p value 
SFM      

vs   

MCP-1 

SFM     

vs   

OACM 

SFM     

vs   

RTCM 
Latex 

beads/cell 
Mean 2 8 7 7 

0.001 0.006 0.006 
SD 3 5 5 5 
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6.6.3 Correlation analysis of LB uptake with FACs, gene expression of 

monocytes migrating in response to SFM, MCP-1, OACM and RTCM  

The SFM migrated monocytes from ES-OA patients shows a significant negative 

association between LB uptake and CXCR2 availability (Figure 6.32 A, r= -0.889, 

p=0.007). However, SFM migrated monocyte from the revision arthroplasty patients 

shows a significant positive association with the availability of same receptor (Figure 

6.32 C, r=0.894, p=0.041).  The OACM migrated monocyte from ES-OA demonstrates 

a positive correlation between IL13RA1 expression and LB uptake (Figure 6.32 A, 

r=0.893, p=0.007). Nevertheless, the monocyte from primary arthroplasty patients 

migrated in response to same TCM show negative association of GP1BA (Figure 6.32 

B, r=-0.700, p=0.036) availability and HSPB1 expression (Figure 6.32 C, r=-0.787, 

p=0.012), respectively, with LB uptake.  The RTCM migrated monocyte from revision 

arthroplasty patients shows similar negative association between HSBP1 and LB uptake 

(Figure 6.32 C r=-0.700, p=0.036) as OACM migrated monocytes from the same patient 

cohort. RTCM migrated monocyte from ES-OA and revision arthroplasty patients also 

shows positive association of LB uptake with CSF1R and RANK expression, 

respectively.  
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Figure 6.32: The correlation matrix of LB uptake with FACs markers and gene 

expression in monocytes from ES-OA, primary and revision arthroplasty patients 

migrating in response to SFM, MCP1, OACM and RTCM. (Bold red: statistical 

significant)  

6.7 The network mapping amongst proteomes, surface receptors and gene 

expression  

A network mapping was created in Cytoscape software, using proteomes from 

OACM or RTCM with associated surface receptors and selected gene expression on 

migrated cells, to explore interaction networks and potential pathways. Interestingly, in 

RTCM, DCSTAMP was connected to entire networks through gene for NFATc1 

(Figure 6.33 B Yellow circle), but not in the OACM (Figure 6.33 A, Blue circle). It was 

also noted that all the other surface receptors and genes selected for this study were 

connected with the protein-protein interaction network amongst OACM or RTCM.           
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Figure 6.33: The network mapping amongst proteomes from OACM or RTCM 

with surface receptors and genes.  
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6.8 Summary of results Part-3 

 The migration of cells from ES-OA, primary and revision arthroplasty patients 

was significantly increased in response to RTCM when compared with either 

SFM or MCP-1.  

 A significant migration (p<0.05) of monocyte was observed from primary     

(1.6-fold) and revision (1.5-fold) arthroplasty patients in response to RTCM, 

when compared with ES-OA.      

 The cell surface receptors for chemotaxis (CCR2/CD192 and CX3CR1), 

inflammation (CXCR2/CD182) and monocyte-platelet aggregation 

(GP1BA/CD42b) were significantly lower (p<0.01) in MCP-1, OACM and 

RTCM migrating monocyte when compared with SFM.  

 The cell surface receptor for cell adhesion (ITGAM/CD11b) was significantly 

increased in monocyte migrating in response to RTCM (2.4-fold) when 

compared SFM.  

 A comparable positive correlation pattern between chemotaxis (CCR2/CD192) 

and cell adhesion (ITGAM/CD11b) and FBGCs formation (DCSTAMP) 

receptors availability was found in monocyte migrating in response to all 

conditions. However, a positive correlation between ITGAM and DCSTAMP 

receptors availability was only noted in RTCM migrating monocyte population.  

 The migration of classical monocyte subtype (CD14
++

CD16
-
) showed an 

increasing pattern from SFM (1±0.9%) to MCP-1 (21±13%) to OACM      

(38±20%) to RTCM (46±13%).  

 The expression of S100A8 was significantly decreased in monocyte from 

revision arthroplasty patients migrating in SFM (0.4-fold, p=0.025) and MCP-1 

(0.7-fold, p=0.049) when compared with ES-OA. 
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 The expression of IL-1β by migrating monocytes from revision arthroplasty 

patients in response to RTCM was shown a 180-fold significant increase 

(p<0.05) in comparison to monocyte from ES-OA and primary arthroplasty 

patients. 

 The monocytes from primary arthroplasty patients demonstrated a significant 

upregulation of RANK in response to MCP-1 (~160-fold), OACM (~22-fold) 

and RTCM (~16-fold) when compared with circulating monocyte population. 

This upregulation was also significantly greater when compared with migrating 

monocytes either from ES-OA or revision arthroplasty patients (p<0.05). 

 The S100A8 expression in migrating monocyte populations showed an 

increasing trend from MCP-1 (2-fold), OACM (3-fold) to RTCM (5-fold). 

However, only RTCM migrating monocyte demonstrated a significant increase 

in S100A8 expression (p<0.01) when compared with SFM.  

 The TNF-α (3-fold) and IL-1β (53-fold) expression were significantly increased 

(p<0.01) in RTCM migrating monocyte when compared with SFM.  

 The MAPK1 was significantly expressed in monocyte population migrating in 

MCP-1 (9-fold, p<0.01), OACM (8-fold, p<0.01) and RTCM (8-fold, p<0.01) 

than that of SFM.  

 The C1qR1/CD93 expression was significantly increased from MCP-1            

(2-fold, p<0.01), OACM (6-fold, p<0.01) to RTCM (11-fold, p<0.01) migrating 

monocyte when compared with SFM.  

 The IL13RA1 was significantly expressed in OACM (2-fold, p<0.01) and 

RTCM (2-fold, p<0.01) migrating monocyte when compared with SFM.  

 A significant positive correlation (p<0.01) in gene expression was observed 

between alarmins and inflammatory cytokines in monocyte populations 

migrating in all conditions.  
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 A significant positive correlation (r=0.639, p<0.01) between RANK and 

NFATc1 was found only in RTCM migrating monocyte populations.  

 The SEM micrographs reveal an increased LB uptake in RTCM migrating 

monocytes when compared with SFM.  

 A significant LB uptake/cell (p<0.01) was observed in monocytes migrating in 

MCP-1 (8 LB uptake/cell), OACM (7 LB uptake/cell) and RTCM (7 LB 

uptake/cell) when compared with SFM (2 LB uptake/cell). 

 The interaction network amongst proteomes from OACM or RTCM was 

established with surface receptors and genes selected in this study. The 

DCSTAMP was disconnected from the interaction network amongst proteomes 

from OACM, surface receptors and genes. However, this connection was intact 

amongst the proteomes from RTCM, surface receptors and genes. 
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CHAPTER 7: DISCUSSION 

7.1 General discussion 

This is the first study that attempted to discover proteins from revision synovial 

tissue harvested from patients who underwent revision surgery for aseptic loosening due 

to WDP-induced osteolysis (Cooper 2014). Proteomes discovered from OA synovium 

were used as a comparison to rule out OA synovial related pathophysiological proteins. 

Current clinical investigations have limited ability to identify arthroplasty patients with 

early signs of osteolysis initiated by WDP-induced inflammation. Better diagnosis will 

require an improved understanding of the processes, cells and molecules involved. 

Monocytes from ES-OA, stable primary and revision arthroplasty patients, who were 

clinically classified as aseptic implant loosening due to periprosthetic osteolysis were 

investigated. The collective findings on alterations in the characteristic of monocyte in 

arthroplasty patients provided a fundamental understanding of systemic activation and 

priming of this population to the WDP-induced inflammation while in the circulation. 

Furthermore, the in vitro cell migration model adopted in this study mimics the 

pathophysiological condition where activated monocyte typically migrates following the 

chemotactic gradient of inflammatory mediators into affected tissues. Therefore, the 

data from the migration analysis provides a chance to understand the alteration in 

migration activity, surface receptors and functional commitments of monocyte when 

encountering the mediators released from WDP-induced inflammation into revision 

tissue conditioned media (TCM).     

The logistics of the dual PhD scholarship required that studies be conducted in both 

hemispheres. In order to be assured that those parameters specific to this study were not 

significantly different between the two groups their clinical, orthopaedic and 

haematological parameters were analysed and compared. Unlike the UK study cohort, 

most study patients recruited from Malaysia were diabetic. Neither the full blood count 
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or its differential components, nor the CD14
+
 monocyte percentage count was 

significantly different between the UK and Malaysian cohorts.  

The first hypothesis of this study was that the proteome of revision synovial tissue - 

derived TCM is different from that derived from ES-OA synovium.  The TCM from 

individual tissues within each group was pooled prior to performing a highly sensitive 

mass spectrometry analysis. The pooling technique was used to retain common features 

while diluting individual variabilities in these biological samples and to obtain sufficient 

volume for experiments and an overall proteome profile (Haisheng et al. 2005). The 

selection of ES-OA synovium has the advantage that all the initial diagnosis and surgery 

for revision patients were for OA, with joints replaced using metal on UHMWPE 

bearing surfaces. Thus any specifically OA related proteins and those common proteins 

which are present in both OA and revision synovium could be identified. Therefore, by 

removing common OA related protein profile from the RTCM profile focuses the 

remaining protein profile as specific to WDP-induced inflammation and its related 

proteins.    

Tandem mass spectrometry (MS/MS) was adopted to discover proteins in RTCM and 

OACM. This mass spectrometer was operated in a specific configuration to deduce 

peptides sequences of tryptic digested proteins from low-energy collisionallly induced 

(CID) MS/MS spectra. For an accurate identification of peptides from the raw MS/MS 

data, a Swissprot genome database searching technique was used.   As a result, 1811 

and 1500 peptides were revealed in RTCM and OACM, from their MS/MS spectra 

respectively. In addition, de novo sequencing approaches using PEAKs powerful 

software were employed to overcome reliance on the limitations of the protein database 

in order to compute all best possible sequences among all possible amino acid 

combinations (Ma et al. 2003). As an outcome, 418 and 519 de novo peptides were 
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found in RTCM and OACM, respectively. These peptides assisted in identifying the 

most definitive proteins in RTCM and OACM by increasing the proteome coverage. 

The unique de novo sequences can become potential novel sequences in the protein 

database, available to other researchers to identify proteins from their proteomics data. 

Using the Swissprot protein database search, the peptides in RTCM were annotated with 

168 functional proteins, with 184 proteins in OACM. When the RTCM protein list was 

overlapped with OACM, 126 proteins were found to be present in both conditioned 

media. In addition, 42 unique proteins occurred in RTCM and 58 unique proteins in 

OACM. Protein-protein interaction networks were generated among the proteins 

discovered in OACM and RTCM. It was found that this is the first study to generate a 

protein-protein network for the aseptic loosening revision TCM proteome.  

When the protein networks between RTCM and OACM were overlapped, protein 

networks specific to RTCM were identified successfully.  A network of interactions 

between interleukin-13 receptor α1 (IL13Rα1) and tyrosine kinase 2 (TYK2) was found 

in RTCM. The IL13Rα1, which is a low affinity receptor for IL-13, forms a heterodimer 

complex with IL4Rα and upregulates downstream pathways including activation of 

signal transducer and activator of transcription STAT3 and 6  through Janus kinases 

(JAK) and TYK2 (Arima et al. 2005). This receptor can be found on macrophages, 

which are mainly involved in anti-inflammation and FBGC formation to eliminate 

tissue debris or foreign bodies (Gordon and Martinez 2010). In this study, the formation 

of FBGC was evidenced in H&E section of revision synovial tissue. The formation of 

FBGC is a hallmark of the resolution and would healing stage when revision synovial 

tissue macrophages have infiltrated tissues in association with WDP (Gordon and 

Martinez 2010).  
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Another typical protein network found only in RTCM derived proteins was that 

between complement component 6 (C6), vitronectin (VTN) and tenascin-C (TNC). The 

presence of vitronectin in RTCM but not in OACM allowed speculation that 

osteoclastic activity is present in revision synovial tissue. Osteoclasts attach to the bone 

surface mainly through vitronectin (Boyce 2013). However, the interaction of 

vitronectin with C6 provides the sign that this protein may also be involved in the 

complement cascade as an inhibitor of membrane attack complex (MAC) (Barnum and 

Schein 2018). Further analysis is required to understand the complement cascade 

activation in WDP-related inflammation that leads to osteolysis and aseptic loosening of 

arthroplasty implant. Cathepsin D (CTSD), another differential protein in RTCM, was 

found to have an interaction network with prosaposin (PSAP). In physiological 

conditions, this proteolytic enzyme is localised in lysosomes either by mannose 6-

phosphate or prosaposines (Figura and Hasilik 1986, Fusek and Vetvicka 2005). It plays 

a crucial role in inactivating inhibitors of proteolytic enzymes (Faust et al. 1985). Apart 

from its general physiological role, its specific role in WDP-induced osteolysis was 

explored. Goto and colleagues demonstrated that this proteolytic enzyme together with 

cathepsin C, B, E, G and L type  are involved in an initial stage of osteoclast bone 

matrix degradation (Goto et al. 2003). Although, cathepsin K has been found to be the 

main enzyme localised in osteoclasts, the osteoclast endocytotic/exocytotic structure 

appears to localise all cathepsins involved cooperatively in bone resorption (Goto et al. 

2003). It was also observed that, in differential protein network of RTCM, cystatin B 

(CSTB) was linked with annexin A2 (ANXA2) to the entire protein-protein interaction 

network. ANXA2, which plays multifunctional roles such as membrane organisation, 

membrane trafficking, membrane-cytoskeleton linkage and ion conductance across 

membranes (Gerke and Moss 2002), both induces the proliferation of osteoclast 

precursors by stimulating GM-CSF (Menaa et al. 1999) and modulates the formation of 
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osteoclasts by increasing calcitriol (Takahashi et al. 1994). Moreover, this protein can 

increase the RANKL, which stimulates the osteoclastogenesis through binding with 

RANK (Li et al. 2005, Boyce and Xing 2008). However, the presence of CSTB, an 

intracellular cysteine proteinase inhibitor, in RTCM suggests that the role of cathepsin 

K could have been inhibited. This notion is in agreement with the findings of Laitala-

Leinonen et al. (2006) in which osteoclast activity was affected through inhibition of 

cathepsin K and tartrate-resistant acid phosphatase (TRAP) positive vesicles without 

compromising the survivability of osteoclast when rat metaphyseal bone was treated 

with CSTB (Laitala-Leinonen et al. 2006). However, the explicit role of CSTB in WDP-

induced osteolysis in revision arthroplasty synovial tissue needs further investigation.                     

Several studies have reported the proteome of OA synovial tissue (Lorenz et al. 

2003, Kriegsmann et al. 2012). In the present study, the differential protein-protein 

network in OACM was explored. One of the protein networks that has been highlighted 

previously in OACM was the interaction between adenylyl cyclase associated protein 1 

(CAP1) with Actin alpha cardiac muscle 1 (ACTC1). The CAP1, which is a functional 

receptor for human resistin on monocytes, possesses an intracellular signalling pathway 

which modulates the inflammatory actions of this cell. Moreover, the binding of resistin 

on CAP1 upregulates cyclic adenosine monophosphate (cAMP) concentrations, protein 

kinase A (PKA) activity and NF-κB-related transcription of inflammatory cytokines in 

monocytes (Lee et al. 2014). It is well known that resistin, which is an adipokine, is 

detected abundantly in synovial tissue and fluid of obese ES-OA patients (de Boer et al. 

2012, Li et al. 2014). It is speculated that the resistin could be one of the factors acting 

as a mediator for monocyte activation and migration through binding with CAP1 in OA 

synovium.  
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To explore a detailed biologic insight of proteins, the proteomes were classified 

using gene ontology-based clustering including biological process, molecular function 

and cellular component. It was observed that most proteins in OACM and RTCM 

mainly involved in neutral lipid catabolic process. APOA1, APOA2, APOB, FABP4 

and LCP1 are the main proteins that found to be associated with this functional role. 

These high density lipoproteins are originated through infiltration from serum or as a 

secretome from synovial adipocytes (Bresnihan et al. 2004, Smith 2011). Certainly, 

APOA1 which is one of the proteins classified as a DAMP was found to be involved in 

OA associated local inflammatory processes (de Seny et al. 2015). It was reported that 

APOA1 prompted IL-6, MMP-1 and MMP-3 expression by fibroblast-like synoviocytes 

via TLR4 receptor (de Seny et al. 2015). 

Another cluster of 23 proteins found in OACM and RTCM was functionally related 

to the acute inflammatory response. These proteins belong to the complement cascade 

such as APOA2, C3, C4A, C5, CFB and CLU. In OA, the activation of the complement 

system was reported in many studies (J. Haas 2011, Sandeep et al. 2018). Although 

several factors could be involved in the activation of complement cascade (Wang et al. 

2011), cartilage oligomeric matrix protein (COMP) has been found to be one of the 

main inducers. This protein was found in the OACM. It is predominately secreted by 

chondrocytes, but also can be found in synovial fluid secreted by synovial fibroblasts 

(Dodge et al. 1998). Although the main function of COMP is to catalyse collagen 

fibrillogenesis by interacting with collagen, it can also activate the alternative 

complement pathway through properdin by forming COMP-C3b complex (Happonen et 

al. 2010). In the present study, complement factor B (CFB), which is one of the 

components of the complement alternative pathway, was found in OACM. This 

supports the notion that alternative pathway may have been activated, underpinning the 

acute inflammation in OA synovium. However, the presence of clusterin (CLU), which 
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is an inhibitor of complement cascade through regulating the late complement complex 

(C5b-9), in OACM suggests that steps to resolve cellular damage in OA synovium 

could also have been initiated. The widespread synovial cellular deterioration would 

compromise the homeostatic role of synovium in replenishing the synovial fluid 

(Kurowska-Stolarska and Alivernini 2017).  

In OACM, chylomicrons (CMs) assembly was one of the main functional clusters 

involving APOA1, APOA2, APOB and Prolyl 4-Hydroxylase Subunit-β proteins. 

CMs are formed in the intestine and the transport vehicle for dietary fat such as carrying 

triglycerides throughout the body (Freeman and Walford 2016). This functional cluster 

can be associated with the obesity profile of ES-OA synovial tissue donors where their 

average BMI was 30.9. In OA patients with increased C3 level in serum is mainly due 

to the stimulation by CMs via liver X receptor (Wang et al. 2011). With increasing 

obesity in OA patients the levels of C3 increases and the more C3a, C3a-desArga and 

C5a are generated. The increased levels of C3a-desArg can contribute to insulin 

resistance and the higher levels of C3a and C5a to the low-grade inflammation (Barbu et 

al. 2015) that accelerate cartilage destruction (Scanzello 2017).  

In revision synovial tissue, the main driver of an acute inflammation could be 

biomaterial-induced complement activation. A study conducted by David and 

colleagues demonstrated that polyethylene wear particles, in synovium sections from 

revised hip joint due to aseptic loosening, significantly localised the immunoperoxidase 

staining for fragment Bb, which is a factor B activation product in the alternative 

complement pathway (DeHeer et al. 2001). They suggested that these particles can 

adsorb the complement component and eventually activate the C3Bb complex in an 

alternative complement pathway. Therefore, local inflammatory responses that involve 

anaphylatoxin release, leukocyte chemotaxis and adhesion, complement-mediated 
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phagocytosis of wear particles and macrophages release of complement products were 

all orchestrated (DeHeer et al. 2001). In another study conducted on forty-nine failed 

prostheses, it was found that type I and II collagens, proteoglycan and immunoglobulin 

were the predominant proteins on the surface of the UHMWPE component. It was 

inferred that the immunoglobulins that were attracted to the opsonised proteins on 

UHMWPE could be the reason for the complement cascade activation (Wooley et al. 

1999). This idea supports the finding that a group of immunoglobulins including 

IGHG1, IGHG2, IGHG3, IGHG4, IGHV3-23 and IGKC that belong to the acute 

inflammatory cluster was found in RTCM. They could be some of the factors that 

stimulated the complement cascade in revision synovial tissues.   

Lactate metabolic process was another functional cluster where a majority of OACM 

proteins involved, but few from RTCM. Lactate is considered as a waste by product of 

glycolytic pathway during an aerobic cell metabolism. Recently, this understanding has 

been challenged by the observation that this molecule can be considered as a danger 

signal that modulates inflammatory responses (Hsu and Sabatini 2008). Robert et al. 

(2015) reported that the lactate-induced signalling in an inflammatory environment such 

as in RA synovium tissue regulates T-cell infiltration (Haas et al. 2015). However, the 

role of the lactate metabolism in OA and revision synovium has not been explored. 

When comparing the functional clusters between OACM and RTCM, wound healing 

was found to be present only in OACM. Fibronectin (FN1), histidine rich glycoprotein 

(HRG), talin 1 (TLN1) and serine protease inhibitors (SERPINA1, SERPINE1 and 

SERPINF2) were the majority of the proteins that present in this cluster. It was reported 

that FN1 with its V region for α4β1 integrin binding site is responsible for cell-cell 

interaction and cellular trafficking during would healing (Mostafavi-Pour et al. 2001). 

Moreover, the expression of V
+
 isoforms of FN1 in synovial tissue is indicative of a 
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synovial response to cartilage degeneration in OA patients (Scanzello et al. 2015). On 

the other hand, the role of serpinA1 was studied in in vitro wound healing process using 

skin fibroblast. It was reported that wound reduction was increased parallel to serpin1A 

concentration in these cells (Congote et al. 2008). However, the role of serpins in OA 

synovium has not been fully understood. 

In RTCM, a majority of the proteins belong to cytokine secretion and phagocytosis 

recognition clusters. The functional role of cytokine secretion suggests that the cells 

from the revision synovial tissue could have been involved in survival, growth, 

differentiation and response to stress. This notion was exemplified by ABL Proto-

Oncogene 1 (ABL1), one of the proteins in this cluster, which is activated mainly due to 

DNA damage and oxidative stress to stimulate cell proliferation or differentiation, 

survival or death, retraction or migration (Wang 2014). Periostin (POSTN), known as 

osteoblast-specific factor, also belongs to this cluster and mainly involves in 

maintaining tissue structure and generation of fibrosis (Tajika et al. 2017). This protein 

can facilitate MMP-2, -3 and -9 expression in human fibroblast-like synoviocytes 

(Ishikawa et al. 2015, Tajika et al. 2017). Nevertheless, further analysis is required to 

understand the role of POSTN in the context of WDP-induced inflammation. In terms of 

phagocytosis recognition, IGHA1, IGHA2, IGHG1, IGHG2, IGHG3, IGHG4, IGHM 

and IGKC proteins were found to be involved in initial steps of phagocytosis (Paul 

2003). As described before, arthroplasty WDP that are opsonised with immunoglobulins 

deposited from synovial fluid or synovium, can stimulate the professional phagocytic 

cell such as macrophages to enhance the ingestion of synovium infiltrated WDP through 

Fc receptors mediated immunoglobulin binding complex (Gallo et al. 2013).  

In the present study, chitinase 1 (CHITI), one of the proteins exclusively present in 

RTCM may be involved in the alternative activation of macrophages. Koulouvaris et al. 
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(2008) reported a strong CHITI gene expression in peri-implant tissues obtained from 

surrounding loose joint. They also demonstrated that macrophages treated with PMMA 

and Ti particles showed an increased CHITI expression. They concluded that the 

alternative activation of macrophages is part of the processes involved in end stage 

osteolysis (Koulouvaris et al. 2008). In another study, Tomankova et al. (2014) found a 

significant gene expression of CHITI in pseudosynovial tissue acquired from 21 aseptic 

loosening knee arthroplasty patients (Tomankova et al. 2014). Thus, it may be worth to 

considering further analysis to confirm its role in WDB-induced inflammation.         

S100A8/A9 is a Ca
2+

 binding protein released in association with activation of 

synovium (Schelbergen et al. 2012). In the present study, the S100A8/A9 protein level 

in OACM and RTCM of pre-primary and revision synovium tissue samples, 

respectively, was comparable. This finding is in an agreement with a previous study that 

shows no difference between serum level of S100A8/A9 in hip or knee OA of before 

primary or revision arthroplasty surgeries (Frostick et al. 2013). Therefore, the finding 

of current study suggests that activation of cells in primary synovium and revision 

synovial tissue is an evidence of inflammation.    

The next set of study results addressed the second hypothesis, which suggested that 

the characteristics of circulating monocytes are different between patients with ES-OA, 

stable primary arthroplasty for OA and revision arthroplasty for aseptic loosening in 

OA. Monocyte is one of main cellular responders to inflammatory cues generated by 

WDB-induced inflammation in periprosthetic or revision synovial tissue and they are 

precursor of macrophages, multinucleated giant cells and osteoclast (Guilliams and van 

de Laar 2015, Sprangers et al. 2016). Therefore, this population was investigated 

carefully in term of their numbers, specific functional surface receptors, subsequent 

functional molecular pathway commitments and phagocytic potential. 
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For FACs analysis, the monocyte was identified using a high purity gating strategy. 

Although this monocyte population can be segregated based on its size and granularity 

using FSC and SSC plots, this population tends to be contaminated by natural killer 

(NK) cells  and activated T or B-cells, which are located in close proximity to 

monocyte. In particular, when NK cells overlap the monocyte population, both 

FSC/SSC and CD45/SSC gates will be insufficient to separate these two cell 

populations effectively (Wong and Davis 2013). Therefore, in the present study, lineage 

markers negative on monocyte were used. These markers positive for T-cell (CD3), B 

cell (CD19), NK (CD56) and neutrophil (CD66b) are basic phenotyping markers 

expressed even when these cells are in their naive state (McPhail et al. 2012). This 

highly scrutinised gating strategy allowed accurate targeting and measuring of the 

monocyte population alone.  

In the current study, monocytes were identified based on the presence of their CD14 

phenotypic receptor. This receptor is well established in clinical setting as a marker to 

identify this myeloid lineage cell (Matarraz et al. 2017). With the combination of CD16 

receptor, monocytes are further subdivided into classical, intermediate and non-classical 

subtypes. This subdivision is further supported with transcriptomic and functional 

characteristic of each monocyte subtype (Wong et al. 2011).  

Under inflammatory conditions, the monocyte doubling rate in bone marrow is 

increased prior to recruitment into the systemic circulation following the concentration 

gradient of chemokines (Markel et al. 2017). In the present study, clinical haematology 

monocyte deferential count of arthroplasty patients was marginally increased but no 

significant difference found when compared with ES-OA patients. However, the FACs 

gated monocyte percentage counts were significantly increased in arthroplasty patients 

but no differences were found when comparing between arthroplasty cohorts (stable 
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primary versus revision). This finding suggests that the circulating inflammatory 

mediators originated from all arthroplasty joints could drive the chemotactic facilitated 

migration of monocyte from bone marrow into circulation. This speculation was made 

after the exclusion of the effect of comorbidities and clinical conditions in monocyte 

count.  

When exploring the proportion of the subtypes within WB and PBMNCs, the 

intermediate (CD14
++

CD16
+
) and non-classical (CD14

+
CD16

++
) monocytes were 

marginally increased in arthroplasty patients when compared with ES-OA patients. 

Interestingly, the non-classical monocyte percentage count was particularly increased in 

revision patients when compared with primary stable arthroplasty patients. This finding 

is in agreement with the results from Markel and co-researchers that the CD16
+
 

monocyte was marginally increased in thirty revision patients with osteolysis (Markel et 

al. 2017). However, the CD16
+
 monocyte in their study was identified as inflammatory 

population instead of either intermediate or non-classical. In another study conducted on 

forty-three aseptic loosening patients, similar outcome was reported as CD14
+
CD16

+
 

monocyte was significantly increased compared to CD14
++

CD16
-
 subtype. From these 

findings, it can be inferred that the CD16
+
 monocyte could be the population that would 

be responsible for the osteoclast lineage development. Therefore, further study focusing 

on CD16
+
 monocyte population on their osteoclastic potential when treated with WDP 

might be informative. In the present study, a correlation analysis was performed to 

understand the duration of prosthesis and the effect on monocyte subtype percentage 

count. As reported before, the amount of WDP can be increased relative to the duration 

of prosthesis although it can also be influenced by other factors such as age of the 

patients, activity level, type of implant, joint type and etc. (Devane et al.). Moreover, 

the release of mediators due to WDP-induced inflammation in revision synovial tissue 

can be delivered to the systemic circulation either through an activated endothelial 
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lining or lymphatic system, thus circulating monocyte activation and maturation are 

initiated  (Urban et al. 2000, Jell et al. 2006). In this study, the classical monocyte 

(CD14
++

CD16
-
) percentage count was positively correlated with the duration of implant 

in stable arthroplasty patients. Conversely, non-classical monocyte percentage count 

was increased parallel to prosthesis duration in revision arthroplasty patients. This 

alteration at different stages of orthopaedic status suggests that the monocyte could be 

primed while in the circulation to commit into specific functional roles before 

participating in migration activity across inflamed synovial tissue.  

From the proteomics analysis, it was found that the proteins in RTCM were related to 

inflammation, FBGC formation and osteoclast activity. Using this baseline information, 

the functional surface receptors of monocyte were investigated focusing on the 

chemotaxis, inflammatory, cell adhesion, FBGC/OCP formation and monocyte-platelet 

aggregate (MPA) profiles in stable and revision arthroplasty patients. The monocyte of 

ES-OA patients were used to characterise an OA-related profile. Monocytes, as innate 

immune cells, possess receptors for various cytokines/chemokines enabling an instant 

response to the cognate ligands released either from other leukocytes in circulation or 

damaged tissue (Kantari et al. 2008). The CCR2 receptor, which mainly binds        

MCP-1/CCL2, is important to mediate chemotaxis of monocytes either from bone 

marrow into circulation or into damaged tissue following the concentration gradient of 

MCP-1 (Deshmane et al. 2009). In the present study, the CCR2 expression on 

monocytes was investigated to explore the magnitude of chemotaxis profile in 

arthroplasty patients. It was found that the CCR2 expression in arthroplasty patients was 

marginally increased compared to monocyte from ES-OA patients. It was witnessed that 

this is the first study that directly tested CCR2 expression on circulating monocyte of 

arthroplasty patients. Majority of the studies explored the monocyte activation and 

migration in response to WDP-induced MCP-1 by macrophages in in vitro setting. 
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Indeed, blocking CCR2 receptor significantly affected the migration potential of 

monocyte in response to supernatant from WDP-induced macrophage culture (Huang et 

al. 2010). Using in vivo rat model, Gibon et al. (2012) demonstrated exogenous 

macrophages trafficking to the side of MCP-1 injected at femoral canal (Gibon et al. 

2012). However, this study investigated based on RAW 264.7 macrophage cell line. 

Together with in vitro and in vivo investigations, it is apparent that CCR2/MCP-1 axis is 

crucial for monocyte migration. Therefore, a further investigation of CD14
+
CCR2

+
 

monocyte in arthroplasty patients may provide an indication of chemotaxis potential of 

monocyte due to WDP-induced inflammation.     

The chemotaxis potential of monocytes was also investigated using CX3CR1, a 

fractalkine receptor that binds to CX3CL1. This receptor is crucial to support the initial 

binding of monocyte with endothelial lining under physiological or inflammatory 

conditions (Panek et al. 2014). However, this ligand can also be found in soluble form 

released by activated endothelial cells, supporting monocytes in further expression of 

CX3CR1 upon binding of available CX3CR1 by monocytes (Panek et al. 2014). In the 

present study, the availability of this receptor was comparable between monocyte of 

arthroplasty and OA patients. This finding supports the notion that both cohorts of 

patients seemed to have an inflammatory profile that enhanced the availability of 

CX3CR1 receptors on monocyte. Although the increased availability of CX3CR1 on 

monocyte from ES-OA has been reported before (Wojdasiewicz et al. 2014),  this is the 

first study that had shown the availability level of CX3CR1 on monocyte derived from 

arthroplasty patients. 

CXCR2, the receptor for chemokines such as MIP2 (CXCL2) and IL-8 (CXCL8), is 

enhanced on monocytes during inflammatory conditions (Schober et al. 2008). 

Moreover, the IL-8 level was significantly higher in periprosthetic tissue from revision 
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arthroplasty patients with aseptic loosening (Gu et al. 2012). The increased production 

of IL-8 by macrophages challenged with WDP was observed. It indicated a paracrine 

effect with migration of macrophages and osteoclasts to the site of implant, leading to 

osteolysis (Gu et al. 2012). Furthermore, IL-8 secretion from weible-palade bodies 

released from activated endothelial cells can increase the CXCR2 expression on 

leukocytes (Wolff et al. 1998). In the present study, the availability of CXCR2 on 

monocytes from arthroplasty patients was detected and was comparable with monocytes 

from ES-OA. This finding suggests that pro-inflammatory conditions were present in 

systemic circulation of arthroplasty as well as in ES-OA patients.  

ITGAM/CD11b, which pairs with β2 integrin to form macrophage complement 

receptor 1 (MAC1), plays crucial roles in modulating immune cell functions such as 

recruitment to site of inflammation, cell-cell contact formation and downstream effects 

on cellular signalling (Schittenhelm et al. 2017). Upon binding to its ligands such as 

iC3b, C4b, ICAM-1 and fibrinogen, ITGAM can indirectly inhibit TLR signalling by 

inducing expression of IL-10 inhibitory factors SOCS3, ABIN-3 and A20 (Wang et al. 

2010, Schittenhelm et al. 2017). This receptor is essential for monocyte initial adhesion, 

rolling, firm adhesion and extravasation across the endothelium in response to pro-

inflammatory mediators (Kuijper et al. 1998). Sara et al. (2017) reported that the 

integrin αMβ2 was involved in mediating attachment of monocyte population and 

subsequent osteoclast formation (Sprangers et al. 2017). Uster et al. (2018) reported that 

CD45
+
CD11b

+
 Lineage

neg
 monocytes in synovial membrane defined as monocytic 

OCPs that induce expression of complex markers related to tissue macrophages 

differentiation (Uster et al. 2018). In the present study, CD11b receptor availability was 

significantly increased on monocyte of arthroplasty patients suggesting that WDP-

induced inflammatory profile could have prompted the circulating monocyte to bind 
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onto endothelial lining.  An in vitro study designed to establish the role of CD11b in the 

osteoclastic differentiation and maturation of this monocyte population is warranted. 

DCSTAMP, a putative seven-transmembrane protein, is a cell-cell fusion regulator in 

FBGC and osteoclast formation (Miyamoto 2011). Chiu et al. (2012) findings indicated 

that the DCSTAMP
high

 monocyte population from psoriatic arthritis patients was shown 

a greater propensity of osteoclast formation compared with DCSTAMP
low

 monocyte 

population (Chiu et al. 2012). However, the DCSTAMP availability plummeted when 

the monocytes were exposed to RANKL. This can be explained if DCSTAMP 

expression is only required to initiate the regulation of OCP fusion, not for osteoclast 

maturation (Chiu et al. 2012). In the present study, DCSTAMP availability on 

monocytes was marginally increased in arthroplasty patients when compared with ES-

OA patients. When exploring monocyte subtypes, it was found that the non-classical 

monocyte showed a greater DCSTAMP MFI compared to the other two subtypes in all 

cohorts of patients. From these findings, it can be postulated that, while in the 

circulation, the non-classical monocyte in arthroplasty patients may have been primed to 

be involved in early polykaryon formation following transendothelial migration. 

Furthermore,  TNF-α can activate calcium dependent signalling and induce DCSTAMP 

expression in monocyte populations (Chiu et al. 2012). In WDP-induced inflammation, 

apart from TNF-α, there could be additional factors involved in stimulating DCSTAMP 

expression on monocyte populations.  

Monocytes can interact and cross-talk with platelets to execute transendothelial 

migration, especially during inflammation (Reuter and Lang 2009). In inflammatory 

conditions, activated platelets tend to bind to circulating monocytes via P-selectin and 

induce expression of activated integrin and production of cytokines and prostanoid (van 

Gils et al. 2008, Passacquale et al. 2011). The monocytes with an increased integrin 
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expression were found to have higher transendothelial migration activity (Weber 2005). 

In the current study, the magnitude of MPA formation was studied using one of the 

platelet markers, platelet glycoprotein Ib alpha chain (GP1BA/CD42b). It was found 

that the monocytes of the majority of arthroplasty patients showed a greater availability 

of this receptor compared with ES-OA patients. This finding suggests that the formation 

of MPA in arthroplasty patients could have induced a pro-inflammatory phenotype in 

circulating monocytes. Passacquale et al. (2011) findings support this notion as 

monocytes co-incubated with platelets increased MPA formation; detected by double 

positive for CD14
 

and CD42b and increased production of COX-2; an enzyme 

responsible for prostanoids production during pro-inflammatory condition (Passacquale 

et al. 2011). In the present study, the correlation analysis indicates a positive association 

between GP1BA availability and ITGAM expression on monocytes from arthroplasty 

patients. Simon et al. (2000) explained that the GP1BA expression on platelets can be a 

counter-receptor for CD11b on leukocytes, thus increasing their transendothelial 

migration (Simon et al. 2000). Therefore, exploring the correlation between MPA 

formation and monocyte CD11b availability could assist in further understanding the 

role of platelets in monocyte transendothelial migration into inflamed joint tissues.    

The functional commitment of circulating monocytes was studied based on the gene 

expression profile and pathway regulation. RNA was isolated from the adherent cells 

within PBMNC populations. This technique has been widely used to separate the 

monocyte population from other mononuclear cells such lymphocytes. A comparison 

study between CD14
+ 

magnetic activated cell sorted (MACS) and cell culture flask 

adherence method demonstrated that the results were comparable as regards cell surface 

marker expression although the viability and purity of MACS-separated monocyte were 

marginally superior (El-Sahrigy et al. 2015). However, in another study, MACs-

separated monocytes lose their phagocytic potential compared with glass adherent 
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monocytes (Delirezh et al. 2013). In the present study, although the purity of the glass 

adherent monocyte was not measured, the confocal images of nucleus staining revealed 

a homogenous monocyte population.  

The gene expression profile was interrogated based on functional pathways. 

Alarmins are endogenous molecules that are rapidly secreted by stimulated leukocytes 

during tissue injury (Chan et al. 2012). Thus, exploring gene expression related to 

alarmins and subsequent downstream signalling pathway could characterise the 

inflammatory phenotype of monocytes. In the present study, four selected alarmin 

genes; HSPB1/HSP27, S100A8, HMGB1 and MYD88 were studied. Among these 

genes, S100A8 was expressed at a higher magnitude in the majority of monocyte from 

arthroplasty patients when compared with ES-OA. However, the mean expression of 

this gene was only marginally greater in monocyte from arthroplasty patients when 

compared with ES-OA. This finding suggests that the circulating monocyte in both 

cohorts might be experiencing stress conditions, and thus partly responsible for the 

enhanced acute inflammation as evidenced in cluster networks of proteins found in 

OACM and RTCM. The binding of S100A8/A9 to TLR4 receptor can promote pro-

inflammatory effects through activation of downstream pathway using MYD88 as an 

intermediate adaptor protein (Cmoch et al. 2012). In the present study, the expression of 

MYD88 was confirmed in monocyte from arthroplasty patients and was comparable to 

ES-OA. This TLR pathway can also be activated through HMGB1. In this study, the 

HMGB1 expression was significantly reduced in circulating monocyte from 

arthroplasty patients when compared with ES-OA. This could be due to an excessive 

cell death and destruction in synovial tissue of degenerating joints in ES-OA patients 

compared with inflamed revision tissues. In a previous study, HMGB1 was detected in 

revision tissues from patients with osteolysis (Steinbeck et al. 2014). Nevertheless, the 

expression of HMGB1 in circulating monocytes has yet to be studied in WDP-induced 
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inflammation. Since the TLR pathway can be activated by different alarmins, the end 

stage products of this pathway are worth consideration. Expression of TNF-α gene was 

investigated. Surprisingly, expression of this gene was significantly reduced in 

monocytes from arthroplasty patients when compared with ES-OA. When comparing 

between arthroplasty groups, the TNF-α expression in monocytes from revision patients 

were significantly reduced compared to stable primaries. These findings contradicted 

the findings of Flecher et al. (2009), who demonstrated that monocytes isolated from 

hip revision patients showed an increased level of TNF-α (Flecher et al. 2009). 

However, this increase was only observed when the monocytes were treated with 

lipopolysaccharide (LPS), compared with current study where the TNF-α expression 

was measured directly without external inflammatory stimulation. On the other hand, 

the expression of IL-1β, another pro-inflammatory cytokine, was expressed equally in 

monocytes from ES-OA and arthroplasty patients. Monocytes from revision patients 

showed a significant increase in IL-1β expression when compared with primary stable 

arthroplasty patients. This increased expression of IL-1β indicates that these monocytes 

were exposed to pro-inflammatory mediators in the circulation. In periprosthetic tissue, 

the macrophages ingested with WDP tend to release NALP3 inflammasome and cleave 

the pro-IL-1β, leading to secretion of active IL-1β, causing pathological osteolysis 

(Burton et al. 2013). This inflammasome may have the same effect on the circulating 

monocytes adjacent to inflamed synovium, thus, the activated monocytes upregulate the 

release of IL-1β. This scenario was  observed in an in vitro study where monocytes-

derived macrophages treated with polyethylene particles were shown to increase IL-1β 

expression (Boynton et al. 2000).  

Monocytes have a life span of ~2-3 days in the circulation before migrating into local 

tissues to become macrophages or undergoing apoptosis (Hunter et al. 2009). In 

inflammatory conditions, the binding of cytokines such as M-CSF on monocyte can 
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extend their survival through the MAPK pathway and suppress apoptosis through a 

caspase 3 and 9 mediated signalling pathway (Hunter et al. 2009). They reported that, in 

human peripheral blood monocytes, growth factors such as M-CSF and GM-CSF, 

bacterial cell wall products like LPS and inflammatory cytokines such as IL-1β, tumour 

necrosis factor (TNF)-α, and IL-18 promote monocyte survival by inducing Akt1 

phosphorylation and kinase activity. However, suppressing Akt1 activation can lead to 

an increase in caspase-3 and caspase-9 activity. (Hunter et al. 2009). In a previous 

study, it was reported that monocyte activated with LPS, the MAPK intracellular 

signalling pathways i.e. extracellular signal-regulated kinases (ERK) 1 and 2 and c-Jun 

N-terminal kinase (JNK) were also upregulated to elevate survival factors (Guha and 

Mackman 2001). In PMMA WDP-induced inflammation, Abbas et al. (2003) 

demonstrated that bone marrow macrophages actively upregulated MAPK related 

pathways (Abbas et al. 2003). However, the MAPK upregulation in circulating 

monocytes from arthroplasty patients has yet to be fully explored. In the present study, 

the MAPK1 and M-CSFR gene expression were observed in more than 50% of 

monocyte population from arthroplasty patients when compared with ES-OA. There 

was a significant positive association in expression observed between MAPK1 and M-

CSFR in monocytes from this cohort. Moreover, the caspase-3 expression was below 

the average range in monocytes from almost all the arthroplasty patients and the        

ES-OA. It was reported that the DNA fragmentation and caspase-3 activation mediated 

through phosphoinositide 3-kinase can be reversed by M-CSF in normal human 

monocytes (Goyal et al. 2002). Collectively, it was understood that the activation of   

M-CSFR in monocytes could be one of factors that controls the downstream cascade for 

survival signalling involving MAPK1 and involves in reversing the cascapse-3 activity, 

which can induce apoptosis in naïve circulating monocytes.   
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Integrin alpha L (ITGAL) also known as lymphocytes function-associated 1 (LFA-1) 

is a receptor present primarily on leukocytes including lymphocytes and monocytes. 

This receptor can mediate the leukocyte binding to endothelium through ICAM-1, -2, -3 

and -5 (Schittenhelm et al. 2017).  Auffray et al. (2007) demonstrated that the ITGAL is 

crucial for the crawling stage of monocytes during transendothelial migration. They 

reported that by blocking monocyte ITGAL with an ITGAL antibody, they can be 

released completely from attaching onto endothelium (Auffray et al. 2007). Moreover, 

ITGAL expression in monocyte from patients with reactive arthritis was significantly 

increased when compared with OA patients (Köller et al. 1999). However, ITGAL 

expression in monocytes in arthroplasty patients has yet to be explored. In the present 

study, the expression of ITGAL expression was significantly reduced in monocytes 

from arthroplasty patients when compared with ES-OA. The reason for this fall has not 

been fully understood.  

C1qR1/CD93 is a cell surface protein involves in the regulation of monocyte cell 

adhesion and phagocytosis (Jeon et al. 2010). This receptor mainly binds complement 

component C1q and a part of the larger receptor complex including mannose-binding 

lectin (MBL2) and pulmonary surfactant protein A (SPA), enhancing monocyte 

phagocytosis. In WDP related inflammation, C1q can act as a danger signal and 

opsonising agent that mediates monocyte/macrophage phagocytosis activity via CD93 

receptor (Konttinen et al. 2014).  However, the expression of CD93 on circulating 

monocytes of arthroplasty patients has not yet been elucidated before. In this study, 

majority of monocyte from arthroplasty patients was shown an increased magnitude of 

C1qR1 expression above the average level when compared ES-OA patients.  Moreover, 

a transcriptomic study shows that classical monocyte demonstrated a greater propensity 

for CD93 expression (Martinez 2009). These findings indicate that CD93 could be one 
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of the receptors that mediate phagocytosis in monocytes or classical monocyte subtype 

in arthroplasty patients.   

Although, the CCR2 receptor on circulating monocyte was investigated using flow 

cytometry analysis, the expression level of CCR2 gene was also explored to understand 

the production of new CCR2. It was observed that the expression of CCR2 gene was 

significantly reduced in monocytes from arthroplasty patients when compared with ES-

OA patients. This drop was also parallel with the CCR2 receptor availability in 

monocyte from arthroplasty patients when compared with ES-OA patients. The reason 

for this fall has not been fully understood. However, a similar outcome was reported on 

CCR2 expression on tissue injected with UHMWPE in mice model by Ren and co-

researchers (2014). They found that the subcutaneous membrane that was injected with 

UHMWPE particles demonstrated a reduced CCR2 expression compared with control 

group (PBS) (Ren et al. 2014). Although the settings of this experimental work and the 

current study are not comparable, their outcomes provide an idea of CCR2 gene 

expression compared with CCR2 receptors at the protein level.            

In the present study, the interaction network between interleukin-13 receptor α1 

(IL13Rα1) and tyrosine kinase 2 (TYK2), identified amongst RTCM derived proteins, 

provided information about macrophage fusion activity associated with anti-

inflammatory characteristic in periprosthetic tissue. However, the effect of this activity 

on circulating monocytes across the endothelial lining is interesting also. This is mainly 

because the priming of circulating monocytes with macrophage fusion and/or anti-

inflammatory proteins such as IL-13 and IL-4 may facilitate this population to fuse 

become FBGC upon migration when encountering WDP >10 µm  (Brodbeck and 

Anderson 2009). In this study, the IL13Rα1 expression was significantly increased in 

monocytes from arthroplasty patients when compared with ES-OA patients. This 
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finding confirms the idea that these circulating monocytes may have been primed to 

bind with the cognate ligand, IL-13. However, the binding of IL-13 with IL13Rα1 alone 

is weak, unless IL13Rα1 paired with IL4Rα to form a complex, which enhances IL-13 

binding (Hart et al. 1999). However, in the represent study, the significant increase in 

expression of IL13Rα1has given a chance to understand the monocyte functional 

commitments such as towards the FBGC formation. This notion was further supported 

by an in vitro study where  the monocyte-derived macrophages incubated with IL-13 

demonstrated an increased FBGC formation. This finding also explains that IL-13 

induces the phosphorylation of Jak1, Jak2, Tyk2 and subsequent activation of STAT6, 

leading to expression of macrophage mannose receptors, which induces the macrophage 

fusion (DeFife et al. 1997).  

In the present study, an inflammatory pathway activated mainly through IL-6 and  

IL-10 was studied based on STAT3 expression (Shuai and Liu 2003). Purdue et al. 

(2006) reported that wear debris can inhibit signalling by anti-osteoclastogenic 

cytokines, such as INF-γ and IL-6 (Purdue et al. 2006). These cytokines signal via the 

JAK-Stat pathway, with INF-γ principally activating Stat1 and IL-6 primarily activating 

Stat3 (Shuai and Liu 2003). The inhibition of JAK-Stat signalling involves at least two 

mechanisms including MAP kinase activation (Sengupta et al. 1998, Ahmed and 

Ivashkiv 2000) and induction of suppressors of cytokine signalling (SOCS) (Kubo et al. 

2003). It was reported that SOCS1 inhibits INF-γ activation of Stat1 and SOCS3 

inhibits IL-6 activation of STAT3. Therefore, it was noted that particles can trigger 

multiple pathways involving MAP kinase activation and SOCS3 induction that can 

inhibit IL-6 signalling. In the present study, the STAT3 expression in circulating 

monocytes from arthroplasty patients was marginally downregulated when compared 

with ES-OA patients. This finding suggests the notion that the downregulation of 

STAT3 in circulating monocytes of arthroplasty patients could be an indication of 
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osteoclast precursor activation prior to migrate into periprosthetic tissue. Therefore it is 

worth to measure the STAT3 and other JAK-Stat pathway associated signals in protein 

level to further confirm the osteoclast precursor activation among the circulating 

monocytes in arthroplasty patients.    

WDP-induced inflammation can change the systemic profile by increasing soluble 

factors, which are capable of activating circulating monocytes and inducing subsequent 

trans-endothelial migration (Fiorito et al. 2003). However, the effect of this 

inflammatory profile on the phagocytic potential of circulating monocytes, prior to 

transendothelial migration, has not been fully explored. In the present study, the 

phagocytosis potential of monocytes was investigated utilising the glass adherent 

monocytes of ES-OA and arthroplasty patients with confocal imaging. This technique 

permitted measurements of the quantity of LB uptake based on the total red 

fluorescence intensity per cell. The total number of LB uptake per cell was measured 

using Image-J software. Although Image-J analysis is well accepted, it is difficult to 

distinguish accurately between aggregated LB at low magnification. Therefore, the 

images captured at 40X-zoom magnifications covering in average of more than six 

cells/image field were used to distinguish individual LB during analysis. An increased 

uptake of LB in monocytes from arthroplasty patients was observed when compared 

with ES-OA patients. This finding suggests that monocytes from arthroplasty patients 

may have been primed to undertake phagocytosis activity prior to their transendothelial 

migration. Moreover, it was speculated that the increased number of CD11b receptors 

on monocytes of arthroplasty patients could be one of the reasons for this enhanced 

phagocytosis activity. It was noted that apart from mediating cell adhesion, CD11b, a 

component of the complement receptor 3 (CR3), can also facilitate monocyte 

phagocytosis. Just recently,  Lukácsi et al. (2017) reported that monocytes treated with 

bio-particles showed an increase in phagocytosis activity using CR3 (CD11b/CD18) 
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axis (Lukácsi et al. 2017). Thus, an increased availability of CD11b receptor and 

phagocytosis activity of monocyte from arthroplasty patients appeared to be a specific 

functional characteristic in arthroplasty patients. 

The next set of study results addressed the third hypothesis, which specified that the 

characteristics of monocytes would be altered in response to mediators from revision 

synovial tissue. A microfluid dynamic system is considered as an ideal method to 

observe the monocyte migration in response to mediators in in vitro. This is because in 

physiological conditions, leukocyte activation, initial adhesion, rolling and 

transendothelial migration progress in a capillary microenvironment with fluid flow and 

in which the cells are subjected to different levels of shear stresses. These shear stresses 

play an important role in monocyte-endothelial binding kinetics (Hsiai et al. 2003).  In 

the present study, such a facility was not available and therefore, the migration assay 

was performed under static conditions. Although this model has some limitations that 

need to be addressed, it embodies important elements of the environment at a site of 

inflammation in vivo (Muller and Luscinskas 2008). It permits a reductionist approach 

that allows direct observation, quantitative analysis, and manipulation in ways that are 

currently impossible to attain in the living organism (Muller and Luscinskas 2008). 

Moreover, it is suitable for evaluating multiple variables (e.g. blocking antibodies or 

inhibitors) in parallel and can even be adapted for high throughput screening. This assay 

allows direct experimentation with the actual molecules i.e. MCP-1 that would be 

relevant in in vivo condition. Further advantages of using this assay include that it has 

been proven reliable, reproducible, and predictive of results obtained in in vivo 

conditions, therefore this technique was adopted to test the third hypothesis of this 

study. The transmembrane that selected for this study was perforated by 3-μm pores, 

which are 3 times smaller than an average size of a monocyte. The main reasons for this 

selection were that the mediators from the conditioned media in the bottom well would 
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be able to diffuse into the pores of the membrane of the insert well and active migratory 

behaviour would be required of the monocytes for them to end up at the other side of 

the membrane following the concentration gradient of the mediators (Limame et al. 

2012). In physiological conditions, monocyte migration is assisted by the endothelial 

lining that provides the necessary adhesion molecules, thus diapedesis can be successful 

(Čejková et al. 2016). However, in experimental conditions testing the inflammatory 

status of chemotactic molecules and consequences for the leukocytes, the intervention 

of endothelial cells could be an option or an additional complicating variable. Indeed, 

transendothelial migration is mainly used to test the invasion potential of cells rather 

than direct response to the mediators that used as a testing component (Justus et al. 

2014).  

In the current study, cell migration was observed and quantified using phase contrast 

inverted light microscopy and images captured for cell count using image-J software. 

The ideal method to measure the total migrated cells would be either direct cell count or 

cell viability test. However, due to a limited permitted sample volume and thus starting 

cell number, the experimental setting with relative replicates and considering the main 

testing parameters; FACs, gene expression and phagocytosis assay, this was not 

feasible. Therefore, indirect cell counts were performed on images captured at 10X 

magnification, which covers about 80% surface of 12-well plate, using image-J 

software. Although this technique has some limitations including issues around 

distinguishing overlapped cells accurately, the evaluation of representative images 

captured at 10X magnification allowed identifying single cells supporting an estimate of 

total cell number. Furthermore, it was found that the cells were mostly centred rather 

than evenly distributed around the migration well. However, multiple random images 

were captured to avoid bias and the average value was presented as the total cell count. 

From this cell count analysis, it was observed that the cell migration was significantly 
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higher in MCP-1, OACM and RTCM when compared with SFM. Monocyte migration 

was greater in RTCM when compared with MCP-1. This finding indicates that the cell 

migration was driven by chemotactic molecules present in the conditioned media rather 

than a passive migration due to gravitational force. Moreover, the pattern of increasing 

migration from MCP-1 to OACM to RTCM indicates the chemotactic activity of 

molecules present in these TCM. Cell migration was observed in SFM (spontaneous 

migration control). This migration activity could be due to a pre-activated status or 

priming of monocytes by circulating inflammatory mediators creating a predisposition 

to migrate regardless of the lack of any chemoattractant. On the other hand, the 

overwhelming monocyte response to MCP-1, a specific chemokine for directed 

migration, confirms that monocyte migratory activity from the orthopaedic patients, is 

inducible, selective and responsive to this stimulus. 

FACs analysis was also conducted on migrated cells, using the established antibody 

panels and gating strategy, to investigate the proportion of CD14
+
 monocyte migrated 

and alteration in their availability of surface receptors in response to OACM and RTCM 

and baseline controls (SFM and MCP-1). The SSC versus FSC plot confirmed that 

monocytes were the main population that migrated in OACM and RTCM and they were 

comparable with MCP-1 migration. This finding suggests that the mediators present in 

the OACM and RTCM were specific for monocyte chemotaxis. When the SSC and FSC 

plots of non-migrating monocyte from PBMNCs and migrating (SFM, MCP-1, OACM 

and RTCM) monocytes were overlaid, an increased granularity in RTCM migrated 

monocyte was observed. Boudjeltia Zouaoui et al. (2006) reported similar increase in 

granularity of CD14
+bright

 monocyte and found a positive association with cholesterol, 

LDL-c and apolipoprotein (ApoB) level of patients. They identified this phenomena as 

being monocytes taking up different forms of chemically modified lipids and 

lipoproteins from their environment (Zouaoui Boudjeltia et al. 2006). In the present 
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study, the ApoB found in RTCM could be one of the reasons for the increased 

monocyte granularity. 

In this study, the percentage count of migrated monocyte was estimated from non-

migrating monocytes of PBMNCs from ES-OA, primary and revision arthroplasty 

patients. A significant increase in CD14
+
/ classical monocyte percentage count was 

observed in response to OACM and RTCM when compared with MCP-1 or SFM. This 

increased migration activity of monocyte in OACM and RTCM indicates an 

inflammatory profile is associated with these conditions. This notion is supported by 

proteomes of RTCM and OACM, which demonstrated acute inflammatory response as 

one of the major clusters of proteins (APCS, APOA2, CFB, CPN2, FN1, IGHG1, 

IGHG2, IGHG3, IGHG4, IGKC, SERPINA1, SERPINF2). Serum amyloid A (APCS), 

an acute phase alarmin, can mediate monocyte migration activity through binding with 

N-formyl peptide receptor-like 1 (FPRL1), a seven-transmembrane G protein-coupled 

receptor (Su et al. 1999). 

Using the FACs percentage count of monocytes migrating in response to SFM, 

MCP-1, OACM and RTCM and in comparison with non-migrating PBMNCs 

monocytes, it was considered that monocyte activation or priming in circulation might 

have enhanced the monocyte to response to mediators from TCM. Monocytes activated 

differentially depending on orthopaedic status of patients i.e. ES-OA, primary or 

revision can be further stimulated differentially depending on complexity of mediators 

in the conditioned media i.e. MCP-1, OACM or RTCM. Furthermore, this hierarchical 

migration activity has been demonstrated in this orthopaedic context for the first time.  

When periprosthetic or revision synovial tissue derived macrophages ingested WDP  

from arthroplasty implant, CCL2/MCP-1, CX3CL1 and IL-8 are released (Konttinen et 

al. 2014). This activates the endothelial lining facilitating circulating monocyte 
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migration following chemotactic gradients of these mediators (Goodman and Ma 2010). 

In the present study, the effect of RTCM in modulating the availability of functional 

surface receptors among monocytes upon migration was explored. The CCR2 

availability was reduced in monocytes responding to MCP-1, OACM and RTCM when 

compared with SFM. This fall can be explained by the mechanism in which, upon the 

binding of CCR2 with CCL2/MCP-1 during chemotactic migration, the CCR2-CCL2 

complex is internalised in clathrin-coated vesicles, destined for the short-loop recycling 

pathway and returned back to plasma membrane by filamin to maintain high 

responsiveness (Volpe et al. 2012, Pons et al. 2016). However, the 3 h migration 

duration in this study may not be sufficient for the monocyte to recycle the CCR2 back 

to plasma membrane.  

When investigating CX3CR1 and CXCR2 availability, a similar fall was observed on 

migrating monocyte in OACM and RTCM but not in MCP-1. This can be explained by 

similar phenomena as for CCR2. This time, the CCR2 availability was not affected by 

MCP-1 mediated monocyte migration. This is mainly because only CCR2 was occupied 

by CCL2 from the MCP1-media and the complex may have been internalised, but the 

CX3CR1 and CXCR2 receptors remained available for FACs antibody binding. This 

scenario may be different in OACM and RTCM migrating monocytes. Two difficulties 

exist for any explanation.  Firstly, while circulating the monocyte CX3CR1 and CXCR2 

may have already been occupied by the cognate CX3CL1 and IL-8, respectively, and 

subsequently internalised as part of the receptor-ligand homeostasis. However, the 

second difficulty is that neither CCL2, CX3CL1 nor IL-8 was identified in the 

proteomes of OACM or RTCM. The unexpected low abundance of chemokines in 

RTCM/OACM may have been because they were denatured during the proteomics 

sample preparation. Therefore, an immune-precipitation technique; commonly used as 
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an enrichment tool for low abundant proteins targets, or ELISA techniques could be 

more suitable to detect these proteins in OACM and RTCM (Kaboord et al. 2015).  

In the migration assay, CD11b gated monocytes migrating in RTCM was 

significantly increased when compared with SFM. This finding supports the early 

speculation that WDP-induced mediators could have modulated the availability of 

CD11b and maintained it while the migration activity is undertaken. Moreover, the 

functional roles of migrated monocytes seemed to be directed towards support of the 

local tissue macrophages in managing WDP. Miyanishi et al. (2003) found that hip 

periprosthetic tissue macrophages also showed an increased CD11b availability 

(Miyanishi et al. 2003). This integrin is not only involved in facilitating monocyte-

endothelial cell interaction via ICAM-1 during transendothelial migration, but, it is also 

crucial during pre-osteoclast stages prior to mature osteoclast formation (Matsubara et 

al. 2012).  

Miyamoto K et al. (2009) reported that MCP-1 is involved in osteoclast 

differentiation (Miyamoto et al. 2009). In the present study, DCSTAMP availability 

was significantly increased in monocytes migrated in MCP-1. Although the underlying 

mechanism between MCP-1 activated monocytes and DCSTAMP availability has not 

been elucidated yet, the MCP-1 initiated osteoclast formation among monocyte 

population would require DCSTAMP during the fusion stage of the formation of a 

multinucleated osteoclast. It was reported that MCP-1 deficient OPC showed a reduced 

in DCSTAMP availability (Miyamoto et al. 2009). In the present study, DCSTAMP 

availability in RTCM migrating monocyte was marginally increased suggesting that 

monocytes might be primed to undergo cell-cell fusion. However, whether the 

monocytes were maturing into osteoclasts needs further evaluation.  
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MPA formation has been shown to increase the adhesive and invasive capacity of 

monocytes with activated endothelium through ICAM-1 and VCAM-1 when compared 

with platelet-free monocytes (da Costa Martins et al. 2006). Moreover, MPA can 

upregulate inside-out integrin activation and increase the chances of monocyte 

transmigration. In the present study, MPA formation among the migrating monocyte 

was observed. The MFI of CD42b among migrating monocyte in SFM, MCP-1, OACM 

and RTCM was reduced by ~10-fold lower than that of circulating monocytes from ES-

OA or arthroplasty patients. This finding indicates that platelet assisted migration would 

be effective only during initial stages of monocyte activation and adhesion but not after 

the migration. Van Gils et al. (2008) reported that >94% of MPA dissociated their 

platelets upon transmigration (van Gils et al. 2008). They found that the dissociation 

was not due to a reduced binding capacity of monocytes, but mainly by P-selectin 

redistribution to the rear end of the migrating monocyte and also mechanical stress 

during the transmigration process (van Gils et al. 2008).  

In the present study, the fold-expression of S100A8 gene was significantly increased 

in RTCM migrating monocyte. It has been shown that various cytokines including IL-6, 

TNF-α and IL-10 can upregulate the JAK pathway, which activates STAT3 and 

translocation of STAT3 into nucleus activating the promoter region for S100A8 and 

S100A9 expression (Zheng et al. 2015). In the present study, the increased fold 

expression of TNF-α and STAT3 in RTCM migrated monocytes was also detected. 

These findings support the notion of JAK-STAT3 pathway activation that mediates 

S100A8 expression. Furthermore, a significantly increased expression of IL-1β in 

monocytes migrated in RTCM was observed, expression was raised an exceptional  

180-fold higher in monocytes from revision patients in response to RTCM. These 

findings are in agreement with the proteomics data that demonstrated the presence of 

various pro-inflammatory mediators in RTCM including complement proteins (C4, C5 
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and C6), Apolipoproteins (ApoA1 and A2) and S100 family (S100A11 and S100A4) all 

of which can upregulate the TNF-α and IL-1β expression in monocytes. 

Mitogen-activated protein kinase 1 (MAPK1), also known as extracellular signal-

regulated kinase 2 (ERK2) is proline-directed serine/threonine kinase crucial in cell 

cycle and survival (Noordin and Masri 2012). In the present study, this gene was studied 

to understand the cell cycle of monocytes primed with WDP-induced inflammation. 

Miyanishi K et al. 2003 reported that the exposure of monocytes/macrophages to 

titanium particles upregulated phosphorylated-MAPK 1/2 within 30 minutes suggesting 

the involvement of early response of survival gene to wear debris particles (Miyanishi et 

al. 2003). They postulated that the phosphorylation of MAPK 1/2 could be due to the 

ligation of titanium particles with CD11b receptors. This notion supports the finding of 

this study where a significant increase in CD11b in monocytes either from arthroplasty 

patients or migrated monocytes in response to RTCM could be responsible for an 

increased expression of MAPK1. In addition, this finding suggests the idea that 

monocyte survival could be increased prior to perform migration in response to wear 

particles stimulation from periprosthetic tissue, otherwise will die spontaneously by 

apoptosis (Ziegler-Heitbrock 2014).  Although, gene expression such as MAPK 1 is not 

directly equated with protein expression such as CD11b, it gives an idea to understand 

the monocyte survival management in response to mediators derived from WDP-

induced inflammation. 

In this study, the C1qR1/CD93 was significantly increased in expression in 

monocytes from ES-OA, primary and revision patients in response to RTCM when 

compared with SFM or MCP-1. This increased expression of CD93 could be an 

indication of an enhanced cell adhesion and phagocytic role in monocytes 

(Nepomuceno et al. 1999). It has been reported that an inhibition assay using anti-CD93 
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mAbs severely impaired phagocytic activity mediated by mannose-binding lectin and 

pulmonary surfactant protein (Nepomuceno et al. 1999). However, the integral factors 

that upregulate expression of CD93 have not been fully elucidated. Jack et al. (1994) 

suggested that stimulation of CD93 expression on the cell surface of peripheral blood 

mononuclear cells might be mediated by inflammatory peptide N-formyl-l-methionyl-l-

leucyl-l-phenylalanine (fMLP) (Jack et al. 1994). However, the intracellular signalling 

transduction mechanisms including phosphorylation by protein kinases in monocyte 

remain poorly understood (Ikewaki et al. 2006).    

The CCR2 expression in migrated monocytes from SFM to MCP-1 to OACM to 

RTCM demonstrated a descending trend. These findings suggested that the monocytes 

could have been undergoing differentiation, maturing into macrophages, as part of 

monocyte functional commitment following migration into a local tissue. Fantuzzi et al. 

(1999) found a loss of CCR2 mRNA expression and parallel increase in MCP-1 

secretion in cultured monocytes (Fantuzzi et al. 1999). They described this phenomenon 

as a feedback mechanism triggered as monocytes undergo differentiation into 

macrophage.  

The IL13Rα1, which plays an important role in macrophage differentiation, is mainly 

expressed in anti-inflammatory M2 macrophage subset (Sheikh et al. 2015). An 

increased magnitude of IL13Rα1 expression in monocytes from primary arthroplasty 

patients in response to OACM and RTCM suggests these cells could have been initiated 

into a differentiation process for an anti-inflammatory macrophage subset. However,      

3 h migration is a very short duration in which to confirm the ultimate fate of migrated 

monocytes; these cells would need continued maintenance in appropriate culture 

systems. IL-4 and IL-13 are the ligands for the IL13Rα1, however, Graber et al. (1998) 

reported that B cells treated with these chemokines in 48 h culture duration 
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downregulated the expression of IL13Rα1 (Graber et al. 1998).  They found that CD40 

(TNF receptor superfamily member 5) was the regulator for the IL13Rα1, unfortunately, 

this study was based on B cells, not monocytes. In OA synovium, the alternative 

macrophages (M2) differentiation and FBGC formation are mainly responding to 

resolve the TLR mediated pro-inflammation caused by cartilage fragment in synovial 

region  (Oehler et al. 2002). However, in periprosthetic tissue, the monocyte into  M2 

differentiation or FBGCs formation are crucial to manage the continued inflammation 

caused by accumulating WDB-related inflammation (Gordon and Martinez 2010). 

The transcription factor NFATc1 is the main regulator in OCP for differentiation into 

and specific genes expressed by osteoclasts (Takayanagi 2007). This transcription factor 

is mainly controlled by serine/threonine phosphatase calcineurin. The activation of 

calcineurin by intracellular Ca
2+

 and subsequent dephosphorylation of the serine 

residues in NFATs leads to exposure of their nuclear-localization signal and 

translocation into the nucleus. The activation of RANK by its ligand RANKL induces a 

sustained oscillation of intracellular Ca
2+

 and maintains an efficient nuclear 

translocation of NFATc1 (Negishi-Koga and Takayanagi 2009). In addition, Fox et al. 

2008 reported that TGF-β primed monocytes can also be differentiated into osteoclast 

within 24 h by regulating expression of NFATc1 (Fox et al. 2008). In the present study, 

an increased expression of NFATc1 in RTCM migrating monocytes suggested these 

cells might have been primed towards the osteoclast lineage. However, no changes in 

RANK expression suggested that the translocation of NFATc1 in migrating monocytes 

could be mediated by TGF-β, which has been found in RTCM. Therefore, a comparable 

study to verify osteoclastogenic differentiation potential of monocytes in response to 

RTCM or OACM is worth to consider. This study will allow to confirm the specific 

monocyte functional commitments in response to mediators from RTCM comparing to 

OACM.   
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The phagocytosis activity is one of the major functional commitments required when 

monocytes undergo transendothelial migration into inflamed periprosthetic or revision 

synovial tissue. In this study, the phagocytosis assay was performed to understand the 

effect of mediators derived from WDP-induced inflammation in RTCM and compared 

with an OA derived profile from OACM for migrating monocytes phagocytic potential. 

An initial attempt was made to perform the phagocytosis assay using UHMWPE wear 

debris isolated from joint simulator (images was provided in literature review section), 

to mimic the best condition as in in vivo. However, issues such as floating particles due 

to a lower density than the culture media and imaging options to measure the number of 

particles taken up were intractable. Therefore, 1-µm fluorescence LB, able to sediment 

adjacent to cells with gentle centrifugation, was used to study the phagocytic potential 

of migrating monocyte. Moreover, available imaging options such as CLSM to identify 

LB uptake, facilitated this approach much more sensitively. Positive phagocytosis of LB 

by migrating cells was confirmed using SEM imaging. The micrographs demonstrate 

the extension of filopodia to internalise the LB, especially in OACM and RTCM 

migrating cells. In RTCM migrating cells, finger-like projections for capturing the LB 

were also observed. This finding confirms that the LB phagocytosis was an active 

response of migrating monocyte to MCP-1, OACM and RTCM. The image-J analysis 

indicates a significant increase in uptake of LB/cell by migrating monocytes in response 

to MCP-1 (8±5), OACM (7±5) and RTCM (7±5) when compared with SFM (2±3). This 

finding suggests that these conditions promoted the phagocytosis commitment of 

migrating monocytes. It is apparent that CCR2 signalling transduction when paired with 

CCL2/MCP-1 not only mediates monocyte chemotaxis, but also activates monocyte 

phagocytic potential (Roca et al. 2009). Several of the mediators from RTCM and 

OACM could be responsible for an enhanced phagocytic potential in monocytes. Based 

on the GO protein clustering of proteomes, the predominant proteins (IGHA1, IGHA2, 
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IGHG1, IGHG2, IGHG3, IGHG4, IGHM and IGKC), related to phagocytosis 

recognition in RTCM could be the main factors that enhanced the phagocytic potential 

in migrated monocytes. There are numerous receptors that could mediate the phagocytic 

activity either in opsonised or non-opsonised dependent manner. For opsonic-mediated 

phagocytosis involving complement factors and immunoglobulins, the binding through 

Fcγ receptors or CD93 can be initiated in monocytes (Indik et al. 1995, Steinberger et 

al. 2002). This notion is in agreement with the finding which significant upregulation of 

the phagocytic receptor, CD93, was found in migrating monocytes from all orthopaedic 

cohorts in response to RTCM. This receptor mediates phagocytosis through the C1q 

ligand. However, in the present study, phagocytosis of LB without any opsonic agents 

was performed. This mode of phagocytosis activity on foreign bodies is important to 

understand a spontaneous cellular action in innate immunity (Gu et al. 2014). The 

receptors that can interact directly with non-opsonised particles can be classified as 

class A (macrophage receptor with collagenous structure) and class B (transmembrane 

receptors) (Arredouani et al. 2005). Gu et al. (2010) identified that monocytes can 

mediate phagocytosis on non-opsonised particles though P2X7-non-muscle myosin 

heavy chain IIA complex (Gu et al. 2010). Therefore, it was considered that monocyte 

phagocytic activity could be orchestrated either using macrophage receptor with 

collagenous structure or transmembrane receptors. However, further investigation needs 

to be conducted to confirm this notion.  
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7.2 Clinical implication of this study  

It is clear from the findings of this study that monocyte characteristic is diverse 

between orthopaedic cohorts and also activated differentially in response to either 

OACM or RTCM. Although this study is preliminary and considerable further 

investigation would be needed before these observations could be developed for clinical 

applications, it has produced a number of ideas that might underpin further 

experiments:- 

1) The proteomes of RTCM can be used as a list of proteins for further 

investigation the presence of these proteins in serum and/or synovial fluid of 

arthroplasty patients. These proteins can be used to understand the stages in 

WDP-induced inflammation in arthroplasty patients and progression towards 

osteolysis.  

2) The monocyte profile either the alteration in percentage count, surface receptors 

or phagocytic potential might be useful as a diagnostic tool to estimate the stages 

of WDP-induced inflammation in arthroplasty patients.  

7.3 Future research work 

Promising results obtained from the present study have provided the rationale to 

investigate further the roles of monocytes in WDP-induced inflammation in arthroplasty 

patients. While it is clear that future studies should consider larger numbers of revision 

patients, other complementary studies such as tracking types of circulating monocytes 

i.e. classical, intermediate or non-classical that response to periprosthetic tissues 

implanted in subcutaneous region of animal models and involve in FBGC or osteoclast 

formation.  
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7.4 Further in vitro study 

7.4.1 Proteomics validation: 

The unique proteins found in the RTCM need to be validated further either using 

individual ELISA or multiplex protein analysis. Moreover, the validated proteins can be 

used as screening proteins in the serum of arthroplasty patients. This approach can 

provide validated answers to support examine the stages of WDP-induced inflammation 

in local tissue via systemic circulation. Furthermore, the alteration in monocyte 

characteristic relative to these proteins under in vitro conditions will further allow 

understanding of the ultimate role of these proteins in defining monocyte fate at local 

inflamed periprosthetic or revision synovial tissue. Thus, potential biomarkers to stage 

progressive loosening in arthroplasty patients can be selected from this protein list.     

7.4.2 Transendothelial invasion study: 

Transendothelial migration is important to mimic the physiological and structural 

barrier at which monocytes interact with endothelial lining prior to migration into 

inflamed periprosthetic or revision synovial tissue. The microvascular endothelial cell 

line, which possesses the characteristic of endogenous endothelium, could be a good 

option in the transwell model. The interaction of monocyte with the endothelial cell 

upon activation with RTCM could answer the final interactions of monocyte surface 

receptors, mimicking the pathophysiological condition.  

7.4.3 Osteoclast activity: 

In the present study, monocyte functional commitments were investigated based on 

their gene expression profile and phagocytic commitment. However, one hallmark of 

the osteolysis that causes aseptic loosening is when monocytes fuse successfully to 

become bone degrading osteoclasts. Therefore, the ultimate fate of monocytes either 

before or after migration in response to RTCM should be investigated using an 
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osteoclast assay as stated in previous published article (Wang et al. 2018). Briefly, the 

monocytes either from arthroplasty patients or migrated in response to SFM, MCP-1, 

OACM or RTCM will be seeded on dentine slices in 96-well plate and incubated with 

specific medium (α MEM + L-Glutamine), 100 Units/mL Penicillin and 100 μg/mL 

Streptomycin, 10% FBS, and 30ng/ml M-CSF for 24 hours at 37 °C, 5% CO2 to allow 

the attachment of cells. The wells will be washed once and cells will be cultured at 

37 °C, 7% CO2 with the medium being replaced every 2-3 days for 17 days to allow 

time for resorption. The cells will then be fixed in ice cold 10% buffered formalin, 

TRAP stained and counterstained by haematoxylin (Agrawal et al. 2012). The number 

of resorbing osteoclasts, which are defined as a TRAP positive cell in or in close 

proximity to resorption pits and the amount of resorption (area of excavated surface) per 

dentine disk will be quantified. 

7.4.4 WDP-induced conditioned media: 

During methods development, attempts were made to prepare monocyte WDP-

induced conditioned media using simulator derived UHMWPE wear debris. Bovine 

serum containing WDP generated from knee or hip simulator after various gait cycles 

was generously donated by Biomet research laboratory, Warsaw, USA. However, due to 

constraints in the debris isolation technique, this method was not continued for further 

experiments. In the future, the alteration in monocyte characteristic in response to 

MWDP-CM will be investigated as this can be used as a potential comparison group to 

further validate the monocyte response to RTCM, which contains non-specific 

mediators to WDP-induced inflammation.    
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7.4.5 The role of platelet: 

Platelets play a crucial role in monocyte migration. However, the role of platelets in 

mediating monocyte migration in WDP-induced inflammation has not been explored 

before. Therefore, the platelet activation and subsequent monocyte transendothelial 

migration in response to RTCM will be investigated. Antiplatelet medication is widely 

available and its use could be explored in in vitro monocyte transmigration experiments. 
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CHAPTER 8: CONCLUSION 

8.1  Conclusion 

This study has revealed that the proteome derived from revision synovial tissue 

contains a combination of pro- and anti-inflammatory mediators and proteins associated 

with osteoclast activity that differed from OA synovial derived proteins. The specificity 

of these differential proteins in supporting WDP-induced inflammation and subsequent 

osteolysis could be investigated further. This could facilitate a shortlist of proteins to be 

evaluated in the systemic circulation of arthroplasty patients with the potential to 

support the recognition or progression of osteolytic activity. Furthermore, these proteins 

could be part of the mechanism by which monocyte characteristics have been altered in 

arthroplasty patients and are distinct from those proteins from any further OA they may 

have. Alterations in the monocyte percentage count and functional surface receptors 

suggest this cell type has been primed to extend its half-life in the circulation and to 

undertake cell adhesion, migration and commitment to an early stage of FBGC and/or 

osteoclast formation. These notions are also well correlated with their gene expression 

profile that is indicative of FBGC and/or osteoclast formation. Likewise, the increased 

phagocytosis potential in circulating monocytes from arthroplasty patients is 

comparable with the phagocytosis recognition protein clustering recognised from 

revision synovial tissue derived proteins. This suggests that the phagocytic role of 

circulating monocytes can be initiated by localised production and release of 

inflammatory mediators.   

Aligning the observations of circulating monocyte characteristics with their 

concomitant responses to tissue mediators in a migration model provides a simple, yet 

elegant technique to understand further the potential destinies of migrating monocytes 

in revision synovial tissues. Although the increase in circulating monocyte count differs 

between orthopaedic cohorts, their migration activity is primarily modulated by the 
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range and concentration of chemoattractants, regardless of orthopaedic cohort.  This 

was confirmed when circulating monocytes were subjected to either a specific 

chemokine, MCP-1 or to complex chemoattractants conditions, OACM or RTCM. 

However, the differing spontaneous migration activity of circulating monocytes from 

primary and revision arthroplasty patients, found in non-stimuli SFM condition, 

indicated their primed status. The more extensive investigations of surface receptors on 

migrated monocytes from ES-OA, primary and revision arthroplasty patients confirmed 

no significant alterations regardless of different conditions. That, these conditions 

stimulated the migration of specific monocyte populations was revealed by their surface 

receptor profiles. This phenomenon is different when considering migrated monocyte 

gene expression profiles. The restricted gene expression profile determined in migrated 

monocytes from different orthopaedic cohorts is altered and is, seemingly, in response 

to mediators from different orthopaedic conditions. The variation found between surface 

receptor data and gene expression profile suggests that, in three hours, migrating 

monocytes may not have had sufficient time to produce new or to recycle occupied 

receptors. However, this scenario is different in gene expression, which leads to two 

possible alternatives, 1) The genes specific to monocyte functional roles responded 

faster or 2) The monocyte with particular genes active could migrate preferentially and 

hence retain similar surface receptor profiles. The enhanced phagocytic potential found 

in migrating monocytes from ES-OA, primary and revision arthroplasty patients in 

different conditions suggests that monocytes are directed towards phagocytosis, 

although different mediators could be responsible for activating this decision in the 

different circumstances.  

In summary, characteristic of monocytes between stable primary and revision 

arthroplasty patients is comparable but specific and different from those of ES-OA 

patients. Together with and in addition to these differential characteristics, monocyte 
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developmental fate is driven towards WDP-induced inflammation differently from OA 

related inflammation. These features provide opportunities for intervention. 

8.1.1 Summary in graphical illustration    

The summary of this study was incorporated in graphical illustration to demonstrate 

the monocyte in circulation and hence their response to WDP-induced inflammation in 

revision synovial tissue (Figure 8.1). 
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Figure 8.1: The summary of this study in graphical illustration. 1) Pro-

inflammatory and alternative macrophage (M2) proteins are produced due to 

internalised WDP in revision synovial tissue, 2) Monocytes and/or Macrophages 

are fused into FBGC to internalise larger WDP, 3) Monocytes and/or 

Macrophages are fused into mature osteoclast that causes periprosthetic osteolysis, 

4) Circulating monocytes are being primed by mediators that diffused from local 

inflamed synovial tissue into systemic circulation and the number and 

characteristics altered, 5) Monocytes are directed for migration in response to local 

tissue mediators following chemotactic gradient, 6) Migrating monocyte 

characteristic is altered in local tissue, 7 - 9) Monocyte maturation into M2, FBGC 

and/or osteoclast  in response to WDP-induced inflammation is yet to be 

confirmed. (ANXA2: Annexin A2, ABL1: ABL Proto-Oncogene 1, CTSD: 

Cathepsin D, CSTB: Cystatin B, C3: Complement 2, C4: Complement 4, CFB: 

Complement factor B, CHIT1: Chitinase 1, M2: Alternative macrophage 2, OCP: 

Osteoclast precursor, PECAM: Platelet endothelial cell adhesion molecule, ICAM: 

Intercellular adhesion molecule, IL-1β: Interleukin-1β and TNF-α: Tumour 

necrosis factor-α. 
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APPENDIX E: Detergent compatible protein assay 

Standard Assay Protocol 

Preparation of working reagent 

1. Add 20 µL of reagent S to each ml of reagent A that will be needed for the run. 

(This working reagent A' is stable for one week even though a precipitate will 

form after one day. If precipitate forms, warm the solution and vortex. Do not 

pipet the undissolved precipitate, as this will likely plug the tip of the pipet, 

thereby altering the volume of reagent that is added to the sample.) If samples do 

not contain detergent, you may omit step #1 and simply use reagent A as 

supplied. 

2. Prepare 3 - 5 dilutions of a protein standard containing from 0.2 mg/mL to about 

1.5 mg/mL protein. A standard curve should be prepared each time the assay is 

performed. For best results, the standards should always be prepared in the same 

buffer as the sample. 

3. Pipet 100 µL of standards and samples into clean, dry test tubes. 

4. Add 500 µL of reagent A' or A (see note from step 1) into each test tube. Vortex. 

5. Add 4.0 mL reagent B into each test tube and vortex immediately. 

6. After 15 mins, absorbances can be read at 750 nm. The absorbances will be 

stable at least 1 h. (See Troubleshooting Guide for recommendation on using a 

wavelength other than 750 nm.) 

Microplate Assay Protocol 

Preparation of working reagent  

1. Add 20 µL of reagent S to each ml of reagent A that will be needed for the run. 

(This working reagent A' is stable for 1 week even though a precipitate will form 

after 1 day. If precipitate forms, warm the solution and vortex. Do not pipet the 

undissolved precipitate, as this will likely plug the tip of the pipet, thereby 

altering the volume of reagent that is added to the sample.) If samples do not 

contain detergent, you may omit step #1 and simply use reagent A as supplied. 

2. Prepare 3 - 5 dilutions of a protein standard containing from 0.2 mg/mL to about 

1.5 mg/mL protein. A standard curve should be prepared each time the assay is 

performed. For best results, the standard should be prepared in the same buffer 

as the sample. 

3.  Pipet 5 µL of standards and samples into a clean, dry microtiter plate. 

 


