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Abstract 18 

Osteoarthritis (OA) is a whole-joint disorder, and non-cartilage articular pathologies, e.g. 19 

subchondral bone disturbance, contribute substantially to the onset and progression of the disease. 20 

In the early stage of OA, abnormal mechanical loading leads to micro-cracks or micro-fractures that 21 

trigger a reparative process with angiogenesis and inflammatory response. With the progression of 22 

disease, cystic lesion, sclerosis and osteophytosis occur at tissue level, and osteoblast dysfunction at 23 

cellular level. Osteoblasts derived from OA sclerotic bone produce increased amount of type I 24 

collagen with aberrant Col1A1/A2 ratio and poor mineralization capability. The coupling 25 

mechanism of bone resorption with formation is also impaired with elevated osteoclastic activities. 26 

All these suggest a view that OA subchondral bone presents a defective fracture repair process in a 27 

chronic course. It has been found that T and B cells, the major effectors in the adaptive immunity, 28 

take part in the hard callus formation at fracture site in addition to the initial phase of haematoma 29 

and inflammation. Infiltration of lymphocytes could interplay with osteoclasts and osteoblasts via a 30 

direct physical cell-to-cell contact. Several lines of evidence have consistently shown the 31 

involvement of T and B cells in osteoclastogenesis and bone erosion in arthritic joints. Yet the 32 

biological link between immune cells and osteoblastic function remains ambiguous. This review 33 

will discuss the current knowledge regarding the role of immune cells in bone remodelling, and 34 

address its implications in emerging basic and clinical investigations into the pathogenesis and 35 

management of subchondral bone pathologies in OA. 36 
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Introduction 39 

Osteoarthritis (OA) is a prevalent debilitating musculoskeletal disorder mainly afflicting the 40 

load-bearing joints, e.g. knee and hip. Given the fact that current treatment options fail to delay or 41 

prevent OA, the disease is far more complex than we thought. The traditional view of OA was a 42 

“wear and tear” problem of articular cartilage. A growing body of evidence suggests that it is not the 43 

case. First, OA is a whole-joint disorder, and non-cartilage articular pathologies such as synovial 44 

inflammation and subchondral bone disturbance contribute substantially to the initiation and 45 

progression of disease(Wen et al., 2014). Second, OA is not simply a mechanical problem but an 46 

inflammatory disease(Berenbaum, 2013). OA resembles a chronic wound healing process with an 47 

activated innate immune system in a non-specific manner(Scanzello et al., 2008). It is believed that 48 

the toll-like receptors on articular chondrocytes bind ligands such as hyaluronic acid, fibronectin 49 

and alarmins in synovial fluid triggering inflammatory responses in OA cartilage lesion(Kim et al., 50 

2006, Schelbergen et al., 2012). As a consequence, the elevated inflammatory mediators such as 51 

complement 5 lead to destruction of articular cartilage in OA(Kapoor et al., 2011). Besides, it has 52 

been noticed that inflammatory cells, consisting of macrophage and T lymphocytes, infiltrate in the 53 

synovial tissues among over 50% of OA patients(Sakkas and Platsoucas, 2007). 54 

OA was firstly differentiated from the other types of joint disorders such as rheumatoid 55 

arthritis (RA) based on the hypertrophic changes of subchondral bone seen in OA. Radiological 56 

findings of subchondral bone changes have been adopted to assess the severity of OA 57 

clinically(Kornaat et al., 2006). It includes bone marrow lesions (BMLs), osteophytosis, 58 

subchondral cyst and sclerotic changes etc. The presence of BMLs and cystic lesion correlate with 59 

the severity of pain, a major complaint of OA patients(Kornaat et al., 2006), rather than articular 60 

cartilage damage(Torres et al., 2006). In addition, such alterations in subchondral bone appeared to 61 

predict the risk of cartilage loss and the needs for arthroplasty surgery(Ding et al., 2007, Tanamas et 62 

al., 2010b, Hunter et al., 2006, Tanamas et al., 2010a). It implies the subchondral bone as a 63 

therapeutic target to rescue OA(Wen et al., 2014). It was found that the micro-cracks or micro-64 

fractures occur at osteochondral junction as a result of the abnormal mechanical loading in the early 65 

stage of OA(Zhen et al., 2013, Burr and Radin, 2003). The incurred angiogenesis and inflammation 66 

may not only alter the process of subchondral bone modelling and remodelling(Zhen et al., 2013), 67 

but also alter the metabolism of overlying cartilage(Ashraf et al., 2011, Mapp and Walsh, 2012, Suri 68 

and Walsh, 2012). Disturbances in subchondral bone were usually attributable to elevated 69 

osteoclastic and osteoblastic activities as suggested by a histomorphometric study performed a long 70 

time ago(Reimann et al., 1977). Accordingly, bone anti-resorptives and anabolics were proposed as 71 

treatment options for OA(Karsdal et al., 2014). Pippenger and colleagues’ work which 72 

demonstrated high abundance of osteoblasts and macrophages in OA subchondral bone(Pippenger 73 



 

 

et al., 2015) leads us to believe that the activation of the immune system in micro-fracture healing 74 

process in subchondral bone deserves far more attention. The aim of this review is to discuss the 75 

current knowledge regarding the crosstalk between immune and bone cells during bone remodelling 76 

and to identify the information gap between osteoimmunology and the pathogenesis of OA (figure 77 

1). It will potentially provide a new insight in the importance of osteoimmunology in OA. 78 
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Role of subchondral bone 80 

Interplay between bone and cartilage in the pathogenesis of OA 81 

Whilst the most obvious hallmark of OA is the loss of articular cartilage which cushions the 82 

joint and reduces gliding friction during movement, the subchondral bone is just as important - 83 

homeostasis and integrity of articular cartilage rely on the biochemical and biomechanical interplay 84 

with subchondral bone(Lories and Luyten, 2011). In the 1970s, it was proposed that hardening of 85 

subchondral bone would increase the risk of the “wear and tear” problem of overlying cartilage in 86 

OA(Radin et al., 1972). The mechanical properties of subchondral plate and subchondral trabeculae 87 

were examined later on(Li and Aspden, 1997b, Li and Aspden, 1997a). Reports on stiffness or 88 

elastic modulus of OA bone were mixed – Li and Aspden saw an increase(Li and Aspden, 1997a), 89 

Coats and colleagues observed a reduction(Coats et al., 2003), while Brown and colleagues could 90 

not see any significant change(Brown et al., 2002). In addition, the size of subchondral bone does 91 

matter for the progression of OA - expansion of subchondral bone was found to be associated with 92 

cartilage loss in OA patients(Ding et al., 2007). Together, the relationship between bone and 93 

cartilage in pathogenesis of OA resembles a “shoe” and “foot” relationship. In this sense, the 94 

disproportional changes of subchondral bone (“shoe”) and overlying cartilage (“foot”) will wear the 95 

“foot” more rapidly, by which it contributes to the disease progression. 96 

The bone-cartilage interface is composed of hyaline and mineralized cartilage, subchondral 97 

bone plate and underneath trabecular bone(Madry et al., 2010). As a transitional zone from soft to 98 

hard tissues, it is susceptible to injury under mechanical loading, thus “micro-fractures” and “neuro-99 

vascularization” are often observed at the bone-cartilage interface in human OA specimens(Burr 100 

and Radin, 2003, Suri and Walsh, 2012, Mapp and Walsh, 2012). The accumulation of micro-101 

fractures at the interface may activate bone remodelling process(Bettica et al., 2002, Botter et al., 102 

2011). As a result, the growth factors embedded in bone matrix such as transforming growth factor-103 

β (TGFβ) are released in the osteoclast-mediated resorption process at the early stage of OA as 104 

shown in a rodent model with anterior cruciate ligament (ACL) transection(Zhen et al., 2013). 105 

Enhanced TGFβ signalling is accompanied by perfusion abnormality, enhanced angiogenesis and 106 

marrow oedema in subchondral bone. In the meantime, subchondral bone plate porosity is also 107 

increased at the early stage of OA(Botter et al., 2011), which facilitates growth of blood vessels and 108 

nerves into articular cartilage from subchondral bone. 109 

It is believed that the degeneration of articular cartilage is related to a complex network of 110 

biochemical pathways involving the diffusion of catabolic factors and mediators within and 111 

between different joint tissues, particularly in bone and cartilage. An osteoblasts/chondrocyte co-112 

culture system was employed to explore the role of bone/cartilage tissue communication in 113 

OA(Sanchez et al., 2005, Prasadam et al., 2010). The release of matrix-degrading enzymes such as 114 



 

 

matrix metalloproteinases (MMPs), mainly MMP-3 and -13, are responsible for cartilaginous 115 

matrix degradation in OA. It was found that osteoblasts derived from OA subchondral bone could 116 

induce healthy chondrocytes to a pro-catabolic phenotype, which was characterized by increased 117 

expressions of MMP-3 and -13, and reduced production of aggrecans(Prasadam et al., 2012, 118 

Sanchez et al., 2005). On the other hand, the chondrocytes in osteoarthritic cartilage may also be 119 

influential on the fate of osteoblasts(Prasadam et al., 2012, Prasadam et al., 2010). OA chondrocytes 120 

are able to increase the expression of MMP-1 of normal osteoblasts and enhance osteoblast 121 

differentiation, whereas normal chondrocytes are not(Prasadam et al., 2012). These studies may not 122 

reflect the real bone-cartilage communication at the initiation and progression of OA as the cells 123 

were harvested from end-stage disease tissues. On the other hand, Priam and colleagues established 124 

a novel bone–cartilage communication model to screen for soluble mediators released by loaded 125 

osteoblasts/osteocytes which may induce a pro-catabolic phenotype of articular chondrocytes(Priam 126 

et al., 2013). It was postulated that novel soluble mediators secreted by OA bone cells upon 127 

mechanical stimuli may activate the chondrocytes to produce degradative enzymes. In order to 128 

screen for soluble proteins involved in this cross-talk, iTRAQ secretome was adopted to identify 129 

differentially secreted proteins when the osteoblasts are under mechanical stress. Although the 130 

preliminary results were encouraging and a soluble protein (14-3-3e) has been identified, the role of 131 

this protein in the pathophysiology of OA remains to be elucidated. 132 

 133 
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Pathophysiology of subchondral bone disturbance 135 

Subchondral bone undergoes constant adaptation in response to physiological and 136 

biomechanical changes. It may suffer from abnormal mechanical loading, e.g. joint instability after 137 

ligament injury, overweight, or weakening muscles with aging. In the situation of abnormal 138 

mechanical loading, subchondral bone may develop bone marrow oedema, also known as “bone 139 

bruising” or “bone marrow lesion” (BML) (Link et al., 2003). BML is an early MRI diagnostic 140 

feature of OA closely correlated with severity of pain(Carotti et al., 2017) and is useful in predicting 141 

the rate of cartilage loss in knee OA patients(Tanamas et al., 2010b, Felson et al., 2007, Hunter et 142 

al., 2006). Histomorphologically, the presence of BML is associated with perfusion abnormalities, 143 

e.g. increased vascular permeability and ischemia(Lee et al., 2009, Aaron et al., 2007), formation of 144 

fibro-vascular tissue and under-mineralised sclerotic bone (Hunter et al., 2009, Shabestari et al., 145 

2016). Whilst the key feature of bone marrow oedema is excessive accumulation of fluid in the 146 

marrow, studies have also demonstrated an increase of inflammatory cytokines like IL-6, IL-17F 147 

and IL-23(Zhu et al., 2017) and infiltration of immune cells in BML as well as a pro-inflammatory 148 

transcription profile with a significant portion involving cytokine signalling pathway and B-cell & 149 

T-cell activation(Kuttapitiya et al., 2017). 150 

Subchondral bone cyst (SBC), previously known as “pseudo-cysts” or “geodes”, is a major 151 

radiological finding in OA closely associated with BML. It is often present in femur, tibia, patella, 152 

and shoulder of OA patients(Tanamas et al., 2010a, Tanamas et al., 2010b). SBC commonly occurs 153 

underneath the joint’s surface, subjected to major mechanical loading where the articular cartilage is 154 

severely damaged(Guermazi et al., 2012, Crema et al., 2010). It was reported in a longitudinal MRI 155 

study that SBC originates in the very same region as BMLs in knee OA patients(Crema et al., 156 

2010). The presence of SBC, in conjunction with BMLs, is associated with the severity of pain(Link 157 

et al., 2003), and is a significant predictor for tibial cartilage volume loss and risk of joint 158 

replacement surgery in patients with knee OA(Tanamas et al., 2009). Occurrence of SBC can 159 

increase intraosseous pressure(McErlain et al., 2011) and correlates with increased bone turnover 160 

and greater cartilage deterioration (Chen et al., 2015). Moreover, the size of SBCs correlates with 161 

the degree of mineralization of surrounding trabecular bone(Chiba et al., 2012) – this implies SBC 162 

plays a significant part in high turnover of subchondral bone disturbance in the pathophysiology of 163 

OA(Chiba et al., 2012). 164 

To understand the progression of subchondral bone disturbance in OA, researchers have 165 

looked into various rodent posttraumatic OA models, and several have successfully reproduced the 166 

development of BML and SBC in these models(Jones et al., 2010b, McErlain et al., 2012, Zhen et 167 

al., 2013). Zhen and colleagues observed an initial increase in blood flow in subchondral region in 168 

response to ligament injury, and increased diffused hyperintensity in subchondral region of knee 169 



 

 

joints at one-month post-injury in MRI, signifying water retention otherwise known as bone 170 

marrow oedema. Histologically, they have observed an increase of osteoclast-mediated bone 171 

resorption and angiogenesis(Zhen et al., 2013). The MRI hyperintensity lasted for 2 months after 172 

severe triad injury(Jones et al., 2010b). Impaired vascular supplies contribute to BML, 173 

osteonecrosis and subsequently to the development of SBC after ACL transection plus medial 174 

meniscectomy in a rodent model(McErlain et al., 2012). BML and SBC are likely results of 175 

uncoupled bone resorption and formation due to the incurred mechanical instability.  176 

The composition of subchondral bone matrix is dramatically changed in OA, especially at late 177 

stage of disease(Coats et al., 2003, Li and Aspden, 1997a, Li and Aspden, 1997b, Mansell and 178 

Bailey, 1998). Naturally, the mineral content of bone decreases with aging process, but the organic 179 

content increases in proportion accordingly(Li and Aspden, 1997a, Li and Aspden, 1997b). 180 

However, the organic phase of OA bone does not increase when the mineral content decreases, 181 

suggesting a defect in extracellular matrix formation(Li and Aspden, 1997a, Li and Aspden, 1997b). 182 

Low mineral to collagen ratio suggests a greater proportion of osteoid in the diseased tissue. The 183 

hypo-mineralization can be attributed to the altered alpha-1 to alpha-2 chain ratio in the 184 

composition of collagen type I in the subchondral zone of osteoarthritic samples(Kerns et al., 2014, 185 

Couchourel et al., 2009). This mechanically weak matrix, which provides poorer physical support to 186 

the articular cartilage, is thought to be one of the factors that worsen OA progression. 187 

Temporal changes of subchondral bone have been thoroughly investigated in experimental 188 

OA models(Jones et al., 2010b, McErlain et al., 2012, Zhen et al., 2013). Surgical transection of 189 

anterior cruciate ligament (ACL) or medial meniscectomy was performed in order to mimic 190 

incurred mechanical joint instability in clinical scenarios. In the situation of abnormal mechanical 191 

loading, subchondral bone presented diffused water signals in bone marrow in the initial 192 

phase(McErlain et al., 2012, Zhen et al., 2013). Such detained water signals might arise from 193 

leakage of the newly formed blood vessels with high permeability, which leads to haematoma or 194 

oedema formation(McErlain et al., 2012, Zhen et al., 2013, Lee et al., 2009, Aaron et al., 2007). 195 

Normally, bone tissue is capable of self-regeneration without scar tissue formation. However, OA 196 

subchondral bone appears to be incapable of full recovery. Instead, fibro-vascular tissue and under-197 

mineralised sclerotic bone develop in the injured site(Hunter et al., 2009). In more severe cases, 198 

osteonecrosis and cystic lesions may arise from chronic bone marrow oedema (McErlain et al., 199 

2012). All these findings support a view that the pathological process of OA subchondral bone 200 

resembles delayed or failed fracture healing. 201 
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Cellular basis of osteoblast dysfunction 203 

Naturally, osteoclastic and osteoblastic activities are precisely orchestrated to maintain 204 

balance between bone resorption and formation(Henriksen et al., 2009). Imbalance between 205 

osteoclastic and osteoblastic activities will lead to metabolic disorders of the bone such as 206 

Osteoporosis (OP) and OA. Reimann and colleagues have done a thorough quantitative 207 

histomorphometric analysis about uncoupled bone remodelling in hip OA (Reimann et al., 1977). 208 

Osteoclastic and osteoblastic activity was increased in OA subchondral bone by 190% and 96% 209 

respectively, indicating enhanced bone turnover rate. It is worth noting that the increase in activity 210 

was lower for osteoblasts than osteoclasts, yet paradoxically net bone gain rather than bone loss was 211 

observed in OA. It implies that dysregulated osteoblast-mediated bone formation may play a 212 

distinct role in the pathophysiology of OA in addition to the elevated osteoclastic activity. 213 

The bone remodelling process involves local communication between osteoclasts and 214 

osteoblasts as well as interplay of osteocytes and mesenchymal stem cells (MSCs)(Henriksen et al., 215 

2009). It is known that bone marrow MSCs rather than mature osteoblasts (lining cells) migrate to 216 

resorption pits on bone surface for osteogenic differentiation and bone formation to replace the 217 

damaged bone tissue(Park et al., 2012). Rollin and colleagues performed a couple of studies to 218 

characterise OA MSCs. The authors reported altered proteome with high percentage of metabolic 219 

enzymes and significant increase in the migration response of OA MSCs to platelet-derived growth 220 

factor-BB(Rollin et al., 2008b). Furthermore, they demonstrated significantly increased total TGF-221 

b, TGF-b1 isoform, TBR-II, and TBR-III mRNA expression in OA MSCs(Rollin et al., 2008a). 222 

These results indicate activation of OA BMMSCs in response to chemotactic signals sent by the 223 

altered subchondral bone in an attempt to heal damaged tissue. Although OA MSCs display aging-224 

related loss of proliferation capacities, they did not show gross osteogenic abnormality(Jones et al., 225 

2010a). So, it was postulated that OA osteoblast dysfunction is attributed to the altered niche for 226 

osteogenic differentiation of MSCs in bone marrow. MSCs derived from BML in OA subchondral 227 

bone show slower proliferation and lower mineralization capacity(Campbell et al., 2016). It is 228 

speculated that the inflammatory milieu of the BML alters properties of MSCs, but the exact 229 

underlining biomolecular mechanism remains unclear. 230 

OA osteoblasts tend to produce more type I collagen compared to normal osteoblasts, albeit 231 

at an abnormal alpha-1 to alpha-2 chain ratio. Subsequently, this atypical matrix cannot be fully 232 

mineralised, resulting in formation of sclerotic bone. Aside from altered matrix production, OA 233 

osteoblasts also express high levels of inflammatory cytokines, e.g. transforming growth factor β1 234 

(TGFβ1), prostaglandin E2 (PGE2), cyclooxygenase-2 (COX-2), TNFα, IL1β, interleukin-6 (IL6), 235 

etc.(Massicotte et al., 2002, Sanchez et al., 2008). The overexpression of inflammatory cytokines is 236 

believed to signifcantly contribute in subchondral bone disturbance, as neutralizing excessive 237 



 

 

TGFβ1 in OA osteoblasts is able to correct the abnormal collagen production(Couchourel et al., 238 

2009). 239 

Osteocyte is an often overlooked cell type which plays a vital role in the regulation of bone 240 

remodelling(Henriksen et al., 2009). Apoptotic signals released by osteocytes near micro-cracks, 241 

formed by excessive mechanical stress, can lead to increased osteoclastogenesis and thereby 242 

resorption of the deteriorated bone matrix. Meanwhile, osteocytes regulate bone formation through 243 

the production of sclerostin (SOST). SOST, a ligand for LRP5, prevents the WNTs from activating 244 

bone formation. Emerging evidence showed that OA osteocytes undergo significant morphologic 245 

and biochemical alterations(Jaiprakash et al., 2012, Appel et al., 2009). The number of osteocyte 246 

lacunae in OA bone is much higher than in osteoporotic fractured bone and the individual lacuna 247 

size in OA is smaller. OA osteocytes also differ drastically in terms of appearance as well as gene 248 

expression profiles. They appear to be rougher with rounded cell bodies and fewer disorganized 249 

dendrites compared to normal osteocytes(Jaiprakash et al., 2012). The expression of SOST is 250 

significantly reduced in OA osteocytes, which in turn augments WNT signalling to promote 251 

osteogenic differentiation of MSCs and bone formation(Jaiprakash et al., 2012, Appel et al., 2009). 252 

253 



 

 

Immune cells activation in fracture healing  254 

Bone fracture healing is a complex process involving four main steps, namely hematoma, 255 

inflammation, callus formation and bone remodelling(Ono and Takayanagi, 2017). Immune cells 256 

i.e. macrophages, T and B cells participate actively in the healing process by migrating into the 257 

fracture site to serve various functions(Ono and Takayanagi, 2017). T and B cells, the major 258 

effectors in immune response, are involved in osteoclastogenesis and bone catabolism. It is believed 259 

that the crosstalk between immune cells and bone cells lies in the OPG/RANKL 260 

(osteoprotegerin/receptor activator of nuclear factor kappa-B ligand) system. Typically, RANKL 261 

secreted by osteocytes can bind to RANK on the surface of osteoclast precursors to initiate 262 

osteoclastogenesis for bone resorption during remodelling process(Xiong et al., 2011). However, it 263 

was more recently found that immune cells could be another source of RANKL for 264 

osteoclastogenesis, e.g. B lymphocytes(Manilay and Zouali, 2014). Specific knockout of RANKL 265 

in B cells can partially prevent bone loss as demonstrated in an ovariectomised rodent model(Onal 266 

et al., 2012). On the other side, B cells can also produce OPG, a soluble decoy receptor of RANKL 267 

that suppresses bone resorption process by interacting with RANK(Kong et al., 1999), which might 268 

paradoxically limit bone loss under certain circumstances(Choi and Kim, 2003). The intimate 269 

relationship between B cells and skeletal system implies B cells could be a potential therapeutic 270 

target for inflammatory bone loss in arthritis(Manilay and Zouali, 2014). Putting this into 271 

perspective, Rituximab, an anti-CD20 antibody that depletes mature B cells, has been approved for 272 

the treatment of RA(Chan and Carter, 2010). It is worth bearing in mind, however, that B-cells play 273 

a more pivotal, prominent role in the pathogenesis of this specific type of arthritis. 274 

On the other hand, the interplay between immune cells and osteoblasts remains ambiguous. 275 

It was once reported that osteoblast function is compromised in inflamed joints(Walsh et al., 2009). 276 

Inflammatory cytokines produced by the immune cells, such as TNF-α and interleukin 1β (IL1β), 277 

might interfere with osteoblastic function via up-regulation of Wnt signalling antagonists in arthritic 278 

joints, e.g. Dickkopf and secreted Frizzled-related protein families. It is worth noting that there are 279 

still debates on the actual effects of these inflammatory cytokines on osteoblasts. For example, the 280 

effects of TNF-α on bone cells, stimulatory or inhibitory, are dose-dependent in vitro(Osta et al., 281 

2014). 282 

The role of immune cells in bone regeneration has also been investigated in fracture healing 283 

models(Konnecke et al., 2014, Toben et al., 2011, Nam et al., 2012, Reinke et al., 2013). It was 284 

reported that during fracture healing, there is an initial surge of T and B cells infiltration into the 285 

injured site. Then during soft callus formation, T and B cells are withdrawn from the site. A second 286 

surge occurs during mineralization of the callus. In the time course of the crucial mineralization 287 

stage, immune cells developed direct cell-to-cell contact with osteoclasts and osteoblasts(Konnecke 288 



 

 

et al., 2014). Thus, it is believed that T and B cells play a regulatory role in bone modelling 289 

(regeneration) and remodelling. In an animal study performed by Toben and colleagues, fracture 290 

healing process was accelerated with faster mineralized callus formation in RAG1-/- mice, which 291 

cannot form mature T and B cells(Toben et al., 2011). This finding connotes that infiltration of 292 

immune cells into the callus is detrimental for fracture healing. B cell is a dominant immune cell 293 

type in the hard callus both in terms of cell abundance and function(Konnecke et al., 2014). It was 294 

underdetermined whether B cells also play a dominant role in the late stage of fracture healing. The 295 

effects of T cells on osteoblasts are far more complex and the subsets of T cells may play different 296 

or even contradictory roles in bone regeneration(Nam et al., 2012, Reinke et al., 2013). The 297 

terminally differentiated effector memory CD8+ T cells (TEMRA) are long-lasting in peripheral blood 298 

of patients with delayed fracture healing(Reinke et al., 2013). CD8+ TEMRA cells overexpress 299 

interferon-γ (IFN γ) which inhibits osteogenic differentiation of MSCs. Understandably, depletion 300 

of CD8+ T cells promotes the formation of hard callus, and transplantation of CD8+ T cells does 301 

the opposite and leads to fracture non-union(Reinke et al., 2013). In contrast, another subset of T 302 

cells, IL-17F-producing T cells, is believed to trigger osteoblast maturation in the early stage of 303 

fracture healing(Nam et al., 2012).  304 

305 



 

 

Current knowledge of osteoimmune crosstalk in OA 306 

Subchondral bone disturbance plays a pivotal role in OA(Hugle and Geurts, 2017). To 307 

further understand OA progression, biomolecular signalling which interferes with bone metabolism 308 

needs to be considered. Since bone-turnover and inflammation are closely connected, they share a 309 

lot of cytokines, transcription factors and molecular pathways(Ginaldi and De Martinis, 2016). To 310 

start with, T and B lymphocytes are able to express RANKL and can consequently directly 311 

influence bone resorption once they have invaded into the subchondral bone(Ginaldi and De 312 

Martinis, 2016). Immune cell infiltration in subchondral bone marrow has been documented in OA 313 

(figure 1), although it is relatively mild compared to the other types of arthritis, in which 314 

inflammation takes the central stage, e.g. rheumatoid arthritis and ankylosing spondylitis(Appel et 315 

al., 2006, Bugatti et al., 2005). T cells play an important role in osteoimmunology in posttraumatic 316 

OA. In an ACL transection OA mouse model, CD4+ T cells were found to infiltrate into the entire 317 

joint tissue, not only in synovium but also in subchondral bone and articular cartilage one month 318 

after the surgery(Shen et al., 2011). Klein-Wieringa and colleagues’ study on human end-stage knee 319 

OA confirmed this finding by demonstrating presence of activated CD 4+ cells in the synovium and 320 

infrapatellar fat pad(Klein-Wieringa et al., 2016). Activation of CD4+ T cells can induce the 321 

expression of macrophage inflammatory protein 1γ (MIP-1γ) and provoke osteoclastogenesis in OA 322 

joint(Shen et al., 2011), although the number of CD4+ T cells gradually decrease later on with the 323 

progression of OA. 324 

Regulatory T (Treg) cells enrichment in the joint is not specific to inflammatory arthritis. 325 

Like RA, Treg cells are recruited to OA synovial fluid and synovium. There are a few differences in 326 

the frequency and function of CD4+/CD25+ Treg cells between OA and RA(Moradi et al., 2014). 327 

One major difference between OA and RA is that the function of Treg cells is believed to be intact 328 

in OA but impaired in RA joints(Moradi et al., 2014, Flores-Borja et al., 2008). Li and colleagues 329 

showed that during OA progression, decreased CD4+/CD25+/Tim-3+ causes reduction in IL-10 330 

secretion(Li et al., 2016). 331 

Very interestingly, in the late-stage of OA, the number of CD68+ macrophages and CD20+ 332 

B-lymphocytes were significantly higher in the sclerotic region of subchondral bone than in non-333 

sclerotic areas(Geurts et al., 2016). It has been shown, that B cells and its secretion of IL-10 are 334 

associated with delayed bone fracture healing(Sun et al., 2017b). Therefore, B cells are also 335 

suspected to have a hand in defective repair of subchondral bone in OA and further investigation in 336 

their function and crosstalk with subchondral bone and osteoclasts would bring up valuable 337 

knowledge. The influence of macrophages on the bone homeostasis has been widely 338 

discussed(Kaur et al., 2017). Its impact on OA is largely unknown, but should be carefully 339 

considered, as macrophages are known to play various roles in fracture response, tissue 340 



 

 

regeneration and bone healing(Forbes and Rosenthal, 2014, Alexander et al., 2011). In addition to 341 

the previously mentioned elevation in number of macrophages in sclerotic subchondral bone of 342 

knee OA, increased number of macrophages have been described in subchondral bone of OA facet 343 

joints, in which it is accompanied by enhanced de novo bone formation(Netzer et al., 2016). To test 344 

whether depleting macrophages can rescue OA, Wu and colleagues looked into an obese mouse 345 

model and found that depletion of macrophages not only failed to rescue post-trauma OA 346 

phenotype, but also caused higher level of systemic inflammation and invasion of CD3+ cells and 347 

neutrophils in the injured joint(Wu et al., 2017). Since depletion of differentiated macrophages can 348 

transform the bone marrow to an osteogenic environment with enhanced PTH anabolism(Cho et al., 349 

2014), a specific macrophages subtype depletion might be able to prevent OA progression. All these 350 

data underline the importance of macrophages in subchondral bone homeostasis. Further 351 

understanding of their phenotypes and interactions is very valuable for a better understanding of the 352 

disease. 353 

OA is not only a local, but plausibly a systemic inflammatory induced disease. In peripheral 354 

blood of OA patients, a significant aberrant ratio of CD4+/CD8+ cells were found(Apinun et al., 355 

2016, Ponchel et al., 2015). The highly vascularized synovium could be a gateway for systemic 356 

inflammatory cytokines to affect the joint(Hugle and Geurts, 2017). In addition to be a gateway for 357 

systemic inflammation to affect the joint, synovial membrane is also a known source of 358 

inflammatory cytokines such as IL-1, IL-6 and TNF(Larsson et al., 2015). Mast cells, which are 359 

present in greater abundance in OA synovium(de Lange-Brokaar et al., 2016), can release 360 

inflammatory cytokines and recruit innate immune cells(Kroner et al., 2017), and thereby contribute 361 

to inflammation and aggravation of subchondral bone disturbance. Another often neglected immune 362 

cell type is the natural killer cell. In synovial fluid of end-stage OA, a high presence of 363 

CD56(+)brightCD16(-)low cytotoxic NK cells was found. This cell type produces high levels of 364 

granzyme A, which may contribute to the joint inflammation(Jaime et al., 2017). Benigni and 365 

colleagues also demonstrated that among the immune cells, NK and neutrophils are the first to 366 

infiltrate the synovium during the development of OA using a collagenase-induced OA model. 367 

Furthermore, they showed that Cxcr3-/- mice were protected from disease development after injury, 368 

suggesting that the NK and neutrophils functional interaction is promoted by the CXL10/CXCR3 369 

axis(Benigni et al., 2017). Aside from synovial membrane, OA infrapatellar fat pad also contributes 370 

to the inflammatory milieu. Being colonized by macrophages and T-cells, it releases inflammatory 371 

cytokines without additional stimulation(Klein-Wieringa et al., 2016). All this evidence strongly 372 

suggests the involvement of inflammatory cells and mediators in the pathophysiology of OA, 373 

although the exact orchestra remains largely unknown. 374 

375 



 

 

Effects of bone derived growth factors on immune cells 376 

Whilst bone tissue is composed mostly of calcified collagenous extracellular matrix – 377 

around 90% by weight, other proteins are also present in the matrix. It is already known that bone 378 

tissue matrix holds a plethora of bone derived growth factors, including TGF-β superfamily which 379 

consists of TGF-βs and various bone morphogenetic proteins (BMPs), osteopontin, insulin-like 380 

growth factors (IGFs) and platelet-derived growth factors (PDGF)(Capanna et al., 2010). Upon 381 

damage of the matrix these otherwise latent growth factors could be activated and made available to 382 

the quiescent cells as signalling cues and stimulatory factors for reparative purposes, may that be 383 

endothelial cells or mesenchymal stem cells. At the same time, these factors very often interact with 384 

the immune system, since the acute phase reaction of the immune system plays a vital role in wound 385 

healing by “cleaning up” the site of injury i.e. to remove potential pathogens and debris present 386 

prior to rebuilding of the tissue (figure 1). 387 

 388 

TGF-β superfamily 389 

Members of the TGF-β superfamily are known to be abundantly present in bone 390 

matrices(Wu et al., 2016). Aside from controlling cell proliferation and differentiation during 391 

wound healing process, the TGF-β superfamily is indispensable in modulating the immune system. 392 

TGFβ1 is a multifunctional protein with dual effects in mediating inflammatory response. TGFβ1 is 393 

required for the development of interleukin-17 producing T cells (Th17) at a relatively low 394 

concentration(Mangan et al., 2006). Th17 is conceived to initiate the inflammatory phase of arthritis 395 

and induces osteoclastogenesis(Takayanagi, 2012, Kotake et al., 1999). With enhanced 396 

osteoclastogenesis, the local level of active TGFβ signalling in subchondral bone reaches its peak 397 

two weeks after induction of OA and gradually resolves afterwards(Zhen et al., 2013). High level of 398 

TGFβ1 can induce Foxp3 gene expression in the CD4+CD25- T cells and mediate the phenotypic 399 

changes toward CD4+CD25+ Treg cells with immunosuppressive potential(Liu et al., 2008). It is 400 

postulated that TGFβ1 is a possible linking factor between bone modelling/remodelling and Th17 401 

(inflammatory)/Treg (anti-inflammatory) cells development and survival. Whilst TGF-β1 is found 402 

to be a suppressor of the immune system, the effects of other factors within the TGF-β superfamily 403 

on the immune system vary and could be totally different since the BMP pathway differs 404 

siginificantly from the TGFβ pathway. BMPs act on separate sets of receptors, namely the type I 405 

BMP receptors (ALK2 &3) and type II BMP receptors (BMPRII, ACTRIIA and ACTRIIB)(Wang et 406 

al., 2014). In stark contrast against TGFβ’s effect on macrophages, BMP-6 does not inhibit 407 

macrophage activity. Quite the opposite, it is known to activate macrophages, induce the production 408 

of iNOS, TNF-alpha(Hong et al., 2009) and IL-6. BMP signalling promotes Th17 409 

differentiation(Yoshioka et al., 2012) but suppresses Treg cell generation and regulate IL-2 410 



 

 

production. BMP-2 and -4 produced by vascular smooth muscle cells can induce monocyte 411 

recruitment and inflammation(Simoes Sato et al., 2014) 412 

 413 

Osteopontin 414 

 Osteopontin (OPN), also known as bone sialoprotein I (BSP-1), is a multifunctional 44-415 

75kDa non-collagenous extracellular matrix protein. It is expressed by a huge variety of cells, 416 

including osteoblasts, osteoclasts, chondrocytes, synoviocytes, macrophages, activated T cells, etc 417 

(Clemente et al., 2016). OPN is known to play important roles in modulating inflammation, bone 418 

remodelling & mineralisation, immune functions, chemotaxis, cell activation and apoptosis(Wang 419 

and Denhardt, 2008). It is considered to be a pro-inflammatory cytokine and is known to be 420 

associated with autoimmune disorders & inflammatory diseases like multiple sclerosis, systemic 421 

lupus erythematosus, irritable bowel syndrome, rheumatoid arthritis(Rittling and Singh, 2015) and 422 

bone diseases like osteoporosis and osteoarthritis. Being associated with various autoimmune 423 

disorders and inflammatory diseases of numerous organs, it comes to no surprise that OPN plays a 424 

central role in recruiting of inflammatory cells and driving the production of cytokines. It was 425 

reported that OPN regulates T cell development, enhances differentiation along Th1 pathway, 426 

suppress Th2, and supports Th17 differentiation(Cantor and Shinohara, 2009). In an animal study, 427 

OPN was found to induce signalling pathways that lead to survival of pathogenic T cells and induce 428 

production of IL-17 by CD4+ T cells(Murugaiyan et al., 2008). OPN is also found to directly 429 

increase the proliferation of human monocytes, activate motility and proliferation of 430 

macrophages(Tardelli et al., 2016). OPN is an intrinsic regulator that plays an important role in OA 431 

progression. Increased expression of OPN has been observed in OA joints and is correlated with 432 

severity of joint lesion and inflammatory status of OA. OPN level is significantly elevated in OA 433 

patient plasma and synovial fluid(Honsawek et al., 2009, Gao et al., 2010). Release of OPN leads to 434 

induction of MMP-13 and also activates NFkB pathway(Ding et al., 2017), initiating production of 435 

inflammatory cytokines like NO, PGE2, IL-1b and IL-6. 436 

437 



 

 

Effects of inflammation on bone remodelling in OA 438 

 Inflammation is an inevitable phase of bone fracture healing, thus intrinsically inflammatory 439 

cells regulate the process by secreting inflammatory cytokines and chemotactic mediators(Osta et 440 

al., 2014), as well as growth factors, to recruit and stimulate both immune cells and progenitor cells 441 

for remodelling of the injured site. Monocytes and macrophages are capable of releasing cytokines 442 

like BMP-2, BMP-4 and TGF-β1, which can stimulate osteoblast differentiation and 443 

proliferation(Loi et al., 2016). Without sufficient macrophages, new bone deposition and 444 

mineralisation would be suppressed, as demonstrated by previous macrophage-depletion models(Vi 445 

et al., 2015). With that being said, chronic inflammation is a totally different story and may delay 446 

bone fracture healing(Claes et al., 2012).  447 

 The inflammatory cytokine TNF- α has a paradoxical role in bone fracture healing. On one 448 

hand, transient TNF- α is in favour of bone regeneration(Chan et al., 2015). It can trigger a release 449 

of secondary signalling molecules and recruitment of MSC, and together with IL-1β, promote 450 

matrix mineralisation. On the other hand, high persistent level of TNF- α can delay bone 451 

regeneration, leads to chronic inflammation and even results in rheumatoid arthritis-like 452 

symptoms(Osta et al., 2014). Other inflammatory cytokines like IL-1 and IL-6 were reported to 453 

have similar roles in bone repairing – it is evident that inflammation is vital in preparing for bone 454 

regeneration, yet chronic unresolved inflammation does the complete opposite. 455 

 Whilst there is no direct evidence on how inflammation can cause osteosclerosis of the 456 

subchondral bone, it was previously demonstrated that abundance of B-lymphocytes and 457 

macrophages were significantly higher in sclerotic subchondral bone than in non-sclerotic 458 

subchondral bone(Geurts et al., 2016), hinting inflammatory cells do participate in causing 459 

osteosclerosis in OA. A study on periosteal macrophages in bone healing pointed out that 460 

osteomacs, a subtype of macrophages, are prominent in areas of high Col1a1 deposition in activated 461 

periosteum(Alexander et al., 2017), pointing out the possible role of macrophage in osteosclerosis. 462 

Other authors also suggested TGF-β is the bridge between inflammation and fibrosis of the 463 

bone marrow(Desterke et al., 2015). Our postulation is that turbulence of TGFβ1 level after tissue 464 

injury such as subchondral bone micro-fractures might lead to activation of the adaptive immune 465 

system. Imbalance in inflammatory and anti-inflammatory cells might contribute to delayed union 466 

or non-union of micro-fractures, contributing to the hypertrophic changes of subchondral bone and 467 

the chronicity of disease. If this concept could be proven by identifying the unique pattern of 468 

adaptive immune system activation in OA, it would throw light on the development of new 469 

diagnostic and therapeutic strategies for OA. 470 

471 



 

 

Perspectives for bone drugs as treatment of OA 472 

Recently a lot of studies investigated the feasibility of rescuing OA cartilage by means of 473 

intraarticular injection(Takayama et al., 2014, Cheng et al., 2016, Nagai et al., 2014). One study 474 

demonstrated intraarticular injection of Torin 1, a mTOR inhibitor, can reduce articular cartilage 475 

damage in collagen-induced OA rabbit model (Cheng et al., 2016). Another study investigated 476 

intraarticular application of Bevacizumab, an anti-vascular endothelial factor antibody, and showed 477 

the treatment can lessen cartilage deterioration, osteophyte formation and synovitis(Nagai et al., 478 

2014). Others have conducted intraarticular therapy studies in humans. Intraarticular injection of 479 

platelet-rich plasma could relief pain in Knee OA patients(Shen et al., 2017). Despite being able to 480 

slow down cartilage damage and provide pain relief, the proposed therapies fail to stop the eventual 481 

onset of OA. 482 

Since it is known that inflammation, especially synovitis, does occur in OA and that it is one 483 

of the major sources of pain, clinicians also administered the patients with immunosuppressive 484 

drugs and anti-inflammatory drugs like steroids(Freire and Bureau, 2016) and non-steroid anti-485 

inflammatory drugs (NSAIDs)(Petite et al.). Corticosteroids are often applied intraarticular to give 486 

the patients a temporary relief of pain and gain of function of the affected joint(Richards et al., 487 

2016). NSAIDs are often used orally over long time period to reduce pain(Guyot et al., 2017). In 488 

addition, NSAIDs are reported to be able to decrease inflammatory cytokines in human chondrocyte 489 

cell lines(Sun et al., 2017a). Whilst being effective in management of symptoms, these drugs also 490 

come with potentially serious side effects – chronic use of corticosteroids is known to be associated 491 

with higher risks of cataracts, diabetes, infection and osteoporosis, and use of NSAIDs is associated 492 

with higher risk of gastrointestinal disorders and cardiovascular diseases(da Costa et al., 2017). In 493 

addition, neither class of drug is capable of attenuating or modifying the progression of 494 

OA(Richards et al., 2016, Lapane et al., 2015). This hints more specific regimen that targets the 495 

downstream effectors of OA inflammatory response may potentially be more beneficial. 496 

Amongst the pathways triggered by inflammation during OA, the Wnt and TGF-β signalling 497 

pathway are known to be essential for homeostasis of bone and cartilage metabolism(Yang et al., 498 

2001). Inhibition of TGF-β signalling specifically in subchondral bone can restore subchondral 499 

bone disturbance and attenuate the severity of articular cartilage degeneration(Zhen et al., 2013), yet 500 

TGFβ/Smad3 signalling is essential to maintain the structural integrity of articular cartilage(Yang et 501 

al., 2001). Wnt and BMP signalling are indeed activated in attempt to repair the mechanical 502 

damages of articular cartilage(Dell'accio et al., 2008, Dell'Accio et al., 2006). Injection of TGFβ1 503 

can regenerate damaged cartilage via stimulation of chondrocytes proliferation and proteoglycan 504 

synthesis. However, it also causes osteophyte formation(van Beuningen et al., 1994). It is a 505 

dilemma whether to supplement or inhibit Wnt/ TGF-β signalling to rescue OA. Therefore, it will 506 



 

 

be useful to identify the downstream mediators of Wnt/TGF-β signalling accounting for the side 507 

effects(van den Bosch et al., 2016) that occur with their reparative effects.   508 

Excessive osteoclastogenesis is another hallmark of subchondral bone inflammation. Bone 509 

antiresorptives and anabolics are candidates for structure-modifying drugs in OA(Karsdal et al., 510 

2014), e.g. alendronate and teriparatide(Hayami et al., 2004, Sampson et al., 2011). It was reported 511 

that alendronate can effectively restore subchondral bone architecture, and reduce osteophyte 512 

formation and cartilage degeneration in spontaneous(Ding et al., 2008) and instability-induced OA 513 

models(Hayami et al., 2004, Jones et al., 2010b). A more recently conducted study showed it can 514 

prevent early cartilage degeneration but it is ineffective in the long run(Khorasani et al., 2015). 515 

Teriparatide, an FDA-approved bone anabolics for osteoporosis, was introduced for treating 516 

OA(Sampson et al., 2011, Lugo et al., 2012, Bellido et al., 2011, Chang et al., 2009). Teriparatide 517 

can restore the bone loss prior to the degeneration of cartilage, as demonstrated in an instability-518 

induced OA model(Bellido et al., 2011). Teriparatide also exerts beneficial effects on the 519 

synoviopathy in OA(Lugo et al., 2012). Importantly, teriparatide promotes the proliferation of 520 

chondrocytes and inhibits the terminal differentiation towards hypertrophy, which favours the 521 

regeneration of articular cartilage in OA(Sampson et al., 2011). More investigation in bone 522 

remodelling and its modulation are needed to bring further understanding in its impact on load 523 

induced OA progression(Adebayo et al., 2017) 524 

Recently, A genome-wide screening of OA subchondral bone identified periostin and leptin 525 

as novel signalling pathways involved in the uncoupled bone remodelling(Chou et al., 2013). These 526 

findings align with the current discussions on the relationship between metabolic syndrome and 527 

OA(Berenbaum, 2012, Berenbaum et al., 2013, Zhuo et al., 2012). It has been shown that periostin 528 

is upregulated in articular cartilage(Chijimatsu et al., 2015) and might be upregulated by IL-13 in 529 

synoviocytes in OA and may upregulate the production of MMP(Tajika et al., 2017). Furthermore, 530 

expression of periostin was also found in subchondral bone(Chijimatsu et al., 2015). We 531 

hypothesize that disorders of lipid metabolism may alter the niche of MSCs in bone marrow and 532 

contribute to the osteoblast lineage cell dysfunction in OA. A systemic biology approach is 533 

proposed to analyse the osteoblast dysfunction with the integration of genome, transcriptome, 534 

proteomics and metabolomics for metabolites. 535 

 536 

Conclusion 537 

In summary, osteoblasts dysfunction plays an important part in the uncoupled bone 538 

remodelling and bone-cartilage communication at the onset and progression of posttraumatic OA. 539 

However, there is still a big knowledge gap to be filled between the influence of the immune system 540 

on osteoblasts dysfunction and subchondral disturbance. Importance of osteoimmunology on the 541 



 

 

onset and progression of OA needs further substantiation. Investigation of underlying causes may 542 

identify innovative biomarkers and novel therapeutic targets in the management of OA. 543 

 544 
Figure 1: Proposed contribution of immune cells to subchondral bone disturbance in post-traumatic 
OA 
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