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Abstract

Objectives—While various monocyte chemokine systems are increased in expression in 

osteoarthritis (OA), the hierarchy of chemokines and chemokine receptors in mediating monocyte/

macrophage recruitment to the OA joint remains poorly defined. Here, we investigated the relative 

contributions of the CCL2/CCR2 versus CCL5/ CCR5 chemokine axes in OA pathogenesis.

Methods—Ccl2-, Ccr2-, Ccl5- and Ccr5-deficient and control mice were subjected to 

destabilisation of medial meniscus surgery to induce OA. The pharmacological utility of blocking 

CCL2/CCR2 signalling in mouse OA was investigated using bindarit, a CCL2 synthesis inhibitor, 

and RS-504393, a CCR2 antagonist. Levels of monocyte chemoattractants in synovial tissues and 

fluids from patients with joint injuries without OA and those with established OA were 
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investigated using a combination of microarray analyses, multiplexed cytokine assays and 

immunostains.

Results—Mice lacking CCL2 or CCR2, but not CCL5 or CCR5, were protected against OA with 

a concomitant reduction in local monocyte/macrophage numbers in their joints. In synovial fluids 

from patients with OA, levels of CCR2 ligands (CCL2, CCL7 and CCL8) but not CCR5 ligands 

(CCL3, CCL4 and CCL5) were elevated. We found that CCR2+ cells are abundant in human OA 

synovium and that CCR2+ macrophages line, invade and are associated with the erosion of OA 

cartilage. Further, blockade of CCL2/CCR2 signalling markedly attenuated macrophage 

accumulation, synovitis and cartilage damage in mouse OA.

Conclusions—Our findings demonstrate that monocytes recruited via CCL2/CCR2, rather than 

by CCL5/CCR5, propagate inflammation and tissue damage in OA. Selective targeting of the 

CCL2/CCR2 system represents a promising therapeutic approach for OA.

INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis for which there are currently no 

disease-modifying therapies available.1 A growing body of evidence suggests that chronic, 

low-grade inflammation involving both the innate and adaptive immune systems is critical to 

the pathogenesis of OA,2–4 yet the precise underlying cellular and molecular mechanisms 

remain poorly understood. It is well documented that monocytes/macrophages infiltrate OA 

synovial tissues, and monocyte/ macrophage-derived inflammatory cytokines and 

chemokines are elevated in OA synovial tissues and fluids.5–7 Moreover, radiographic OA 

severity and joint symptoms have been shown to correlate with the number of activated 

macrophages in the synovial tissue of individuals with knee OA.8 However, the principal 

mechanisms of monocyte recruitment to the joint, namely differential contributions of 

specific chemokine–chemokine receptor axes, remain unclear.

While monocyte recruitment in the context of acute infectious inflammation has been 

extensively studied, relatively less is known about monocyte recruitment in chronic 

inflammatory diseases (eg, atherosclerosis).910 The CC chemokine receptors CCR2 and 

CCR5 as well as their cognate ligands (eg, CCL2, CCL7 and CCL8 for CCR2, and CCL5, 

CCL3 or CCL4 for CCR5) have been shown to modulate monocyte/macrophage recruitment 

in multiple inflammatory diseases.9 Indeed, several chemokines that mediate monocyte/

macrophage and their receptors are detected in OA synovial tissues and synovial fluids.1112 

Additional studies have reported that synovium from individuals with joint injuries such as 

meniscal tears, a major risk factor for OA development, have elevated chemokine expression 

suggesting that these chemokines might instigate inflammatory responses in such 

individuals.1314 Furthermore, a recent study reported that synovial fluid levels of CCL2 (or 

MCP-1) correlated positively with pain and physical disability in patients with OA.15 In line 

with this, it has been shown that deficiency in CCR2, the main receptor for CCL2, reduces 

OA-related pain mouse OA.16 Nevertheless, the functional involvement of CCL2 in the OA 

disease process and the relative contribution of the CCL2/CCR2 versus the CCL5/CCR5 

chemokine systems to monocyte recruitment in OA remains unknown. Understanding the 

processes, driving monocyte recruitment could aid in the development of novel targeted 

therapies to selectively inhibit pathological responses in OA.

Raghu et al. Page 2

Ann Rheum Dis. Author manuscript; available in PMC 2018 March 03.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



METHODS

Study approval

We studied human samples under protocols approved by the Stanford Institutional Review 

Board (IRB) and the University of Padova IRB, and with the subjects’ informed consent.

Animals

C57BL/6J, Ccr2−/− (B6.129S4-Ccr2tm1Ifc/J), Ccl2−/− (B6.129S4-Ccl2tm1Rol/J), Ccr5−/− 

(B6.129P2-Ccr5tm1Kuz/J) and Ccl5−/−(B6.129P2-Ccl5tm1Hso/J) mice were purchased from 

The Jackson Laboratory. Destabilisation of the medial meniscus (DMM) was performed as 

described previously.17–19 All animal studies were performed under protocols approved by 

the Stanford Committee of Animal Research and in accordance with National Institutes of 

Health guidelines.

Statistics

Data were analysed using two-tailed Student’s t-test or Mann-Whitney U test for parametric 

and non-parametric data, respectively. p<0.05 was considered statistically significant.

Detailed methods are described in online supplementary materials.

RESULTS

CCL2 deficiency protects against mouse OA and is associated with reduced synovial 

macrophages and inflammatory mediators

Recently, it was reported that levels of CCL2, a major monocyte chemoattractant in serum 

and synovial fluid obtained from individuals with OA correlated positively with pain and 

physical disability.15 Further, microarray analyses of genes expressed in knees of mice with 

surgery-induced OA showed that Ccl2 is upregulated as early as 6 hours and 7 days after 

surgery when there is no apparent histological changes) relative to sham-operated controls 

(see online supplementary figure S1A).1820 To evaluate whether increased Ccl2 gene 

expression was sustained through the progression of OA, we analysed synovial Ccl2 

expression at 12 weeks after DMM, when significant cartilage degradation is apparent.181921 

We found that synovial Ccl2 mRNA was significantly upregulated in DMM-operated 

compared with sham-operated mice (see online supplementary figure S1B). Notably, mining 

analyses of microarray data from knees of STR/ort mice, which spontaneously develop 

progressive OA similar to human OA starting at roughly 12 weeks of age,22 also revealed 

significant upregulation of Ccl2 relative to similarly aged OA-resistant CBA mice (see 

online supplementary figure S1C). Together, these data suggest that CCL2 might be involved 

in mechanical trauma-induced OA and in ageing-related spontaneous OA.

To directly demonstrate a pathogenic role for CCL2 in OA, we surgically induced OA via 

DMM in CCL2-deficient (Ccl2−/−) and age-matched wild-type (WT) mice. Histological 

analyses of knee joints 20 weeks after DMM revealed that Ccl2−/− mice exhibit less severe 

cartilage damage (figure 1A, B), osteophyte formation (figure 1A and online supplementary 

figure S2B) and synovitis (see online supplementary figures S2A, B) compared with WT 
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controls. Consistent with CCL2’s function as a potent monocyte chemoattractant, we found 

that macrophage numbers were significantly reduced in knee joints of Ccl2−/− mice 

compared with WT mice (figure 1C, D). Furthermore, analysis of synovial mRNA revealed 

significant reductions in inflammatory and degradative enzyme expression in Ccl2−/− 

compared with WT mice (figure 1E), suggesting that CCL2 deficiency downregulates local 

inflammatory responses in experimental mouse OA.

Reduced mouse OA and local macrophage numbers in CCR2-deficient mice

Because CCR2 is the main receptor for CCL2 and CCR2-induced monocyte recruitment has 

been shown to mediate pain in the DMM model,16 we tested whether CCR2-mediated 

monocyte recruitment contributes to the development of mouse OA. Whereas WT mice 

developed severe cartilage damage after DMM surgery, Ccr2−/− mice exhibited significantly 

less cartilage damage (figure 2A, B), synovitis (see online supplementary figures S3A, B) 

and osteophyte formation (see online supplementary figure S3B). The role of CCR2 in 

macrophage recruitment was confirmed by immunohistochemical analysis: whereas the knee 

joints of WT mice contained substantial numbers of macrophages after DMM, those of 

Ccr2−/− mice were largely devoid of such cells (figure 2C, D). Together, these findings 

demonstrate that both CCL2 and CCR2 promote inflammation and tissue damage in OA via 

mechanism(s) linked to monocyte/macrophage recruitment.

CCR5 or CCL5 deficiencies do not attenuate experimental mouse OA development or 

diminish macrophage burden in the OA knee joints

It has been well documented that while CCL2 is a potent monocyte chemoattractant, other 

chemokine–chemokine receptor systems such as CCL5/CCR5 are also involved in monocyte 

recruitment during inflammation.910 To further investigate the relative contribution of the 

CCR5/CCL5 chemokine axis in mouse OA, we surgically induced OA in CCR5 or CCL5-

deficient mice and found that 20 weeks after DMM surgery, cartilage damage was 

indistinguishable between CCR5-deficient (Ccr5−/−) and WT mice (figure 3A, B). 

Remarkably, we found no differences in macrophage numbers between WT and Ccr5−/− 

mice (figure 3C, D). Similar to mice deficient in CCR5, we found that mice deficient in 

CCL5, a major CCR5 ligand, also develop severe OA similar to that observed in WT 

controls (figure 3E, F) and have no apparent reduction in macrophage numbers in their knee 

joints (figure 3G, H). Together, our data indicate that neither CCL5 nor CCR5 is required for 

the development of OA in mice.

Increased monocyte chemoattractant proteins in human OA synovial tissue and fluid

In human OA, levels of various chemokines and chemokine receptors are abnormally high in 

the synovial fluid and synovial tissue, but little is known about the relative contribution of 

these molecules to OA pathology.1123 Unsupervised cluster analyses of publicly available 

gene expression dataset GSE32317 revealed that multiple chemokines involved in monocyte 

recruitment or macrophage accumulation are overexpressed in synovial membranes derived 

from individuals with early or end-stage OA as compared with membranes from ‘healthy’ 

joints (figure 4A). To validate this, we performed analyses of another independent dataset 

(GSE46750) and demonstrated that the same putative pathogenic monocyte chemokine 

encoding genes (eg, CCL2, CCL5, CCL19 and CXCL8) were also statistically upregulated 

Raghu et al. Page 4

Ann Rheum Dis. Author manuscript; available in PMC 2018 March 03.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



in inflamed OA synovium as compared with non-inflamed OA synovium (see online 

supplementary table S1).

Chemokines that signal via the CCR2 receptor are elevated in the synovial fluids of 

individuals with OA

Next, we analysed protein levels of various chemokines in synovial fluids of those with 

established OA, with rheumatoid arthritis (RA) or obtained from individuals with post-

traumatic joint injuries that are at increased risk for developing OA24 (labelled ‘PT non-

OA’). Consistent with the concept that OA is associated with low-grade inflammation,2526 

we found that chemokine levels were elevated in OA synovial fluids compared with PT non-

OA samples but generally lower than the levels in RA synovial fluids (figure 4B, C and 

online supplementary figures S7A, B). Importantly, the levels of multiple CCR2 ligands 

such as CCL2 (figure 4B), CCL7 (see online supplementary figure S4B) and CCL8 (see 

online supplementary figure S4C) were significantly elevated in OA synovial fluids. By 

contrast, OA levels of the major CCR5 ligands CCL5 (figure 4C) and CCL3 (see online 

supplementary figure S4D) were either undetectable or very low in these very same synovial 

fluids.

CCL2 but not CCL5 is secreted by human OA synovial fibroblasts on stimulation with 

cartilage debris

CCL2 is predominantly produced by immune cells in humans and mice. In the context of 

OA, previous studies demonstrated that chondrocytes upregulate CCL2 expression following 

inflammatory stimuli.172728 Consistent with this, we found that chondrocytes within OA 

cartilage tissues abundantly express CCL2 (see online supplementary figure S4E). We next 

tested whether synovial fibroblasts might also produce CCL2 in response to tissue injury by 

stimulating OA synovial fibroblasts with OA cartilage-derived debris, or the alarmin 

S100A8. First, we observed that unstimulated OA synovial fibroblasts abundantly secreted 

CCL2 (figure 4D), but not CCL5 (figure 4E). Next, we found that while synovial fibroblasts 

stimulated with cartilage debris or S100A8 secreted CCL2 (figure 4D), only stimulation 

with S100A8 induced robust CCL5 secretion (figure 4E). Finally, we found that CCL2 

production by both unperturbed and stimulated fibroblasts could be effectively limited using 

bindarit, a specific CCL2 synthesis inhibitor (figure 4D). Consistent with previous reports 

showing that bindarit is highly specific to the monocyte chemoattractant protein (MCP) 

subfamily which includes CCL2,29 bindarit did not mitigate CCL5 secretion from synovial 

fibroblasts stimulated with S100A8 (figure 4E).

CCR2+ macrophages are abundant in OA synovium and in close physical association with 

articular cartilage tissues

To further analyse whether CCL2 signalling is upregulated in OA synovial tissue, we 

performed analyses of the GSE32317 dataset and found that gene expression of CCR2 was 

also upregulated in OA synovium relative to healthy synovium (figure 5A). Supporting this 

observation, immunofluorescent analysis showed that the number of CCR2-expressing cells 

(CCR2+) was also significantly higher in OA as compared with PT non-OA samples (figure 

5B, C), suggesting an important role for CCR2-expressing cells in human OA pathogenesis. 

It is well described that CCR2-expressing inflammatory monocytes recruited to tissues 
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differentiate into proinflammatory macrophages and drive local inflammation and tissue 

damage.30–32 Thus, we hypothesised that CCR2+ macrophages could be directly involved in 

OA tissue damage. In agreement with this, we found many CCR2-expressing cells in close 

proximity to the surface of articular cartilage (figure 5D, green). Further, we found that these 

CCR2+ cells are haematopoietic in origin as they also expressed CD45 (data not shown) and 

are indeed macrophages as evidenced by CD68 staining (figure 5D, red). Importantly, as 

seen in online supplementary figure S5, this inflammatory layer of cells was found adjacent 

to articular cartilage surfaces. However, further analyses needed to define their precise role 

in cartilage degradation.

Pharmacological intervention at the level of CCL2 synthesis or its binding to CCR2 

attenuates mouse OA development and severity

Based on our findings that genetic deficiency of CCL2 attenuates local inflammation and 

tissue damage in experimental OA and that the CCL2/CCR2 axis is upregulated in human 

OA, we evaluated the utility of blocking CCL2 synthesis in mouse OA using bindarit, a 

molecule previously shown to inhibit CCL2 induction in vivo.3334 While vehicle-treated 

mice developed severe OA, mice treated with bindarit for 12 weeks exhibit markedly 

diminished cartilage damage (figure 6A, B), synovitis and osteophyte formation (see online 

supplementary figure S6A, B). In addition, bindarit treatment significantly reduced 

macrophage accumulation in mouse knee joints (figure 6C, D).

To further confirm a pathogenic role for CCL2/CCR2 signalling in the pathogenesis of 

mouse OA, we tested whether RS-504393, a CCR2 antagonist that potently inhibits CCL2 

binding to CCR2 but not to other CCL2 receptors,35 could attenuate OA disease progression 

and/or severity. We found that RS-504393 significantly diminished cartilage damage (figure 

6E, F), synovitis and osteophyte formation (see online supplementary figures S7A,B). 

Indeed, the number of F4/80-positive macrophages was significantly lower in RS-504393-

treated mice as compared with vehicle-treated mice (figure 6G, H). Thus, pharmacological 

blockade of the CCL2/CCR2 chemokine system effectively diminishes mouse OA in part by 

reducing synovial macrophage accumulation.

DISCUSSION

The objective of this study was to examine the differential involvement of chemokine–

chemokine receptor systems in monocyte recruitment in OA using experimental mouse 

model systems and human OA tissues. Here, we report that the CCL2/ CCR2 signalling axis 

preferentially mediates monocyte trafficking and promotes inflammation and tissue damage 

in OA. Importantly, we show that as in mouse OA, in human OA CCR2 ligands such as 

CCL2 and CCL8, but not CCR5 ligands such as CCL5, are preferentially elevated. Finally, 

we demonstrate for the first time that pharmacological inhibition of CCL2 synthesis or its 

binding to CCR2 protects against development of mouse OA in part by attenuating 

macrophage accumulation in the synovial joints.

In several mouse models of chronic inflammation (eg, chronic kidney disease, RA, asthma, 

etc), deficiencies in CCL2 or CCR2 protect against inflammation and tissue damage.36 

Previous reports also suggest that specific chemokine–chemokine receptor systems may 
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differentially contribute to monocyte recruitment in a time and context-dependent manner. 

For instance, in a model of high fat diet-induced atherosclerosis, CCR1 and CCR5 but not 

CCR2 or CX3CR1 were found to be crucial for monocyte recruitment.31 In a setting of 

DSS-induced colitis in mice, both CCR2 and CCR5 were found to be important for driving 

inflammatory responses.37 Here, we report that in OA there exists an apparent hierarchy in 

chemokine-driven mechanisms in that CCL2/CCR2-driven but not CCL5/CCR5-driven 

monocyte recruitment promotes mouse and human OA pathogenesis. CCR2 has additional 

ligands in humans and mice (eg, CCL7, CCL8, CCL13 and CCL14), but studies in mice 

lacking different combinations of these ligands suggest that CCL2 and CCL7 are critically 

involved in monocyte mobilisation from the bone marrow.38 Nevertheless, it remains to be 

experimentally determined whether these additional CCR2 ligands, as well as other CCL2 

receptors such as CCR1 and CCR4, modulate the pathogenesis of OA. Further, while 

monocyte/macrophage accumulation within the inflamed synovial joints is thought to be 

fundamentally critical for OA pathogenesis, other tightly controlled processes such as 

survival, activation and polarisation could also be crucial in modulating OA pathogenesis.

The chemokine CCL5 and its receptor CCR5 also possess strong monocyte chemoattractive 

properties. Here, we show that neither CCR5 nor CCL5 deficiency confers protection 

against the development or severity of OA in mice. This finding is in direct contrast to prior 

findings by Takebe et al39 showing reduced cartilage damage in Ccr5−/− mice. These 

discrepancies can potentially be attributed to differences in experimental design, including 

(1) age at OA induction (20-week-old mice used in our studies vs 10-week-old mice in 

studies by Takebe et al,39 as older mice develop more severe OA),4041 (2) duration of OA 

development (DMM-associated pathologies were assessed 20 weeks after surgery, whereas 

Takebe et al39 characterised changes at 8 and 12 weeks after DMM) and (3) possible sex-

related differences in disease severity (male mice, used in our study, suffer more OA 

pathology compared with female mice.4142 It is unclear which sex was used by Takebe et 

al).39

Identifying the source of inflammatory chemokines such as CCL2 is fundamentally 

important to understanding disease biology and developing therapeutic interventions. 

However, the cell types responsible for CCL2 secretion in OA remain unclear. While it is 

known that CCL2 is predominantly made by immune cells in humans and mice, other non-

immune cell types have also been shown to express CCL2. For instance, previous studies 

have demonstrated that cultured murine and human chondrocytes upregulate CCL2 

expression following inflammatory stimuli.2728 Furthermore, it is well known that ageing, a 

major risk factor for OA development, is associated with systemic low-grade inflammation 

including elevated local and circulating cytokines.43 In this regard, senescent cells such as 

ageing articular chondrocytes release cytokines including CCL2 that could contribute to 

inflammatory mechanisms that promote OA as shown in the studies presented here.44 Here, 

we report that CCL2 is abundantly secreted by human OA synovial fibroblasts on 

stimulation with cartilage debris. Based on our observations, we propose a model where 

joint-resident cells such as chondrocytes and/or synovial fibroblasts are the initial source of 

CCL2 following injury, thereby recruiting CCR2-expressing inflammatory monocytes that 

propagate OA pathogenesis via production of inflammatory cytokines and tissue degradative 

enzymes.
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We show that CCL2 secretion can be abrogated using bindarit, a synthetic molecule 

previously shown to potently and selectively inhibit expression of the monocyte 

chemoattractants CCL2, CCL8 and CCL7 as well as attenuate inflammation in various 

mouse models of inflammatory disease including experimental autoimmune 

encephalomyelitis (EAE) and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis.2934 

We provide proof of concept that pharmacological suppression of CCL2 expression using 

bindarit is effective in reducing inflammation, cartilage damage and monocyte/macrophage 

accumulation in mouse OA. We further demonstrate that pharmacological blockage of 

CCR2 signalling using RS-504393, a CCR2 antagonist that has been shown to specifically 

inhibit CCL2/CCR2 interactions,35 significantly attenuates OA disease progression and/or 

severity in mice through a mechanism linked to synovial macrophage accumulation. 

Notably, RS-504393 has been previously demonstrated to reduce pain in this mouse model 

in part by inhibiting macrophage recruitment to the dorsal root ganglion. Given the critical 

role of the CCL2/CCR2 system in recruiting inflammatory monocytes, long-term systemic 

blockade of CCL2/CCR2 could potentially increase susceptibility to infections, impair 

wound healing and tissue repair. Thus, local inhibition of CCL2 or CCR2 might be a more 

effective and safe strategy for the treatment of OA.

Indeed, the prominent role of the CCL2/CCR2 chemokine system in inflammation has 

rendered it an attractive target for therapeutic intervention in multiple diseases including RA. 

However, pharmacological inhibition of CCL2 binding to CCR2 has failed in clinical trials 

to date, most conspicuously in RA.45–47 The reasons for failure are likely multifold, have 

been reviewed elsewhere and can be in part attributed to off-target effects on CCR5.4849 It is 

noteworthy that OA immunopathogenesis is distinct from that of RA, including the use of 

distinct chemokine–chemokine receptor systems for the recruitment of monocytes/ 

macrophages to the ‘low-grade’ inflamed OA joint. Based on our results, we propose that 

selective targeting of the CCL2/CCR2 system, either alone or in combination with other 

therapies, has the potential to provide therapeutic benefit in OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CCL2 deficiency protects against development of osteoarthritis in mice, and is associated 

with reduced synovial macrophages and inflammatory mediators. (A) Representative 

safranin-o stained knee joint sections showing extensive cartilage damage (open arrows) and 

osteophytes (filled arrows) and (B) quantification of cartilage damage in wild-type (WT, 

n=5) but not Ccl2−/− (n=7) mice 20 weeks after destabilisation of the medial meniscus 

(DMM) surgery by a blinded investigator. (C, D) Representative immunostains and 

quantification of F4/80+ (brown) macrophages in the synovium (red arrows) in WT and 

Ccl2−/− mice 16 weeks after DMM surgery. Symbols represent individual mice and bars 

denote the mean in (B) and (D). (E) Quantitative PCR (qPCR) analyses of proinflammatory 

gene expression in synovium of WT (n=3) and Ccl2−/− (n=3) mice 10 weeks after DMM 

surgery. qPCR data are mean±SEM. Scale bars 200 μm. *p<0.05, **p<0.01 by the Mann-

Whitney U test for (B), (D) and by Student’s t-test for (E). The presented data are 

representative of two independent experiments with similar results.
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Figure 2. 
CCR2 deficiency attenuates osteoarthritis in mice. (A) Representative safranin-o stained 

knee joint sections showing severe cartilage damage (open arrows) and osteophytes (filled 

arrows) and (B) quantification of cartilage damage in wild-type (WT, n=4) but not Ccr2−/− 

(n=5) mice 20 weeks after destabilisation of the medial meniscus surgery by a blinded 

investigator. (C) Representative immunohistochemistry and (D) quantification of F4/80+ 

(brown) macrophages lining the synovium (red arrows) in WT and Ccr2−/− mice. Symbols 

denote individual mice, and bars denote the mean of indicated groups in (B) and (D). Scale 

bars denote 200 μm. *p<0.05 by the Mann-Whitney U test for (B) and by Students t-test 

‘ for (D). The presented data are representative of two independent experiments with similar 

results.
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Figure 3. 
CCR5 or CCL5 deficiency does not modulate the severity of experimental osteoarthritis 

following destabilisation of the medial meniscus (DMM). (A) Representative safranin-o 

stained knee joint sections showing severe cartilage damage (open arrows) and osteophytes 

(filled arrows) in both wild-type (WT) and Ccr5−/− mice 20 weeks after DMM surgery. (B) 

Quantification of cartilage damage in WT (n=8) and Ccr5−/− (n=8) mice by a blinded 

investigator. (C) Representative immunohistochemistry showing F4/80+ (brown) 

macrophages lining the synovium (red arrows) in WT and Ccr5−/− mice. (D) Quantification 

of F4/80+ macrophages in WT and Ccr5−/− mice. (E) Representative safranin-o stained 

knee joint sections showing marked cartilage damage (open arrows) and osteophytes (filled 

arrows) in WT and Ccl5−/− mice 20 weeks after DMM surgery. (F) Quantification of 

cartilage damage in WT (n=7) and Ccl5−/− (n=8) mice by a blinded investigator. (G) 

Representative immunohistochemistry showing F4/80+ (brown) macrophages lining the 

synovium (red arrows) in WT and Ccl5−/− mice. (H) Quantification of F4/80+ macrophages 

in WT and Ccl5−/− mice. Symbols denote individual mice, and bars denote the mean. Scale 

bars denote 200 μm. *p<0.05 by the Mann-Whitney U test in (B) and (F) and Student’s t-test 

in (D) and (H).

Raghu et al. Page 14

Ann Rheum Dis. Author manuscript; available in PMC 2018 March 03.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Figure 4. 
Enhanced monocyte chemoattractant mRNA expression in human osteoarthritis (OA) 

synovial tissue and increased CCL2, but not CCL5, levels in human OA synovial fluids and 

synovial fibroblasts. (A) Unsupervised cluster analyses of gene expression of various 

chemokines involved in monocyte chemoattraction in microarray datasets from synovial 

membranes of individuals with prior traumatic joint injury but no radiographic OA (healthy) 

and from individuals with early-stage or end-stage OA (downloaded from gene expression 

omnibus (GEO), accession code GSE32317). Scale represents Z scores. Bold font indicates 

significant difference between ‘healthy’ and ‘ osteoarthritis’ groups by significance analysis 

of microarrays (SAM) analyses with q-value (false discovery rate) cut-off set at 0.05. 
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Quantification of (B) CCL2 and (C) CCL5 in synovial fluids of individuals with 

posttraumatic joint injuries (PT non-OA, n=37), OA (n=35) or rheumatoid arthritis (n=26). 

Analyses of (D) CCL2 and (E) CCL5 levels in supernatants of human OA-derived primary 

synovial fibroblasts stimulated with 20 mg/mL OA cartilage debris (Cart Deb), 1 μg/mL 

S100A8 (positive control) or media alone in the presence or absence of 300 μM bindarit for 

24 hours. In vitro stimulation assays were performed in triplicate and are representative of 

data obtained from four independent synovial fibroblast cultures derived from four different 

individuals with OA undergoing total knee arthroplasty. *p<0.05, **p<0.01, ****p<0.0001 

Student’s t-test, NS, not significant.
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Figure 5. 
Increased mRNA expression of chemokine receptors and increased CCR2+ macrophages in 

synovium and cartilage tissues obtained from humans with osteoarthritis (OA). (A) 

Unsupervised cluster analyses of gene expression of various chemokine receptors involved 

in monocyte chemoattraction in microarray datasets from synovial membranes of individuals 

with prior traumatic joint injury but no radiographic OA (healthy) and from individuals with 

early-stage or end-stage OA (downloaded from GEO, accession code GSE32317). Scale 

represents Z scores. Bold font indicates significant difference between ‘healthy’ and 

‘osteoarthritis’ groups by SAM analyses with q-value (false discovery rate) cut-off set at 

0.05. (B) Representative immunofluorescent staining of CCR2 (red arrows) in sections of PT 

non-OA or OA synovial tissues. (C) Quantification of CCR2+ cells in synovial tissue as a 

percentage of total DAPI-stained synoviocytes per random low power field (LPF). Ten LPFs 

were quantitated per synovial tissue section (n=5 individual samples per group). Error bars 

indicate maximum and minimum values, and line denotes their mean. (D) Representative 

immunostaining of CD68 (red) and CCR2 (green) adjacent to the lesional articular cartilage 

samples from patients with OA (n=6) showing CD68+CCR2+ double-positive macrophages 

(yellow arrows) invading the cartilage tissue. Dotted white lines demarcate the cartilage 

tissue lined by invading macrophages. Scale bar denotes 200 μm. **p<0.01 Student’s t-test.
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Figure 6. 
Pharmacological blockage of CCL2 synthesis or binding to CCR2 protects against 

osteoarthritis development in mice. (A) Representative safranin-o stained knee joint sections 

and (B) quantification of cartilage damage from mice receiving vehicle (n=10) or 50 

mg/kg/day bindarit (n=8) by oral gavage for 12 weeks after destabilisation of the medial 

meniscus (DMM) surgery. Open and filled arrows indicate cartilage damage and 

osteophytes, respectively. (C) Representative immunostains and (D) quantification of F4/80+ 

(brown) macrophages in the synovium (red arrows) of vehicle-treated but not bindarit-

treated mice. (E) Representative safranin-o stained knee joint sections and (F) quantification 

of cartilage damage from mice receiving vehicle (n=12) or 4 mg/kg/day RS-504393 (n=7) 

by oral gavage for 12 weeks after DMM surgery. Open and filled arrows indicate cartilage 

damage and osteophytes, respectively. (G) Representative immunostains and (H) 

quantification of F4/80+ (brown) macrophages in the synovium (red arrows) of vehicle-

treated but not RS-504393-treated mice. Symbols denote individual mice and bars denote 

the mean of indicated groups in (B) and (F). Scale bars denote 200 μm. *p<0.05 by the 

Mann-Whitney U test for (B) and (F) and by Student’s t-test for (D) and (H).
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