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Monocyte activation is elevated in women with knee-osteoarthritis
and associated with inﬂammation, BMI and pain
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Objective: Monocytes contribute to synovitis and disease pathogenesis in osteoarthritis (OA). Low-grade
inﬂammation occurs in OA and correlates with disease severity and progression. Since monocyte
development and function is altered by systemic inﬂammation, we analyzed monocyte numbers and
function between individuals with knee OA and healthy age- and sex-matched controls.
Design: We analyzed markers of soluble and cellular inﬂammation in peripheral blood of women with
knee OA and compared them to healthy age- and sex-matched controls. Soluble inﬂammatory mediators
(TNF, IL-6, IL-10 and CRP) in the serum were measured by high-sensitivity ELISA. Leukocyte numbers,
surface expression of monocyte activation markers, and monocyte production of pro-inﬂammatory
mediators (TNF and IL-1b) following stimulation were measured by ﬂow cytometry.
Results: Women with knee OA (n ¼ 15) had elevated levels of serum c-reactive protein (CRP) and a lower
proportion of circulating monocytes. Monocytes from OA participants had elevated expression of the
activation markers CD16, CCR2, and HLA-DR and induced greater production of tumor necrosis factor
(TNF) and IL-1b compared to healthy controls. Higher serum TNF and BMI were correlated with increased
monocyte expression of CCR2. Additionally monocyte CCR2 expression and serum TNF were correlated
with worse pain on a validated questionnaire.
Conclusions: Our ﬁndings suggest monocytes are activated prior to their entry into the synovium.
Modulating systemic inﬂammation and monocyte recruitment to the synovium could be of therapeutic
beneﬁt.
© 2017 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Although the root cause of osteoarthritis (OA) remains unknown, there are multiple factors that contribute to disease risk,
progression and severity (i.e., genetics, age, obesity, smoking, joint
injury, metabolic dysfunction)1. The immune system plays a pivotal
role in the pathogenic mechanisms of OA. Both soluble (e.g., cytokines, chemokines, complement) and cellular (e.g., monocytes,
macrophages) mediators of immunity contribute to cartilage
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destruction, abnormal bone remodeling, synovitis and joint effusion2. Cartilage destruction results from chondrocyte activation,
which stimulates the release of matrix metalloproteinases (MMPs),
disintegrin and metalloproteinases with thrombospondin motifs
(ADAMTSs), and pro-inﬂammatory cytokines (tumor necrosis factor (TNF), IL-1b, IL-6). Activated chondrocytes undergo hypertrophy
and cease to produce new cartilage matrix3. The loss of cartilage,
concurrent with other pathological joint tissue changes such as
abnormal subchondral bone remodeling, subchondral cysts and
osteophytes, destabilizes the joint.
Mechanical injury is thought to trigger the disease by activating joint tissues to release proinﬂammatory mediators4. While
the temporal sequence of OA initiation remains unclear, some
animal models suggest that damage to subchondral bone and
articular cartilage initiates a cascade of events, including the
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origination of inﬂammatory signals that incite synovitis2,5,6. Inﬂammatory signals in the subchondral bone inﬂuence the development and activation of osteoclasts, which contribute to bone
resorption and joint destruction in OA7. Osteoclasts can be derived
from recently recruited monocytes in the appropriate microenvironment8, and can contribute to cartilage degradation9. Synovitis
is propagated by synovial macrophages and results in an inﬂammatory edema and joint effusion4. Synovial macrophages are
activated by the pro-inﬂammatory cytokines and dangerassociated molecular patterns (DAMPs) released by cartilage and
bone breakdown (i.e., proteoglycans, glycosaminoglycan, hyaluronan, calcium pyrophosphate, sodium urate)10,11. They respond by
releasing vascular endothelial growth factor (VEGF), TNF, IL-1b, IL6, and chemokines (i.e., CCL2), stimulating the vascularization of
the synovium and recruitment of circulating leukocytes10,11. The
thickening of the synovial membrane is driven by an inﬂux of
monocytes, which differentiate into synovial macrophages10,11.
Inﬂammatory mediators produced in the synovial membrane
diffuse into the joint via the synovial ﬂuid, and bathe the cartilage,
increasing chondrocyte apoptosis5. Synovial ﬂuid may additionally
access and activate the subchondral bone through osteochondral
lesions5. Although the relative importance and temporal sequence
of subchondral bone and synovium activation in OA pathogenesis
remains to be determined, monocyte involvement is central to
both.
Monocyte chemokines and cytokines are found at increased
concentrations in the synovial ﬂuid of osteoarthritic joints12. In
humans, soluble monocyte and macrophage markers (CD14,
CD163) in the serum and synovial ﬂuid are correlated with the
number of activated synovial macrophages, joint-space narrowing
and osteophytes13. Depletion of synovial macrophages in animal
models decreases osteophyte formation14,15 and cartilage destruction16. Many depletion studies additionally deplete monocytes, and
thus likely reduce osteoclast numbers and bone resorption. Subchondral bone remodeling and innate immune inﬁltration are
highest during early OA17. This body of data suggests that monocytes and their downstream progeny (i.e., osteoclasts and synovial
macrophages) drive OA disease pathogenesis. Thus we believe
reducing monocyte activation and recruitment to the joint may be
of therapeutic beneﬁt to individuals with OA.
Monocytes can be subdivided into three subsets based on their
expression of two surface markers (CD14 and CD16): classical
(CD14þþCD16), intermediate (CD14þþCD16þ) and non-classical
monocytes (CD14þCD16þþ). Intermediate monocytes, also
referred to as inﬂammatory monocytes, produce more proinﬂammatory cytokines on a per cell basis and are recruited to
sites of inﬂammation. These cells have been used as biomarkers in
cancer, atherosclerosis and colitis18. However there is a paucity of
data on circulating monocyte numbers, phenotype or cytokine
production in individuals with OA compared to healthy controls.
Hematopoietic stem cells (HSCs) are ﬁnely tuned to even subtle
changes in systemic levels of inﬂammation. Slight increases in
inﬂammation trigger HSCs to produce monocytes to provide a rapid
innate response to infection or injury19. People with OA have
elevated circulating inﬂammatory mediators including c-reactive
protein (CRP), TNF, IL-620e22. The magnitude of systemic inﬂammation strongly correlates with OA disease severity and progression21,22. We have shown that age-associated increases in systemic
inﬂammation can remodel the monocyte compartment by
increasing their output and activating them to produce higher
levels of pro-inﬂammatory cytokines23. There is some evidence of
innate immune activation in OA, as circulating monocytes from
individuals with OA have greater osteoclastogenic potential and
resorptive activity compared to healthy controls24. Thus we hypothesized that low-grade inﬂammation in OA, similar to what

occurs with age or other chronic inﬂammatory conditions, activates
circulating monocytes, increasing their surface expression of trafﬁcking and activation markers and their production of proinﬂammatory cytokines.
Materials and methods
Participants and ethics
The study population included 22 community-dwelling
women with clinical (symptomatic) knee OA over the age of 50
who were enrolled in a larger randomized controlled trial (clinical
trial number NCT02370667). Women were included if they
answered yes to three or more of the following American College
of Rheumatology clinical criteria25: (a) Have knee pain in most
days of the week (b) Have fewer than 30 min of morning stiffness
(c) Have crepitus with active range of motion (d) Have a bony
enlargement (e) Have bony tenderness with palpation (f) Have
signs of inﬂammation and/or have been diagnosed with radiographic osteoarthritis. Participants were excluded if they had any
other forms of arthritis (e.g., rheumatoid, psoriatic), active nonarthritic knee disease (e.g., bursitis), patellofemoral symptoms,
knee surgery (e.g., high tibial osteotomy, joint replacement, ligament repair), history of an osteoporotic fracture, planned surgery
in the next 6 months, lower extremity trauma in the last 3
months, an unstable heart condition or neurological conditions
(e.g., stroke), recent or current exposure to radiation, or other
health conditions that might be exacerbated by the protocol.
Following consent, weight-bearing radiographs of the affected
knee in a ﬁxed ﬂexion posture were obtained to conﬁrm disease
(i.e., KellgreneLawrence grade 2). Each OA participant was agematched to a control, of the same sex, within 3e4 years of their
age. Control participants without OA were recruited from the
community and submitted to the same exclusion criteria listed
above and did not answer yes to any of the American College of
Rheumatology clinical criteria cited above.
Self-reported knee pain intensity was reported using the Knee
injury and Osteoarthritis Outcome Score (KOOS) pain subscale,
which is a ﬁve-point Likert scale (0 ¼ no pain, 4 ¼ intense pain)
rating pain during nine different activities26. The score was
normalized to a score out of 100, where higher scores represent less
pain27. The 6 min walk test (6MWT) was used to capture mobility,
by measuring the furthest distance a participant can walk in 6 min
in a well-lit, rectangular hallway28. This study was approved by the
Hamilton Integrated Research Ethics Board. All participants provided written, informed consent (Controls: REB# 1949; OA

Table I
Participant description
Control

Age
BMI(kg/m2)

OA

n

Mean (MineMax)

n

Mean (MineMax)

15
11

65.40 (51e84)
27.35 (19.16e36.35)

22
22

66.9 (51e84)
30.00 (20.7e44.6)

t-test
P-value
0.683
0.211

OA patient characteristics

n

Mean (SD) or Median
(MineMax)*

Radiographic Score
KOOS pain score
KOOS Symptom
KOOS ADL
KOOS Sport/Rec
KOOS QOL
6 min walk test distance (m)

20
22
22
22
22
22
22

3 (1e4)
54.14 (15.03)
51 (15.50)
61.05 (17.52)
30 (0e75)
31 (13e75)
461.92 (65.41)

*

Median shown where variable does not follow a Gaussian distribution.
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Table II
Soluble inﬂammatory mediators in serum
Control

IL-10 (pg/mL)
IL-6 (pg/mL)
TNF (pg/mL)
CRP (mg/L)

OA

n

Median (MineMax)

n

Median (MineMax)

8
8
8
5

3.49 (0.18e21.57)
1.56 (0.49e2.38)
7.98 (2.89e10.07)
3.468 (2.794e6.599)

19
20
20
18

7.63 (0.09e31.08)
1.67 (0.74e4.63)
8.27 (4.33e16.78)
5.552 (2.971e12.12)

ManneWhitney U test
P value
0.0697
0.2425
0.4448
0.0352

Bold value indicates statistical signiﬁcance.

participants: REB #15-021). Characteristics of the OA and control
participants are summarized in Table I.
Immunophenotyping
Venous blood was collected in heparinized tubes and 100 mL was
stained for 30 min with monoclonal antibodies of the following
speciﬁcities: CD45-BV510, CCR2-PE, CD15-BV610, CD14-BV421,
CD56-AF700 (BioLegend); CD16-PE-Cy7, HLA-DR-PerCP-Cy5.5,
CD19-AF700 (eBioscience); CD11b-APC, CD3-AF700 (BD Pharmingen) CX3CR1-FITC (MBL Life Sciences). Samples were then

incubated with 1X Fix/Lyse Buffer (eBioscience) for 10 min with
frequent inversion and centrifuged at room temperature, washed
and resuspended in FACS Wash (5 mM EDTA, 0.5% BSA in PBS).
Samples were then run on an LSRII ﬂow cytometer (BD Biosciences)
and analyzed with FlowJo 10 software (Treestar). Total cell counts
were determined with 123 count eBeads (eBioscience). For gating
strategy, see Supplemental Figures 2 and 3. Fluorescence intensities
of the proteins were detected by ﬂow cytometry and follow a
logarithmic-normal distribution in the cell populations analyzed,
thus geometric means were calculated using the FlowJo 10 software
to quantify the mean ﬂuorescence intensity (intra-assay CV: 2%

Fig. 1. Women with OA have altered proportions of circulating leukocyte compared to healthy controls. A) The proportion of circulating monocytes to leukocytes was lower in
individuals with OA (n ¼ 15) compared to controls (n ¼ 22). BeE) Total monocytes and classical monocytes as a percentage of circulating leukocytes, were lower in individuals with
OA, but there was no difference in intermediate or non-classical monocytes. Two-tailed ManneWhitney test used except in A & C) where an Student's t-test was applied.
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inter-assay CV: 12%). Background ﬂuorescence intensity was
measured in isotype controls and was subtracted from antibody
speciﬁc ﬂuorescence intensity.
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Results
Women with OA have higher serum CRP and altered circulating
leukocyte proportions compared to healthy controls

Intracellular cytokine staining
Intracellular cytokine staining was performed on cryopreserved
peripheral blood mononuclear cells (PBMCs) isolated from whole
blood by Ficoll density-gradient centrifugation and Leucosep tubes
(Grenier Bio-one) stored at 150 C in human AB serum (Lonza)
with 10% dimethyl sulfoxide until use. Brieﬂy, PBMCs from participants were later cultured in two conditions (1  106 PBMCs per
condition) for 4 h at 37 C/5% CO2: complete media (RPMI, Invitrogen, ON, CA) supplemented with 10% FBS and 1X Protein
Transport Inhibitor (eBioscience) and complete media with 50 ng/
mL lipopolysaccharide (LPS) (Invivogen). Surface staining was
performed for 30 min at room temperature with the conjugated
antibodies CD14-PE-Dazzle, CD3-APC-Cy7 ﬁxed with 1X Fix/Lyse
buffer (eBioscience) for 10 min. Cells were permeabilized with 1X
Permeabilization Buffer (eBioscience) at room temperature for
30 min. Cells were then stained at room temperature for 30 min
with the following antibodies diluted in 1X Permeabilization
Buffer: TNF-Alexa Fluor 700, IL-1b-PE (eBioscience), IL-6-FITC
(BioLegend). Cells were washed and resuspended in FACS Wash
prior to analysis. Monocytes were deﬁned by size, granularity and
expression of CD14(þ) and CD3(). Flow cytometry analysis was
performed as described above.
Serum cytokines
Venous blood was collected and centrifuged at 1.5  g for 10 min
at 25 C and serum was stored at 140 C until processed. Serum
cytokines IL-6, IL-10 and TNF were measured using Milliplex MAP
60K cytokine panel as per manufacturer's protocol (EMD Millipore,
HSTCMAG-28SK; Intra-assay CV: <5%, Inter-assay CV: <15%). CRP
was analyzed by an in-house ELISA. In short, the wells were coated
with capture antibody (1 ug/mL, ab8279, Abcam) overnight,
blocked with blocking buffer (PBS with 10% FBS) for 2 h. Samples
were diluted 1/10,000 and added to the wells, incubated for 1 h
before being washed with washing buffer (PBS with 0.05% Tween20). Plate was incubated for 1 h with HRP-conjugated detection
antibody (1ug/mL, ab24462, Abcam) diluted in blocking buffer for
1 h before being washed. Plates were developed with TMB as per
manufacturer's protocol. The serum values were measured in
duplicate and an average value was reported (intra-assay CV: 1.5%,
inter-assay CV: 7.2%, 90.1% recovery).
Statistical analysis
The Student t test was used to evaluate differences between OA
and Controls for normally distributed variables, tested using the
KolmogoroveSmirnov Test. The ManneWhitney U test was used
to evaluate the difference between OA and controls for nonnormally distributed variables. Correlation analyses between
monocyte activation markers, inﬂammation, age, BMI, pain and
mobility were performed using Spearman's rank correlation rho
or Pearson correlation depending on normality of variables. Statistical analysis was performed using SPSS (Version 21; IBM,
Armonk, NY, USA), Prism (Version 6; GraphPad, San Diego, CA,
USA).

Serum CRP was elevated in the OA group (median: 5.55 mg/L)
compared to controls (median: 3.468 mg/L) (Cohen's d [95%CI]:
0.925 [0.101e1.952], P ¼ 0.0352, Table II); however, levels of
serum cytokines did not differ between the two groups (Table II). To
evaluate differences in cellular inﬂammation, we quantitated
leukocyte populations using ﬂow cytometry. The ratio of circulating
monocytes to lymphocytes was lower in women with OA compared
to healthy controls (mean difference [95%CI]: 0.07533 [0.1211
to 0.02958], Cohen's d [95%CI]: 1.119 [1.823 to 0.415],
P ¼ 0.002; Fig. 1(A)). This was due to both a lower number of
circulating monocytes and a higher number of circulating lymphocytes in the OA group (Fig. 1; Supplementary Table 1). The lower
number of circulating monocytes was primarily driven by the
decrease in classical monocytes (mean difference [95%CI]: 1.52
[2.099 to 0.9477] % leukocytes, Cohen's d [95%CI]: 1.84 [2.634
to 1.047], P ¼ 6  106; Fig. 1(B)e(E)).
Circulating monocytes express higher levels of activation markers in
OA
We measured surface expression of monocyte trafﬁcking (CCR2)
and activation (CD16 and HLA-DR) markers with ﬂow cytometry by
analyzing mean ﬂuorescence intensity (MFI). The median expression of CD16 on all monocytes was higher in OA group compared to
controls (median difference [95%CI]: 55.08 [7.790e105.8] MFI,
Cohen's d [95%CI]: 0.712 [0.029e1.395], P ¼ 0.03, Fig. 2(A),(B)). This
occurred on all monocytes, rather than a speciﬁc subset, as can be
seen by the shift of the total monocyte population in a representative ﬂow cytometry plot of an individual with OA compared to
their age-matched control [Fig. 2(A)]. Expression of CCR2 was
elevated in classical and intermediate monocytes in women with
OA compared to controls (mean difference [95%CI]: 4863
[2451e7275]MFI, Cohen's d [95%CI]: 1.371 [0.681e2.12],
P ¼ 0.0002; median difference [95%CI]: 1830 [885e3045]MFI,
Cohen's d [95%CI]: 1.049 [0.344e1.755], P ¼ 0.001; Fig. 2(C)e(D)), as
was the expression of HLA-DR on intermediate monocytes (mean
difference [95%CI]: 1350 [324e1965] MFI, Cohen's d [95%CI]: 0.887
[0.194e1.581], P ¼ 0.0081; Fig. 2(E)).
Monocytes from women with OA produce more inﬂammatory
cytokines following stimulation
It has been reported that peripheral blood mononuclear cells
(e.g., lymphocytes and monocytes) from individuals with OA produce higher levels of IL-6, TNF and IL-1b compared to healthy
controls, however the particular cell type producing these cytokines was not identiﬁed29. We performed intracellular staining to
identify whether monocytes were responsible for the increased
production of IL-6, TNF and IL-1b, in unstimulated conditions and
following stimulation with lipopolysaccharide (LPS). LPS, a TLR-4
agonist, was chosen as many of the DAMPs released in OA have
been shown to activate macrophages through TLR-412. There was
no difference in basal production of TNF, IL-1b or IL-6 by monocytes
(Supplemental Fig. 1), however monocytes from women with OA
had a higher induction of TNF and IL-1b production following

Fig. 2. Circulating Monocytes are activated in women with OA compared to controls. Age-matched control and OA participant ﬂow cytometry plots show a global increase in
CD16 expression on monocytes in the individual with OA. (B). Expression of CCR2 on classical and intermediate monocytes (C,D) and HLA-DR on intermediate monocytes were
higher in women with OA (E). Monocyte production of tumor necrosis factor (TNF) and IL-1b following stimulation with LPS relative to unstimulated was greater in the OA group
(F,G). Two-tailed ManneWhitney test used except in C where an Student's t-test was applied. n ¼ 15, 22 (AeE); n ¼ 13, 17 (FeG); MFI-Geometric Mean ﬂuorescence intensity.
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stimulation with LPS compared to healthy controls (median difference [95%CI]: 1.102 [0.222e3.712] TNF production (relative to
unstimulated), Cohen's d [95%CI]: 0.843 [0.09e1.596], P ¼ 0.022;
median difference [95%CI]: 2.925 [0.1064e8.143] IL-1b production
(relative to unstimulated), Cohen's d [95%CI]: 0.834 [0.081e1.586],
P ¼ 0.0346; Fig. 2(F)e(G)). However there was no difference in the
production of IL-6 basally or in response LPS (data not shown).
Age and inﬂammation alter monocyte characteristics and
function. We performed correlation analysis to determine if these
factors were related to monocyte activation in OA. Age did not
correlate with any of the monocyte activation markers
(Supplementary Table 2), however TNF was positively associated
with the expression of CCR2 on intermediate monocytes (Spearman's rho [95%CI] ¼ 0.5092 [0.07201e0.7823], P ¼ 0.0218, n ¼ 20;

A)
Intermediate Monocyte
CCR2 (MFI)

rs=0.5092
p=0.0218

Fig. 3(A)). Additionally, BMI was positively associated with the
expression of CCR2 on classical monocytes (Pearson coefﬁcient
[95%CI] ¼ 0.5064 [0.1077e0.7648], P ¼ 0.0162, n ¼ 22; Fig. 3(B)).
We next determined whether the monocyte activation markers
correlated with pain or mobility. Intermediate monocyte CCR2
expression and TNF were both inversely correlated with the KOOS
Pain Score (Spearman's rho [95%CI] ¼ 0.4884 [0.7603
to 0.07077], P ¼ 0.0211, n ¼ 22; Pearson coefﬁcient [95%
CI] ¼ 0.4926 [0.7678 to 0.6391], P ¼ 0.0273, n ¼ 20;
Fig. 3(C)e(D)). Mobility, measured by the 6MWT distance, did not
correlate with monocyte activation markers (Supplementary
Table 2), but inversely correlated with BMI (Pearson coefﬁcient
[95%CI] ¼ 0.511 [0.7728 to 0.2007], P ¼ 0.0151, n ¼ 22;
Fig. 3(E)).

B)
Classical Monocyte
CCR2 (MFI)
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3×104

2×104

1×104

log(TNF)

C)

E)

Walk Test Distance (m)

20

30

40

BMI (kg/m2)

D)

50

r=-0.4926
p=0.0273

KOOS Pain Score

KOOS Pain Score

rs=-0.4884
p=0.0211

r=0.5064
p=0.0162

4×104

Intermediate Monocyte
CCR2 (MFI)

log(TNF)

r=-0.5110
p=0.0151

BMI (kg/m2)
Fig. 3. Monocyte activation correlates with inﬂammation, BMI and pain in OA. A) Log transformed serum TNF(pg/mL) correlates with intermediate monocyte CCR2 expression
(n ¼ 20). B) BMI correlates with classical monocyte CCR2 expression (n ¼ 22). Intermediate monocyte CCR2 expression (C, n ¼ 22) and log transformed serum TNF(pg/mL) (D,
n ¼ 20) are inversely correlated to the Knee injury and Osteoarthritis Outcome Score (KOOS) Pain Score. E) BMI is inversely correlated to the 6 min walk test distance (n ¼ 22).
Spearman's correlation coefﬁcient was reported for A & C, while Pearson's correlation coefﬁcient was reported for B, D and E. BMI-Body Mass Index; MFI-Geometric Mean ﬂuorescence intensity.

D. Loukov et al. / Osteoarthritis and Cartilage 26 (2018) 255e263

Discussion
Soluble inﬂammation has been well characterized in both the
synovial ﬂuid and serum of people with OA, however the changes
to monocyte populations in OA have not. Consistent with previous
reports30, we found elevated levels of circulating CRP in women
with OA compared to their age- and sex-matched controls. The
median and maximum values of other cytokines measured (IL-6,
TNF and IL-10) were elevated in the OA group compared to controls,
however due to the low sample size and large variation, they were
not statistically different. To our knowledge this is the ﬁrst report
demonstrating lower numbers of circulating monocytes relative to
leukocytes in individuals with OA compared to healthy controls.
Our quantitation of monocytes (mean (SD): 3.02 (0.39)  105 cells/
mL; 3.66 (0.28)%leukocytes) was similar to a previous report (mean
[SD]: 3.79 [0.37]  105 cells/mL; 3.7 (0.4)%leukocytes31), however
this group did not include healthy controls in order to demonstrate
that these counts were lower in OA (mean [SD]: 4.97
(1.02)  105 cells/mL; 5.25 (0.34)%leukocytes; Fig. 1;
Supplementary Table 1). This decrease in circulating monocytes
may be due to increased inﬁltration into synovial tissue since a key
trafﬁcking receptor, CCR2, was elevated on classical and inﬂammatory monocytes from individuals with OA. The decrease in
circulating monocytes was most pronounced in the classical
monocytes, which express the highest levels of CCR2 of the three
monocyte subsets. The ligand for CCR2, CCL2/MCP-1, is elevated in
the intimal lining of individuals with joint disease32. Furthermore,
CCR2 has been shown to be critical to monocyte trafﬁcking and
inﬁltration of the synovium as CCR2 knockout animals have less
synovial macrophages and experience less cartilage damage and
osteophyte formation33. Whether the elevated expression of CCR2
on monocytes of individuals with OA increases the capacity to
trafﬁc to and invade synovial tissues warrants further investigation.
In addition to the increased invasive potential, circulating
monocytes from individuals with OA were more activated. We
found elevated expression of CD16 and HLA-DR on monocytes and
intermediate monocytes, respectively, in women with OA. The
expression of CD16 increases during the differentiation of monocytes into osteoclasts7, which aligns with the increased resorptive
activity of monocyte-derived osteoclasts from individuals with
OA24. Additionally, the increased expression of CD16 can increase
the sensitivity of monocytes to stimulation by immune complexes,
which are found at elevated concentrations in OA joints and in
circulation34. The expression of HLA-DR is elevated on inﬂammatory monocytes, which allows them to present antigen and activate
T cells more efﬁciently. The elevated expression of CD16 and HLADR on monocytes in individuals with OA did not correlate with
serum cytokines or BMI (data not shown). This suggests these differences are unique to the OA disease process and independent of
systemic inﬂammation and BMI.
We have previously shown that CCR2 levels on monocytes are
increased during chronic inﬂammation and speciﬁcally in the
presence of TNF35. Levels of serum TNF in individuals with OA
correlated with increased expression of CCR2 on intermediate
monocytes. Furthermore, serum TNF and intermediate monocyte
CCR2 expression correlated with increased pain in women with
knee OA. This supports previous ﬁndings that serum and synovial
ﬂuid levels of the CCR2 ligand, CCL2/MCP-1, correlate with pain
and physical disability in OA36. Not only will monocytes
expressing CCR2 trafﬁc to areas with high CCL2/MCP-1 levels, but
they are also major producers of CCL2 and may thus increase
cellular recruitment and pain. Since pain is one of the most signiﬁcant causes of immobility and health care utilization in people
with OA, reducing monocyte recruitment to the joint may be of
therapeutic beneﬁt.
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We found monocytes in individuals with OA produce more cytokines when they encounter a TLR4 agonist (e.g., LPS). Although
basal production of IL-1b and TNF by monocytes were not different
between the OA and control group, the induction of both cytokines
following stimulation with LPS was greater in women with OA. This
indicates that monocytes in OA may produce more inﬂammatory
cytokines on a per cell basis following stimulation with DAMPs,
which are found in high abundance in the synovial ﬂuid12. Together
these ﬁndings conﬁrm circulating monocytes are more activated
and have greater inﬂammatory potential in individuals with OA
compared to controls.
Obesity increases the risk of developing OA37,38. This association
is not solely due to increased mechanical load, as the risk also exists
for non-weight-bearing joints39. Adipose tissue and altered lipid
metabolism contribute to increased systemic inﬂammation40. We
found BMI was positively correlated with the expression of CCR2 on
classical monocytes, which is consistent with previous data
showing BMI and fat mass correlate with increased expression of
CCR2 on monocytes41. Thus, adiposity may accelerate the CCR2mediated inﬁltration of monocytes to the synovium where they
contribute to pathogenesis (i.e., pain, cartilage erosion). In animal
models of OA, blockade of CCL2/CCR2 leads to decreased inﬂammation, macrophage accumulation in the joint and cartilage damage33. This, in conjunction with controlling weight and adiposity,
may be able to slow the progression of OA.
Although our study is limited by a small sample size and crosssectional design, it is the ﬁrst study, to our knowledge, to specifically characterize changes in circulating monocytes in individuals
with OA compared to healthy controls. We have shown that monocytes in OA display an activated phenotype with increased expression of activation markers as well as increased production of proinﬂammatory cytokines. Monocyte activation may contribute to
the development of multiple comorbidities that commonly co-exist
with OA, such as depression, obesity, metabolic syndrome and
dyslipidemia4,39,42. Activation and homing of inﬂammatory monocytes has been associated with many chronic inﬂammatory conditions including dementia, atherosclerosis and type II diabetes18,43. As
in OA, these conditions are characterized by slight but measurable
changes in soluble and cellular inﬂammation and similar changes in
leukocyte phenotype and function23. Since having one chronic inﬂammatory condition is associated with a higher chance of developing multiple co-morbidities44, it is believed that there are
common immunological changes that predispose to multiple diseases. As an example, in mice, OA increases neuroinﬂammation and
accelerates Alzheimer's disease pathology45. Changes in monocytes
contribute to the development of chronic inﬂammatory conditions46. Monocyte trafﬁcking mediated by CCR2/MCP-1 is essential
for the development of atherosclerotic plaques47 and has been
shown to contribute to inﬂammation in the brain48 and adipose
tissue49. Further studies are warranted to explore the contribution of
monocyte activation and trafﬁcking to the risk of developing
comorbidities in OA. Therapeutically targeting monocytes in OA may
slow disease progression or decrease the risk of other chronic inﬂammatory diseases with monocyte involvement.
Contributions
All authors were involved in conception and design. Participants
with OA were recruited by SK and MRM. DL performed experiments, DM, DMEB, and MRM analyzed and interpreted data, and
drafted the article. DMEB and MRM obtained funding.
Competing interest statement
The authors do not have competing interests to declare.

262

D. Loukov et al. / Osteoarthritis and Cartilage 26 (2018) 255e263

Role of the funding source
DL was supported by a studentship from the Canadian Institute of
Health Research (CIHR). This work was funded by a grant from the
Labarge Optimal Aging Initiative (DMEB, MRM). Participant
recruitment and evaluation was funded by a CIHR (10642) and
NSERC (353715) grants awarded to MRM who holds a CIHR New
Investigator Award. Immunophenotyping was supported by a CIHR
grant to DMEB who holds a Canada Research Chair in Aging and
Immunity. Work in the Bowdish lab is supported by the McMaster
Immunology Research Centre and the M. G. DeGroote Institute for
Infectious Disease Research.
Acknowledgments
The authors would like to thank Dr Chris Verschoor for lending
statistical expertise.
Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.joca.2017.10.018.
References
1. Sandell LJ. Etiology of osteoarthritis: genetics and synovial
joint development. Nat Rev Rheumatol 2012;8(2):77e89,
https://doi.org/10.1038/nrrheum.2011.199.
2. Kuyinu EL, Narayanan G, Nair LS, Laurencin CT. Animal models
of osteoarthritis: classiﬁcation, update, and measurement of
outcomes. J Orthop Surg Res 2016;11(1):19, https://doi.org/
10.1186/s13018-016-0346-5.
3. Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R,
Lindstrom TM, et al. Low-grade inﬂammation as a key mediator
of the pathogenesis of osteoarthritis. Nat Rev Rheumatol
2016;12(10):580e92, https://doi.org/10.1038/nrrheum.2016.
136.
4. Berenbaum F. Osteoarthritis as an inﬂammatory disease
(osteoarthritis is not osteoarthrosis!). Osteoarthr Cartil
2013;21(1):16e21, https://doi.org/10.1016/j.joca.2012.11.012.
5. Hügle T, Geurts J. What drives osteoarthritis?dsynovial versus
subchondral bone pathology. Rheumatology 2016, https://
doi.org/10.1093/rheumatology/kew389.
6. Lacourt M, Gao C, Li A, Girard C, Beauchamp G, Henderson JE,
et al. Relationship between cartilage and subchondral bone
lesions in repetitive impact trauma-induced equine osteoarthritis. Osteoarthr Cartil 2012;20(6):572e83, https://doi.org/
10.1016/j.joca.2012.02.004.
7. Seeling M, Hillenhoff U, David JP, Schett G, Tuckermann J,
Lux A, et al. Inﬂammatory monocytes and Fcg receptor IV on
osteoclasts are critical for bone destruction during inﬂammatory arthritis in mice. Proc Natl Acad Sci U S A 2013;110(26):
10729e34, https://doi.org/10.1073/pnas.1301001110.
8. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T,
Nishihara T, et al. Origin of osteoclasts: mature monocytes and
macrophages are capable of differentiating into osteoclasts
under a suitable microenvironment prepared by bone
marrow-derived stromal cells. Proc Natl Acad Sci U S A
1990;87(18):7260e4,
https://doi.org/10.1073/pnas.87.18.
7260.
9. Bertuglia A, Lacourt M, Girard C, Beauchamp G, Richard H,
Laverty S. Osteoclasts are recruited to the subchondral bone in
naturally occurring post-traumatic equine carpal osteoarthritis
and may contribute to cartilage degradation. Osteoarthr Cartil
2016;24(3):555e66, https://doi.org/10.1016/j.joca.2015.10.008.

10. de Lange-Brokaar BJE, Ioan-Facsinay A, van Osch GJVM,
Zuurmond AM, Schoones J, Toes RE, et al. Synovial inﬂammation, immune cells and their cytokines in osteoarthritis: a review. Osteoarthr Cartil 2012;20(12):1484e99, https://doi.org/
10.1016/j.joca.2012.08.027.
11. Walsh DA, Bonnet CS, Turner EL, Wilson D, Situ M,
McWilliams DF. Angiogenesis in the synovium and at the
osteochondral junction in osteoarthritis. Osteoarthr Cartil
2007;15(7):743e51, https://doi.org/10.1016/j.joca.2007.01.020.
12. Sohn DH, Sokolove J, Sharpe O, Erhart JC, Chandra PE, Lahey LJ,
et al. Plasma proteins present in osteoarthritic synovial ﬂuid
can stimulate cytokine production via Toll-like receptor 4.
Arthritis Res Ther 2012;14(1):R7, https://doi.org/10.1186/
ar3555.
13. Daghestani HN, Pieper CF, Kraus VB. Soluble macrophage
biomarkers indicate inﬂammatory phenotypes in patients
with knee osteoarthritis. Arthritis Rheumatol 2015;67(4):
956e65, https://doi.org/10.1002/art.39006.
14. Blom AB, van Lent PLEM, Holthuysen AEM, van der Kraan PM,
Roth J, van Rooijen N, et al. Synovial lining macrophages
mediate osteophyte formation during experimental osteoarthritis. Osteoarthr Cartil 2004;12(8):627e35, https://doi.org/
10.1016/j.joca.2004.03.003.
15. Van Lent PLEM, Blom AB, Van Der Kraan P, Holthuysen AE,
Vitters E, van Tooijen N, et al. Crucial role of synovial lining
macrophages in the promotion of transforming growth factor bmediated osteophyte formation. Arthritis Rheum 2004;50(1):
103e11, https://doi.org/10.1002/art.11422.
16. Blom AB, Van Lent PL, Libregts S, Holthuysen AE, van der
Kraan PM, van Rooijen N, et al. Crucial role of macrophages in
matrix metalloproteinase-mediated cartilage destruction
during experimental osteoarthritis: involvement of matrix
metalloproteinase 3. Arthritis Rheum 2007;56(1):147e57,
https://doi.org/10.1002/art.22337.
17. Kandahari AM, Yang X, Dighe AS, Pan D, Cui Q. Recognition of
Immune Response for the Early Diagnosis and Treatment of
Osteoarthritis 2015.
18. Yang J, Zhang L, Yu C, Yang X-F, Wang H. Monocyte and
macrophage differentiation: circulation inﬂammatory monocyte as biomarker for inﬂammatory diseases. Biomark Res
2014;2:1, https://doi.org/10.1186/2050-7771-2-1.
19. Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa H.
Inﬂamm-aging of hematopoiesis, hematopoietic stem cells
and the bone marrow microenvironment. Front Immunol
2016;7(November):1e13,
https://doi.org/10.3389/ﬁmmu.
2016.00502.
20. Spector TD, Hart DJ, Nandra D, Doyle DV, Mackillop N,
Gallimore JR, et al. Low-level increases in serum C-reactive
protein are present in early osteoarthritis of the knee and
predict progressive disease. Arthritis Rheum 1997;40(4):
723e7, https://doi.org/10.1002/art.1780400419.
21. Stannus O, Jones G, Cicuttini F, Parameswaran V, Quinn S,
Burgess J, et al. Circulating levels of IL-6 and TNF-alpha are
associated with knee radiographic osteoarthritis and knee
cartilage loss in older adults. Osteoarthr Cartil 2010;18(11):
1441e7, https://doi.org/10.1016/j.joca.2010.08.016.
22. Pearle AD, Scanzello CR, George S, Mandi LA, DiCarlo EF,
Peterson M, et al. Elevated high-sensitivity C-reactive protein
levels are associated with local inﬂammatory ﬁndings in patients with osteoarthritis. Osteoarthr Cartil 2007;15(5):
516e23, https://doi.org/10.1016/j.joca.2006.10.010.
23. Verschoor CP, Johnstone J, Millar J, Parsons R, Lelic A, Loeb A,
et al. Alterations to the frequency and function of peripheral
blood monocytes and associations with chronic disease in the

D. Loukov et al. / Osteoarthritis and Cartilage 26 (2018) 255e263

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

advanced-age, frail elderly. PLoS One 2014;9(8), https://
doi.org/10.1371/journal.pone.0104522.
Durand M, Komarova SV, Bhargava A, Trebec-Reynolds DP,
Li K, Florino C, et al. Monocytes from patients with osteoarthritis display increased osteoclastogenesis and bone resorption: the in vitro osteoclast differentiation in arthritis study.
Arthritis Rheum 2013;65(1):148e58, https://doi.org/10.1002/
art.37722.
 n G, Appelrouth D, Bloch D, Borenstein D,
Altman R, Alarco
Brandt K, et al. The American College of Rheumatology criteria
for the classiﬁcation and reporting of osteoarthritis of the hip.
Arthritis Rheum 1991;34(5):505e14, https://doi.org/10.1002/
art.1780340502.
KOOS Scoring, 2012. http://www.koos.nu/KOOSscoring2012.
pdf.
Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD. Knee
injury and osteoarthritis outcome score (KOOS)edevelopment of
a self-administered outcome measure. J Orthop Sports Phys Ther
1998;28(2):88e96, https://doi.org/10.2519/jospt.1998.28.2.88.
Kennedy DM, Stratford PW, Wessel J, Gollish JD, Penney D.
Assessing stability and change of four performance measures:
a longitudinal study evaluating outcome following total hip
and knee arthroplasty. BMC Musculoskelet Disord 2005;6:3,
https://doi.org/10.1186/1471-2474-6-3.
Zangerle PF, De Groote D, Lopez M, Meuleman RJ, Vrindts Y,
Fauchet F, et al. Direct stimulation of cytokines (IL-1b, TNF-a,
IL-6, IL-2, IFN-g and GM-CSF) in whole blood: II. Application to
rheumatoid arthritis and osteoarthritis. Cytokine 1992;4(6):
568e75, https://doi.org/10.1016/1043-4666(92)90021-I.
Jin X, Beguerie JR, Zhang W, Blizzard L, Otahal P, Jones G, et al.
Circulating C reactive protein in osteoarthritis: a systematic
review and meta-analysis. Ann Rheum Dis 2013, https://
doi.org/10.1136/annrheumdis-2013-204494.
€ ller M, Aringer M, Kiener H, Eriacher L, Machold K, Eberl G,
Ko
et al. Expression of adhesion molecules on synovial ﬂuid and
peripheral blood monocytes in patients with inﬂammatory joint
disease and osteoarthritis. Ann Rheum Dis 1999;58(11):
709e12,
http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid¼1752805&tool¼pmcentrez&
rendertype¼abstract.
Haringman JJ, Smeets TJM, Reinders-Blankert P, Tak PP. Chemokine and chemokine receptor expression in paired peripheral blood mononuclear cells and synovial tissue of
patients with rheumatoid arthritis, osteoarthritis, and reactive
arthritis. Ann Rheum Dis 2006;65(3):294e300, https://doi.org/
10.1136/ard.2005.037176.
Raghu H, Lepus CM, Wang Q, Wong HH, Lingampalli N,
Oliviero F, et al. CCL2/CCR2, but not CCL5/CCR5, mediates
monocyte recruitment, inﬂammation and cartilage destruction
in osteoarthritis. Ann Rheum Dis 2016, https://doi.org/
10.1136/annrheumdis-2016-210426.
Jasin HE. Autoantibody speciﬁcities of immune complexes
sequestered in articular cartilage of patients with rheumatoid
arthritis and osteoarthritis. Arthritis Rheum 1985;28(3):241e8.
Puchta A, Naidoo A, Verschoor CP, Loukov D, Thevaranjan N,
Mandur TS, et al. TNF drives monocyte dysfunction with age
and results in impaired anti-pneumococcal immunity. PLOS

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

263

Pathog
2016;12(1),
https://doi.org/10.1371/journal.ppat.
1005368. e1005368.
Li L, Jiang B-E. Serum and synovial ﬂuid chemokine ligand 2/
monocyte chemoattractant protein 1 concentrations correlates
with symptomatic severity in patients with knee osteoarthritis. Ann Clin Biochem 2015;52(Pt 2):276e82, https://
doi.org/10.1177/0004563214545117.
Felson DT, Anderson JJ, Naimark A, Walker AM, Meenan RF.
Obesity and knee osteoarthritis. The Framingham study. Ann
Intern Med 1988;109(1):18e24, https://doi.org/10.1059/00034819-109-1-18.
Cicuttini FM, Baker JR, Spector TD. The association of obesity
with osteoarthritis of the hand and knee in women: a twin
study. J Rheumatol 1996;23(7):1221e6.
Thijssen E, van Caam A, van der Kraan PM. Obesity and osteoarthritis, more than just wear and tear: pivotal roles for
inﬂamed adipose tissue and dyslipidaemia in obesity-induced
osteoarthritis. Rheumatology (Oxford) 2015;54(4):588e600,
https://doi.org/10.1093/rheumatology/keu464.
Fain JN. Release of inﬂammatory mediators by human adipose
tissue is enhanced in obesity and primarily by the nonfat cells:
a review. Mediat Inﬂamm 2010;2010, https://doi.org/10.1155/
2010/513948.
Jaksic VP, Gizdic B, Miletic Z, Trutin-Ostovic K, Jaksic O. Association of monocyte CCR2 expression with obesity and insulin
resistance in postmenopausal women. Clin Investig Med
2013;36(1).
Leite AA, Costa AJG, de Arruda Matheos de Lima B, Padilha AVL,
de Albuquerque EC, Marques CDL. Comorbidities in patients
with Osteoarthritis: frequency and impact on pain and physical function. Rev Bras Reumatol 2011;51(2):113e7.
Giulietti A, van Etten E, Overbergh L, Stoffels K, Bouillon R,
Mathieu C. Monocytes from type 2 diabetic patients have a
pro-inﬂammatory proﬁle. Diabetes Res Clin Pract 2007;77(1):
47e57, https://doi.org/10.1016/j.diabres.2006.10.007.
Ursum J, Nielen MMJ, Twisk JWR, Peters MJ, Schellevis FG,
Nurmohamed MT, et al. Increased risk for chronic comorbid
disorders in patients with inﬂammatory arthritis: a population
based study. BMC Fam Pract 2013;14:199, https://doi.org/
10.1186/1471-2296-14-199.
Kyrkanides S, Tallents RH, Miller JH, Olschowka ME, Johnson R,
Yang M, et al. Osteoarthritis accelerates and exacerbates Alzheimer's disease pathology in mice. J Neuroinﬂammation
2011;8(1):112, https://doi.org/10.1186/1742-2094-8-112.
Oishi Y, Manabe I. Macrophages in age-related chronic inﬂammatory diseases. npj Aging Mech Dis 2016;2(May),
https://doi.org/10.1038/npjamd.2016.18. 16018.
Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R,
Llodra J, et al. Monocyte subsets differentially employ CCR2,
CCR5, and CX3CR1 to accumulate within atherosclerotic plaques. J Clin Investig 2007;117(1):185e94, https://doi.org/
10.1172/JCI28549.
Prinz M, Priller J. Tickets to the brain: role of CCR2 and CX3CR1 in
myeloid cell entry in the CNS. J Neuroimmunol 2010;224(1e2):
80e4, https://doi.org/10.1016/j.jneuroim.2010.05.015.
Neels JG, Olefsky JM. Inﬂamed fat: what starts the ﬁre? J Clin
Investig 2006;116(1):33e5, https://doi.org/10.1172/JCI27280.

