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Abstract
Macrophages are important during the development and progression of osteoarthritis
(OA). The aim of this study was to identify profiles of different macrophage phenotypes
during the course of OA and to investigate their associations with OA features. To
assess this, OA was induced in the knees of C57BL/6 mice by collagenase-induced OA
(CIOA) or destabilization of the medial meniscus (DMM). The knees were histologically
assessed after 1, 3, 7, 14, 28, or 56 days for cartilage damage, synovial thickening,
and osteophytes (n=9 per time point/model). Naïve knees (n=6) from non-OA mice
were used as controls. iNOS was used as an immunohistochemical marker for proinflammatory macrophages, CD163 for anti-inflammatory macrophages, and CD206
for tissue-repair macrophages. iNOS staining was significantly stronger in CIOA knees
than in naïve knees from d3 onwards, CD163 was increased at d3. CD206 was stronger
at early time points in CIOA knees than in naïve knees. In DMM knees, iNOS was
higher from d3 onwards than in naïve knees and CD163 was unaffected at all time
points. CD206 was stronger at early time points in DMM knees than in naïve knees
and prolonged till later time points. In both models, the presence of iNOS and CD206
staining associated moderately with synovial thickness, whereas CD163 staining had a
negative association with the presence of osteophytes. Time profiles of the phenotypes
during the course of OA provides knowledge that can be applied to determine optimal
timings for future treatment regimens specifically targeting macrophage phenotypes to
inhibit the progression of the disease.
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Introduction
Macrophages are present in the synovial lining of joints and were shown to have
a prominent role in cartilage degeneration48,49,52,60 and in the development and
progression of osteoarthritis (OA)51. They can become activated, resulting in a spectrum
of phenotypes that may range from pro‑inflammatory (M1-like), to anti‑inflammatory
or tissue repair (M2-like)47. In several studies, increased levels of pro‑inflammatory
cytokines, typically secreted by macrophages, were found in the synovial fluid of
patients who sustained trauma and who were likely to develop OA93-95. Pro-inflammatory
and anti-inflammatory cytokines were also found in the synovial fluid of patients who
already had developed post-traumatic OA2,7,85,89,96,97. Additionally, macrophages were
shown to be essential during the progression of OA50, as in vivo depletion of synovial
macrophages diminished osteophyte formation51 and reduced cartilage destruction52 in
OA mouse models. In our previous work, we have shown the possibility to modulate
synovial inflammation in vitro via macrophage phenotypes, suggesting that modulating
macrophage phenotypes could be implemented as therapy to delay OA progression68.
OA mouse models are widely used in basic and translational research because
they allow us to study the disease on a pathophysiological level or study treatment
interventions98,99. In this study, we used two models in which OA was induced due
to instability of the knee joint. In the first model, the collagenase-induced OA (CIOA)
model100, collagenase is injected into the joint cavity and induces inflammation. The
collagenase also affects ligaments and menisci, resulting in joint instability100,101. The
second model, destabilization of the medial meniscus (DMM), is a surgical procedure
where the medial meniscotibial ligament (MMTL), that anchors the medial meniscus to
the tibial plateau, is transected102. The two OA models differ in cartilage degeneration
pace and degree of inflammation. Cartilage damage was detected at an earlier time point
in the CIOA model103 than in de DMM model102, and inflammation also tended to be
more severe in the CIOA model51 than in the DMM model102. The differences between
both models make it interesting to evaluate the presence of macrophage phenotypes
in relation to OA severity. Knowledge on the time course of certain macrophage
phenotype profiles in vivo may provide insights for therapies that are focusing on
modulating specific macrophage phenotypes to delay OA, for instance by determining
the optimal time to intervene. Therefore, the aims of this study were to determine how
macrophage phenotypes vary with time after OA onset in two instability‑based mouse
models, and to investigate the associations between the macrophage phenotypes and
OA features such as cartilage damage, osteophyte formation, and synovial thickness.
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Materials and Methods
Induction of experimental OA
The animal experiments were carried out with the approval of the Animal Ethical
Committee of the Erasmus Medical Center, approval no. EMC 3246 (114-14-01) and
in accordance with the ARRIVE Guidelines for Reporting Animal Research104. Male
C57BL/6 mice (C57BL/6J01aHsd, 12-14 weeks old, 28.4±3.1 g; Envigo, Cambridgeshire,
UK) were randomly taken from their cages for induction of OA in their right knees by
either CIOA or DMM. For both procedures, the mice were anesthetized using a mixture
of 3% isoflurane/0.8 L O2/min (Pharmachemie BV, Haarlem, the Netherlands) and the
knees were sprayed with 70% ethanol (BoomLab, Meppel, the Netherlands). For CIOA,
a 3-4 mm dermal incision was made at the height of the patellar tendon. 10 U highly
purified collagenase from clostridium histolyticum (Sigma-Aldrich, St. Louise, USA) in
a volume of 6 µL saline (0.9% NaCl; Sigma‑Aldrich) was injected intra-articularly using
a microliter syringe (Hamilton, Bonaduz, Switzerland) and a 30G needle (BD Medical,
New Jersey, USA). To reduce the number of animals, the contralateral knees received 6
µL saline to serve as vehicle control. As it was previously shown that an injection with
saline did not affect joint tissues100, three contralateral knees per time point for the CIOA
model were processed for analysis. For induction of OA by DMM102, the mice received
analgesic 30 minutes prior to the procedure by subcutaneous injection of 0.05 mg/
kg Temgesic (RB Pharmaceuticals Limited, Slought, UK). The knees were shaved and
sprayed with 70% ethanol. A 4-5 mm longitudinal dermal incision at the height of the
patellar tendon was made using a size 10 surgical scalpel (Swann‑Morton, Sheffield,
UK), followed by a 3 mm incision medial to the patellar tendon. The joint capsule was
further opened by blunt dissection, and the infrapatellar fat pad was removed to aid
visualization. Bleeding was controlled by compression and flushing with saline. The
MMTL was identified and transected using a size 11 surgical scalpel (Swann-Morton).
The contralateral knees of the mice underwent a sham procedure which entailed the
exact same procedure, with the exception of transection of the MMTL. The sham was
performed in the contralateral knees of the mice to reduce the number of needed
mice. All animals were housed in groups of 3 to 9 in standard individually ventilated
cages including enrichment under a standard 12h light/dark cycle at the Experimental
Animal Facility of the Erasmus Medical Center. The animals received acid tap water
and standard chow ad libitum. The mice were euthanized by cervical dislocation 1, 3,
7, 14, 28, or 56 days after induction of OA (n=9 per OA model and per time point). In
order to take into account any potential systemic effects of OA induction, as well as
differences in biomechanics and gait in the controlateral knees, six naïve knees were
obtained from three 16-week-old mice that were euthanized without induction of OA.
These knees were used as controls throughout the study instead of the contralateral
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knees that were either saline injected or sham operated. Since there were no previous
findings reported regarding the standard deviation of the presence of macrophages
during OA, and the use of ranks as non‑parametric readout parameter, no sample size
calculation was conducted. 9 animals per group were used in this study as this is a
common average sample size used in experimental OA studies105-108. As a number of
knees were lost during processing (i.e., during harvesting, sectioning or staining), the
actual number of knees used for analysis is stated in each figure separately.

Immunohistological stainings
The knees were fixed for 10 days in 4% formaldehyde (BoomLab, Meppel, the
Netherlands), followed by 10 days of decalcification in 10% ethylenediaminetetraacetic
acid (Sigma-Aldrich, St. Louis, USA) in deionized water. The knees were embedded in
paraffin and sectioned serially at 6 µm (12 to 14 sections per knee). Sections were
depararaffinized and stained with thionin (Sigma‑Aldrich) to evaluate sulphated
glycosaminoglycan content in cartilage, structural cartilage damage, synovial thickness,
and the presence of osteophytes. Sections were immunohistochemically stained to
visualize inducible nitric oxide synthase (iNOS), cluster of differentiation 163 (CD163),
and mannose receptor C type 1/CD206 to identify different macrophage phenotypes.
For iNOS and CD163 staining, antigen retrieval was carried out by heat‑induced
epitope retrieval (HIER) in Tris-EDTA (10 mM Tris base, 1 mM EDTA, 0.05% Tween 20;
pH 9.0; Sigma-Aldrich) for 30 minutes at 95°C. Antigen retrieval for CD206 was carried
out by HIER in citrate buffer (10 mM tri-sodium citrate dihydrate, 0.05% Tween 20; pH
6.0; Sigma Aldrich) for 30 minutes at 95°C. Sections were then pre-incubated to block
non‑specific binding sites in 10% normal goat serum (Southern Biotech, Birmingham,
AL, USA) in phosphate‑buffered saline (PBS; Gibco)/1% bovine serum albumin (BSA;
Sigma-Aldrich)/1% Elk milk powder (Campina, Amersfoort, the Netherlands). Next, the
sections were incubated with the primary antibodies against iNOS (Abcam ab15323,
Cambridge, UK; 1.73 µg/mL), CD206 (Abcam, ab64693; 2.5 µg/mL), CD163 (Abcam
ab182422; 0.45 µg/mL), or rabbit IgG as negative isotype control for 60 minutes at room
temperature. An enzyme-streptavidin conjugate (HK-326-UR/HK-321-UK; Biogenex,
Fremont, CA, USA) in PBS/1% BSA was used as link and label, and visualized by Neu
Fuchsin substrate (Chroma, Köngen, Germany). Finally, the sections were counterstained
with Gill’s haematoxylin (Sigma-Aldrich) and mounted with VectaMount (Vector
Laboratories, Burlingame, USA). Images were acquired with a NanoZoomer 2.0-HT
slide scanner and NDP.scan v2.5.85 (Hamamatsu, Hamamatsu City, Japan).

Scoring of histopathological features of OA and macrophage phenotypes
Structural cartilage damage was assessed in four quadrants (i.e., medial femoral
condyle, medial tibial plateau, lateral femoral condyle, and lateral tibial plateau) of
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four thionin stained sections, and evaluated according to a modified Pritzker score109
to be more suitable for scoring articular cartilage damage in mice knees. The score was
determined by multiplying a grade (0-6) and a stage (0-4) (Supplementary Table S4.1
and Supplementary Figure S4.1). The damage was scored in four sections per quadrant,
accounting for a total of 16 scores throughout the entire knee joint. The maximum score
of each quadrant was summed to determine the total maximum damage in the knee with
a maximal possible score of 96.
Osteophytes were assessed on the medial and lateral side of the knees and were
described as either cartilaginous or bony.
Synovial thickness was measured medially and laterally at the height of the
parapatellar recess at three locations in four sections using NDP.view v2.6.8 (Hamamatsu,
Hamamatsu City, Japan), accounting for a total of 24 measurements per knee. The mean
of all measurements was used to determine the average synovial thickness of the entire
knee110.
Immunohistochemical stainings for iNOS, CD163, and CD206 were ranked based
on the increasing intensity in the entire knee. Meaning that within each model, all
knees including contralateral knees and naïve knees, were ranked from least intensely
to most intensely stained using bright field microscopy. The maximum rank depended
on the number of knees per staining within each model as presented in each figure.
Knees that exhibited the same amount of positivity were assigned the median rank of
the number of equally ranked knees. This means that the maximum score in the CIOA
model was 74 for all three stainings. In the DMM model the maximum score was 111
for iNOS and CD163, and 112 for CD206. These numbers varied due to loss of samples
during harvesting, harvesting, sectioning, or staining. All scorings and rankings were
performed in a blinded manner by two independent researchers (LU and NK).

Statistics
Calculations for rank analysis were conducted with MS Excel 2016 (Microsoft, Redmond,
USA) and statistical evaluation was conducted with IBM SPSS 23.0 (IBM, Armonk, USA).
Differences in parameters of interest (i.e., cartilage damage, synovial thickness, and
intensity of iNOS, CD163, and CD206 staining) between OA knees at each time point
and naïve knees or contralateral knees were evaluated by Kruskall-Wallis tests followed
by Bonferroni post hoc tests. The presence of osteophytes was statistically assessed with
Fisher’s exact test followed by Bonferroni correction. To evaluate associations between
intensities of macrophage markers (i.e., iNOS, CD163, and CD206) in OA-induced
knees and features of OA (i.e., cartilage damage, presence of osteophytes, and synovial
thickness), non-parametric Spearman rho correlation tests followed by Bonferroni
correction were conducted for both OA models separately, including bootstrap-based
calculations for the 95% confidence interval (95%CI). Correlation strengths based on
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the correlation coefficients (ρs) were defined as follows: 0.0-0.19: very weak; 0.200.39: weak; 0.40-0.59: moderate; 0.60-0.79: strong; 0.80-1.00: very strong. Discrete
data is presented as median in the figures, whereas continuous data is presented as the
mean. The Bonferroni corrected p-values are denoted in the figures and tables, and
differences were considered statistically significant for p<0.05.

Results
OA development over time in the CIOA and DMM models
Induction of OA in the mouse knees evaluated by cartilage damage, the presence of
osteophytes, and synovial thickening. Cartilage damage was mild and significantly
more severe at day 14 in the CIOA knees than in the DMM knees. At day 56, the
damage was more severe in the DMM knees than in the CIOA knees. (Figure 4.1A
and 4.1B). No osteophytes were present in the naïve knees, but appeared in the CIOA
knees from day 3 onwards and in the DMM knees from day 7 onwards (Figure 4.1C).
All osteophytes could be characterized as cartilaginous in the CIOA and DMM knees
on day 3 and 7. From day 28 on, the percentage of bony osteophytes increased (Figure
4.1D and 4.1E). One CIOA contralateral knee had cartilaginous osteophytes at day 7,
one DMM sham knee had bony osteophytes at day 28, and two DMM sham knees had
cartilaginous osteophytes at day 56 (data not shown). The synovium was significantly
thicker in the CIOA knees than in the naïve knees from day 7 onwards, and at days 7
and 56 in the DMM knees compared to the naïve knees. The synovium was generally
thicker in the CIOA knees than in the DMM knees (Figure 4.1F).

Profiles of macrophage phenotypes during OA and their association with
OA features
The synovium contained macrophages with different phenotypes as indicated by
immunohistochemical stainings for iNOS as a marker of pro-inflammatory macrophages,
CD163 as marker for anti-inflammatory macrophages, and CD206 as marker for tissue
repair macrophages. Isotype controls were negative for all stainings (Figure 4.2, Figure
4.3).
In the CIOA knees, the intensity of the iNOS staining statistically significantly
increased at day 3 compared to the naïve knees, remained elevated till day 28, and
was reduced at day 56 towards the level of naïve knees (Figure 4.2A). CD163 staining
was significantly higher in the CIOA knees three days after OA induction than in the
naïve knees, and from day 7 onwards declined to the levels seen in the naïve knees
(Figure 4.2B). CD206 staining was significantly higher in CIOA knees than in naïve
knees throughout most of the experiment (Figure 4.2C). Interestingly, iNOS staining in
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Figure 4.1: Development of OA features in the CIOA and DMM mouse models. (A) The maximum
cartilage damage in the CIOA and DMM knees over time. The data is shown as median ± IQR.
(B) Examples of a thionin staining of CIOA and DMM knees that exhibited mediate cartilage
damage (upper panel. CIOA day3; DMM day 7) or severe cartilage damages (lower panel. CIOA
day 28; DMM day 56). (C) Percentages of knees with osteophytes. (D) The osteophytes were
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identified as either cartilaginous or bony in the thionin stained sections. (E) Distribution of the
osteophyte types in percentages in the knees after induction of OA by CIOA or DMM. (F) The
average synovial thickness in the CIOA and DMM knees measured at the patella femoral recess.
The data is shown as mean ± SD. The Bonferroni corrected p-values on top of the bars denote
significant differences between naïve knees (white bar labelled with N; n=6), and CIOA or DMM
knees. The number of knees used in the statistical analysis is denoted below each graph, and the
Bonferroni corrected p-values below the graphs depict significant differences between the CIOA
and DMM knees.
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Figure 4.2: Profiles of different macrophage phenotype stainings during the course of CIOA.
(A) iNOS was used as a pro‑inflammatory macrophage marker, (B) CD163 as a marker for
anti‑inflammatory macrophages, and (C) CD206 as a tissue repair macrophage marker. The
staining intensity was ranked amongst all time points and statistically compared to the median
rank of naïve knees where no OA was induced (white bars labelled with N). The data is shown
as median ± IQR, and the histological pictures depict examples of three levels of ranks of each
marker including the negative isotype (IgG) control for each marker. The number of knees used
for the statistical analysis is given in each figure, and the Bonferroni corrected p-values denote
statistically significant differences compared to the naïve knees.
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the CIOA knees correlated moderately with the presence of osteophytes and synovial
thickness. CD163 staining had a moderate negative association with cartilage damage,
synovial thickness, and the presence of osteophytes, while CD206 staining was
moderately associated with osteophytes and the thickness of the synovium (Table 4.1).
The thickening of the synovium was also moderately associated with cartilage damage
(ρ=0.40; 95%CI [0.118 – 0.635]), but not with the presence of osteophytes. iNOS and
CD206 staining in the CIOA knees associated strongly with each other (ρ= 0.75; 95%CI
[0.656 – 0.834]). Trends in time were less obvious for the macrophages markers in the
contralateral knees that received saline instead of collagenase, especially for iNOS
A
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Figure 4.3: Macrophage phenotype stainings after induction of OA by DMM. (A) iNOS was
used as a pro‑inflammatory macrophage marker, (B) CD163 as a marker for anti‑inflammatory
macrophages, and (C) CD206 as a tissue repair macrophage marker. The staining intensity of the
markers was ranked amongst all time points and statistically compared to the median rank of
naïve knees (white bars labelled with N). The data is shown as median ± IQR, and the histological
pictures depict examples of three rank levels including the negative isotype (IgG) control for
each marker. The number of knees used for the statistical analysis is given in each figure, and
the Bonferroni adjusted p-values depict statistically significant differences with the naïve knees.
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and CD206 (Supplementary Figure S4.2). None of the macrophage stainings associated
with any of the OA features in the contralateral knees, and none of the macrophage
stainings correlated with each other (data not shown).
In the DMM knees, the intensity of iNOS staining was significantly higher than in
the naïve knees during almost the entire experiment (Figure 4.3A). CD163 staining
was present throughout the experiment, but the intensities did not differ from the naïve
knees at any time point (Figure 4.3B). CD206 staining was statistically higher than in
the naïve knees at days 3, 7, and 28 (Figure 3C). iNOS staining in the DMM knees had
a strong positive correlation with synovial thickness. CD163 staining had a moderate
negative correlation with the presence of osteophytes and CD206 staining correlated
weakly with synovial thickness (Table 4.1). Synovial thickening did not correlate with
cartilage damage nor the presence of osteophytes in this model (data not shown). iNOS
and CD206 staining in the DMM knees correlated moderately positive with each other
Table 4.1: Spearman rho correlations between staining intensity of macrophage phenotypes in
CIOA knees and DMM knees, and OA features. Parameters in bold denote statistically significant
associations.
OA model Macrophage Parameter
marker

Correlation
coefficient
(Spearman rho)

P-value

95% CI
(lower –
upper)

CIOA

0.29

0.114

0.001 – 0.529

Presence of osteophytes 0.42

0.006

0.135 – 0.653

Synovial thickness

0.53

< 0.001

0.267 – 0.718

Cartilage damage

-0.41

0.009

-0.611- -0.150

iNOS (n=52) Cartilage damage

CD163
(n=52)

CD206
(n=52)

DMM

Presence of osteophytes -0.42

0.005

-0.668 - -0.184

Synovial thickness

-0.40

0.010

-0.609 - -0.156

Cartilage damage

0.21

0.406

-0.037 - 0.459

Presence of osteophytes 0.41

0.008

0.158 – 0.625

Synovial thickness

0.007

0.183 – 0.610

iNOS (n=51) Cartilage damage

CD163
(n=52)

CD206
(n=52)

0.41

1.083

-0.387 – 0.164

Presence of osteophytes 0.13

-0.13

1.057

-0.118 - 0.374

Synovial thickness

0.62

< 0.001

0.423 - 0.770

Cartilage damage

-0.31

0.071

-0.552 - -0.017

Presence of osteophytes -0.45

0.002

-0.664 - -0.203

Synovial thickness

0.19

0.510

-0.088 - 0.440

Cartilage damage

-0.09

1.516

-0.387 - 0.228

Presence of osteophytes 0.28

0.141

-0.018 - 0.573

Synovial thickness

0.035

0.053 - 0.606

0.35
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(ρ= 0.51; 95%CI [0.253-0.709]). In the sham knees, the iNOS and CD163 stainings did
not correlate with any of the OA features, even though similar profiles were seen in the
sham operated knees and in the DMM knees (Supplementary Figure S4.2). In addition,
in the sham knees, CD206 staining had a weak negative association with cartilage
damage (ρ= -0.36; 95%CI [-0.565 - -0.089] and the CD206 and iNOS stainings in the
sham knees associated moderately with each other (ρ= 0.49; 95%CI [0.239 – 0.699]).

Discussion
We have identified pro‑inflammatory, anti‑inflammatory, and tissue repair macrophages
during the development of OA in two established instability-based mouse models.
Additionally, we have shown that the presence of these macrophages associates
with different OA features such as cartilage damage, synovitis, and the presence of
osteophytes. An immunohistochemical assessment of profiles of three macrophage
phenotypes in vivo during the course of OA has not been reported before. Identifying
these profiles in two models with different OA progression rates, provides valuable
indications regarding the interplay between joint tissues and macrophages, and the role
of inflammation that is driven by macrophages during OA.
iNOS staining was higher from early time points on in the CIOA knees than in naïve
knees. In the DMM model, iNOS staining was increased during the first two weeks after
induction, and in both models, the presence of iNOS+ cells was positively associated
with the thickness of the synovium. These data combined suggest that pro-inflammatory
iNOS+ macrophages remain present during early OA, and the positive association with
synovial thickness points to their active involvement during the initial inflammatory
stage. CD163+ cells were present three days after OA induction by collagenase
injection, likely in an attempt to dampen the initial inflammation, and staining intensity
reduced within the first week after OA induction. In DMM knees, CD163+ cells were
continuously present, but not significantly more than in naïve knees, suggesting that
transecting the MMTL does not necessarily contribute to further enhancement of CD163+
macrophages. This is also supported by the fact that the synovium was generally thinner
in DMM knees than in CIOA knees, indicating less synovial activation. The negative
association between the CD163 staining and osteophyte formation also supports the
anti‑inflammatory character of CD163+ cells in the synovium. These findings are in
line with our previous in vitro studies where anti-inflammatory M(IL-10) macrophages
express high levels of CD163 and secrete high levels of soluble CD16360,68. CD206
staining seemed continuously present in relatively high amounts. This increase suggests
that CD206+ cells were likely compensating and repairing the injury caused during the
progression of the disease, demonstrating the contribution of CD206+ cells to tissue
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repair or remodeling processes. This is also indicated by the positive association found
between CD206+ macrophages, known to produce CCL1860,68, that is associated with
fibrosis111,112, with osteophyte formation in the DMM model, and synovial thickening in
both models. These data combined imply the role of CD206+ synovial cells during the
stage of OA where repair processes likely have the upper hand.
The classification of pro‑inflammatory (M1) and anti‑inflammatory (M2) phenotypes
to denominate macrophage phenotypes, represent the extremes of a phenotype that
macrophages may acquire. In vitro, we and others have shown that stimulation with
Interferon-γ (IFNγ), Tumor necrosis factor-α (TNFα), lipopolysaccharide (LPS), or a
combination of these factors result in M1-like macrophages that express and secrete
high levels of NOS2/iNOS113-115, and other inflammatory factors such as IL-6, IL-1β,
TNFα42,68,69,116. M2-like macrophages are often further divided into IL‑4 stimulated
macrophages (M(IL-4)) and IL-10 stimulated macrophages (M(IL‑10)) which are
sometimes also referred to as M2a and M2c macrophages in literature47,59. In our
previous work and work by others, it was shown that M(IL-4) macrophages highly
express CD206 together with high expression and protein production of factors
involved in tissue repair processes such as TGFβ, arginases, and CCL18111,112,117,118.
M(IL-10) macrophages express high levels of CD163, produce high protein levels of
IL-10 and soluble CD163 (sCD163), and are typically considered anti-inflammatory45.
In the current in vivo study, we found by staining for CD206 and CD163 that these two
M2 macrophage subsets differ in presence over time during OA and are associated with
different features that are found in OA knees. These findings indicate that the different
subsets may have different functions in vivo as well. Ideally, a double staining for F4/80,
a general marker for murine macrophages, and one of the macrophage phenotype
markers would have been informative. Unfortunately, it is technically very challenging
as the tissue will become badly damaged due to the method and thereby does not
provide reliable findings. The consequence is that without a double staining, we cannot
be entirely sure that all stained cells are indeed macrophages. However, due to an
influx of synovial macrophages seen during synovial inflammation and OA2,65,66, we
can consider that the synovium constitutes of a substantial number of macrophages.
Depletion of synovial macrophages was demonstrated to reduce the formation of
osteophytes during experimental OA51. In the current study, the temporal profiles of the
macrophage phenotypes were very similar in DMM knees and in sham knees, implying
that macrophages are activated due to the injured synovium during the procedure and
appear not to be linked to the destabilized medial meniscus. This in turn might question
the importance of the involvement of macrophages in OA development, as apparently,
the increased presence of macrophages on its own does not necessarily lead to OA.
Interestingly in the DMM knees of our study, the presence of iNOS+ cells was associated
with synovial thickening, while this was not the case in the sham knees. Moreover, in

13

14

Erasmus Medical Center Rotterdam

the sham knees, only one weak association between a macrophage marker and an
OA feature was found, compared to three moderate to strong associations found in
DMM knees. This suggests that high levels of macrophages only do not contribute
to OA and demonstrate that instability of the joint might be a requirement to initiate
and exacerbate the progression of the disease. Staining of iNOS, CD163, and CD206
tended to differ between the CIOA knees the saline injected knees. Saline injected
knees were similar to the naïve controls.
Evidence that macrophages detrimentally contribute to OA has grown extensively
over the years50,119,120. We have shown in vitro that pro‑inflammatory M(IFNγ+TNFα)
macrophages had a direct effect on articular cartilage by enhancing inflammation
and cartilage degeneration, while anti-inflammatory macrophages did not. These
findings indicate that treatment of OA may be effective by inhibiting pro-inflammatory
macrophages or by increasing the performance of anti‑inflammatory macrophages60.
We have also reported previously that synovial inflammation could be controlled in
vitro by modulation of macrophage phenotypes using common medications, such as
statins, mTOR inhibitors, and corticosteroids. Additionally, this modulatory capacity
was dependent on the stage of inflammation of the synovial tissue68. Combined, this
stresses the importance of the intervention timing when aiming to target synovial
macrophages.
Since differences in gait can contribute to OA diagnosis in contralateral knees121 and
to take into account any potential systemic effects after OA induction122, we compared
the macrophage phenotype profiles to the profiles of naïve knees in which no OA
was induced. The disadvantage of this approach is that these knees represent only one
time point, and it should be taken into account that the naïve mice were the same
age as that of the 28 day OA mice (i.e., 16 weeks), a time point where normal ageing
characteristics can be expected123,124. It would be very interesting to be able to directly
compare the macrophage data between both OA models. However, it was practically
difficult to stain all knees of both models at once, as all material together consisted of
over 275 slides per stain. Therefore, the knees of each model were stained separately to
ensure good quality outcome of the stainings per model. Nonetheless, the consequence
of this is that the ranking of the macrophage phenotypes cannot be compared between
the two OA models. Still the changes and staining profiles in time can be compared.
As different mice, with variations in OA induction, were used for the analysis of each
time point, we cannot confirm that the mice presenting these profiles actually would
have developed these features in the future. Longitudinal correlation studies need to be
conducted, preferably with in vivo imaging tools to visualize macrophages of different
phenotypes in the synovium. Still, our findings indicate that specific macrophage
phenotypes associate with the presence of OA features. Eventually, further in vivo
investigation should be conducted to assess whether suppressing pro‑inflammatory
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macrophages in early stages, and stimulating anti-inflammatory macrophages in later
time points, will prevent progression of OA.

Conclusion
The presence of different macrophage phenotypes varies during the development
of OA and is associated with the development and progression of OA features. This
unique and compelling information on the time profiles of the macrophages during
development of OA can be applied to investigate the optimal timing for a treatment
regimen that is targeting specific macrophage phenotypes to eventually inhibit the
progression of the disease.
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Supplementary data
Supplementary Table S4.1: Modified histological grade and stage score. The grade describes the
depth progression of cartilage degeneration and the stage describes the extent of the cartilage
surface that is affected. The total cartilage damage score = grade x stage.
Grade:

Assessment:

0

Cartilage surface and morphology intact: cells are intact, superficial layer contains flattened
chondrocytes in an aligned orientation

1

Cartilage surface is intact: fibrillation and edema of the superficial layer. Cells are
clustering, apoptotic and hypertrophic.

2

Discontinuity of the cartilage surface: damage to the superficial layer with discontinuity
or fissures. Cells are clustering, apoptotic, hypertrophic and chondron columns are
disoriented.

3

Exposure of chondrocytes: damage to the superficial layer resulting in exposure of
chondrocytes. Cells are clustering, apoptotic, hypertrophic and chondron columns are
disoriented.
± reduced staining intensity coupled with clusters of empty lacunae

4

Erosion of the superficial layer: delamination of the superficial layer; loss of the superficial
layer of the aligned chondrocytes. Cells are clustering, apoptotic, hypertrophic and
chondron columns are disoriented.

5

Erosion until the uncalcified layer: complete delamination of the superficial layer until the
uncalcified layer with exposure to the deep zone. Cells in the deep zone are hypertrophic
and apoptotic.

6

Bone exposure: complete loss of the articular cartilage (all zones) resulting in exposure of
the subchondral bone.

Stage:

Surface area:

0

0%

1

< 10%

2

10-25%

3

25-50%

4

> 50%

The effect of macrophage phenotypes on cartilage

25 μm

Grade 0: surface and morphology intact

25 μm

Grade 1: cartilage surface intact

25 μm

25 μm

Grade 2: surface discontinuity

Grade 3: exposure of chondrocytes

25 μm

25 μm

Grade 4: erosion of the superficial layer

Grade 5: erosion until uncalcified layer

25 μm

Grade 6: bone exposure

Supplementary Figure S4.1: Modified cartilage damage grade score. Examples of 6 grades of
cartilage damage on thionin stained sections of mice knees. Assessment criteria are presented in
Supplementary Table S4.1.
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No. of knees (n):
Sham
DMM
Naive

9
9
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9
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9
9

9
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9
9

9
9
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9
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9

9
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9

9
9

9
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Supplementary Figure S4.2: Profiles of macrophage phenotype stainings over time in the CIOA
and DMM model compared to the contralateral knees. For the CIOA model, the contralateral
knees received an injection of saline (top graphs). For the DMM model, the contralateral knees
were subjected to a sham procedure (bottom graphs).

