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Introduction

The role of inflammation and inflammatory mediator pro-
duction in osteoarthritis (OA) has been increasingly recog-
nized.1,2 Inflammation of the synovial tissue is likely to 
contribute to the disease progression of OA and is implicated 
in many of the signs and symptoms of the disease, such as 
joint swelling and effusion.3-5 Synovial lining macrophages 
are considered to play an important role in the increased 
inflammation of the synovial tissue in OA, as these cells are 
known to produce pro-inflammatory cytokines (e.g., 
interleukin-1β and tumor necrosis factor-α) that diffuse into 
the cartilage through the synovial fluid.2,5 Moreover, syno-
vial lining macrophages mediate osteophyte formation and 
fibrosis in early experimental OA.6 In cancer tissues the 

folate receptor-α is expressed, and on activated, but not 
resting, macrophages that are involved in inflammatory 
processes, the folate receptor-β is expressed.7,8

Folic acid has, even after conjugation to a therapeutic or 
diagnostic cargo, a high affinity for the folate receptor, and 
therefore, folic acid can be used as an targeting ligand for 
selective delivery of attached imaging and therapeutic 
agents to cancer tissues and sites of inflammation that con-
tain activated macrophages.9-13 In rheumatoid arthritis 
(RA), an inflammatory joint condition where macrophages 
are thought to be the main promoter of disease activity, 
folate receptor expression on activated macrophages can 
be visualized using radiolabeled folate.14,15 Recently, acti-
vated macrophage involvement was observed with SPECT/
CT (single-photon emission computed tomography) 
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Abstract
Objective. to evaluate the presence and localization of folate receptor expressing macrophages in the rat groove model of 
osteoarthritis and determine the suitability of a new folate conjugate with albumin-binding entity (cm09) for in vivo SPeCt 
(single-photon emission computed tomography) analysis. Design. in male Wistar rats, local cartilage damage was induced in 
addition to a standard (n = 10) or high-fat diet (n = 6). after 12 weeks, 111in labeled folate conjugates were administered, 
and SPeCt/Ct (computed tomography) imaging was performed after 24 hours. Subsequently, osteoarthritis severity and 
folate receptor expression were assessed using (immuno)-histological sections. Results. In vivo SPeCt/Ct imaging of the 
new folate conjugate (cm09) was as useful as a folate conjugate without albumin-binding entity in the groove model of 
osteoarthritis with less renal accumulation. induction of cartilage damage on a standard diet resulted in no effect on the 
amount of folate receptor expressing macrophages compared with the contralateral sham operated joints. in contrast, 
inducing cartilage damage in the high-fat diet group resulted in 28.4% increase of folate receptor expression as compared 
with the nondamaged control joints. Folate receptor expressing cells were predominantly present in the synovial lining and 
in subchondral bone as confirmed by immunohistochemistry. Conclusions. Folate receptor expression, and thus macrophage 
activation, can clearly be demonstrated in vivo, in small animal models of osteoarthritis using the new 111in-folate conjugate 
with specific binding to the folate receptor. increased macrophage activity only plays a role in the groove model of 
osteoarthritis when applied in a high-fat diet induced dysmetabolic condition, which is in line with the higher inflammatory 
state of that specific model.
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imaging with Etarfolatide in symptomatic OA patients.16 
Besides, SPECT/CT imaging can also be used in experi-
mental OA, where in vivo imaging and quantification of 
macrophage activity is feasible.17,18 However, the increase 
in macrophage activity in OA is modest compared with 
RA, and the specific role of the folate receptor expressing 
macrophages in the disease process of OA is not yet eluci-
dated. A limitation of folate-based nuclear imaging is the 
fact that in its (clinical as well as preclinical) application, 
folate radioconjugates accumulate in the renal tissue.19 
This is mostly a consequence of the rapid clearance of folic 
acid conjugates from the blood circulation and specific 
binding to the folate receptor, which is expressed in the 
renal proximal tubular cells.19 Therefore, a novel DOTA-
folate conjugate (cm09) with a low-molecular-weight albu-
min-binding entity was recently developed. This additional 
functionality was shown to increase the distribution of 
folate radioconjugates in the target tissue while retention of 
activity in the kidneys was reduced.20 In particular, when 
the amount of macrophages may be low in the joint, such 
as in OA, this new radioconjugate has potential for 
improved imaging of the diseased site. The rat groove 
model, where cartilage damage is mechanically induced on 
the femoral condyles with minimal joint inflammation and 
mild joint degeneration, is a model better resembling the 
human low-inflammatory OA situation of slow-progres-
sive disease development.21 On the other hand, when carti-
lage damage is mechanically induced in addition to high-fat 
(HF) diet feeding, an inflammatory driven increase in joint 
degeneration was observed.22 The role of folate receptor 
expressing macrophages in both OA models is currently 
unknown. We hypothesized that accumulation of the novel 
folate radioconjugate in the target tissue may be visualized 
in the rat groove model on both a standard diet and a HF 
diet.

Therefore, the aim of this study was to determine the 
presence and specific localization of folate receptor express-
ing macrophages in the rat groove model of OA in combina-
tion to a standard or HF diet. Additionally, we evaluated the 
in vivo characteristics of the new 111In-folate-conjugate 
(111In-cm09) comprising an albumin-binding entity in 
experimental early-OA compared with a conventional folate 

radioconjugate compound without albumin-binding entity 
in the standard diet fed rats.

Methods

Study Design

In eighteen, 24-week-old, male Wistar rats (Charles River, 
Sulzfeld, Germany), cartilage damage was mechanically 
induced on the femoral condyle in one knee joint, according 
to the groove model as previously described.21 Sham sur-
gery was performed on the contralateral knee joints as an 
internal control. In addition, 6 rats were fed a HF diet 
(D12492i, Research Diets Inc., New Brunswick, NJ) after 
randomization, 12 weeks prior to the mechanically induced 
cartilage damage, and the HF diet was continued for 12 
weeks after induction of cartilage damage. In the HF diet 
group solely the new 111In-folate-conjugate (111In-cm09) 
comprising an albumin-binding entity was used to look at 
the macrophage activity in this model. A detailed overview 
of the study setup is given in Figure 1. All animals had 
access to food pellets and tap water ad libitum and were 
housed 2 per cage. All procedures were approved by the 
Utrecht University Medical Ethical Committee for Animal 
Studies (DEC 2014.I.03.019).

Radiosynthesis

Stock solutions of DOTA-folates (EC0800 provided by 
Endocyte Inc., USA, and cm09 provided by Dr. C. Müller, 
Center for Radiopharmaceutical Sciences ETH-PSI-USZ, 
Switzerland) were mixed with sodium acetate (0.5 M, pH 8) 
and 60 MBq of 111InCl

3
 (Mallinckrodt-Tyco, Petten, the 

Netherlands), resulting in a specific activity of 10 MBq/
nmol for EC0800 and 20 MBq/nmol for cm09. The reaction 
mixture was incubated at 90°C for 10 minutes. Labeling 
quality control was performed by high-performance liquid 
chromatography (HPLC; Dionex UltiMate 3000, Thermo 
Scientific) connected to a gamma detector using an Acclaim 
120 stainless steel C18 column (120 A, 3 µm, 4.6 × 150 
mm). Elution (1 mL/min) was performed using 0.1% TFA 
H

2
O (A) and acetronitrile (B) as eluents and a gradient from 
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95% A and 5% B to 20% A and 80% B in 20 minutes at 
25°C. Radiolabeling of compound cm09 resulted in a higher 
radiochemical purity as compared with 111In-EC0800 as 
determined by HPLC (98% vs. 86%). Subsequently, a solu-
tion of 10 µL sodium-diethylenetriaminepentaacetic acid 
(Na-DTPA 5 mM) was added for complexation of remain-
ing traces of free 111In. Finally, the solution was further 
diluted in 600 µL of saline for injection (46-67 MBq injected 
activity).

SPeCt/Ct Imaging and Data Analysis

Twelve weeks after groove surgery to induce OA, all ani-
mals were randomized, sedated, and the radiolabeled com-
pounds were injected in the lateral tail vein 24 hours prior to 
SPECT/CT for both folate radioconjugates. SPECT/CT 
imaging was performed using a dedicated small animal 
PET/SPECT/CT scanner (VECTor4CT scanner, MILabs 
B.V., Utrecht, The Netherlands) using 173 keV ± 10% and 
247 keV ± 10% energy windows for 111In. Two adjacent 
background windows per photo peak were used for triple 
energy window scatter and cross-talk correction. The sys-
tem was fitted with a general purpose pinhole collimator 
(GP-RM) with 75 pinholes of 1.5-mm diameter suited for 
both sub-mm total body and sub-mm focused knee imaging. 
To maximize image quality at low isotope concentrations, 
we choose to use a relative long acquisition time of 52 min-
utes (45 minutes SPECT and 7 minutes µCT imaging) per 
total body scan and 49 minutes (45 minutes SPECT and 4 
minutes µCT imaging) for the focused knee scans. SPECT 
images were reconstructed using iterative Maximum 
Likelihood Expectation Maximization reconstructions with 
resolution recovery (MILabs Rec 7.00 software23) at an iso-
tropic 0.8-mm voxel grid width and 100 iterations. 
Reconstructed volumes of SPECT scans were postfiltered 

with an isotropic 3-dimensional Gaussian filter of 1 mm full 
width of half maximum. For 3D visual representation Osirix 
software (Osirix 8.0.2) was used. Corresponding CT scans 
were acquired at 55 kV and 0.19 mA. To calculate the 
uptake of radiolabeled folate, the registered CT and quanti-
fied SPECT images were analyzed using PMOD biomedi-
cal image analyzing software (PMOD 3.8, Zurich, 
Switzerland). An ellipse-shaped volume of interest (VOI) 
was drawn, on CT data, unaware of the activity on the 
SPECT, as previously described.17,24 To reduce interindi-
vidual variation, all data are presented as percentage of the 
injected activity corrected per selected tissue volume (%IA/
cm3). In addition, the specificity of the technique was tested 
by blockade of the folate receptor by injection of a 500-fold 
excess of folic acid (100 µg in 100 µL phosphate-buffered 
saline) immediately before radiofolate administration in 2 
animals with mechanically induced cartilage damage on a 
standard diet.

Histopathological and Immunohistochemical 
examination of the Knee Joint

Immediately after SPECT/CT imaging, both knee joints 
were processed for histological evaluation according to the 
guidelines of the OARSI histopathology score for rats.25 
Lateral plane sections of 5 µm thickness were made. For 
histopathological examination, the slides were stained with 
both hematoxylin-eosin for synovial inflammation and saf-
ranin-O with a fast-green counterstain to envision the 
amount and distribution of the glycosaminoglycan. Joint 
degeneration was evaluated using the rat OARSI histopa-
thology score.25 The surgical applied grooves were not 
taken into account as part of the histological score, but only 
the direct adjacent articular cartilage was evaluated. CD68 
and folate receptor were stained by immunohistochemistry. 

Figure 1. experimental design of the study. Oa was induced by mechanically induced cartilage damage according to the groove 
model in one knee joint with sham surgery on the contralateral knee joint (n = 12). the folate conjugate with albumin-binding entity 
(cm09) and the conventional folate conjugate (eC0800) were labeled with 111in and subsequently injected intravenously 12 weeks after 
the induced cartilage damage. in 2 rats an excessive amount of folic acid was administrated prior to injection of the folate conjugate to 
check its specificity by blocking the receptor. in parallel, cartilage damage was induced in addition to a high-fat diet (n = 6). twenty-
four hours after intravenous injection of both folate radioconjugates a SPeCt/Ct scan was performed.
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All sections were blocked for nonspecific binding with 
endogenous enzyme block (Dako S2003, Glostrup, 
Denmark) following antigen retrieval. CD68 was retrieved 
by incubation with pepsin 0.1% at 37° for 30 minutes and 
folate receptor was retrieved by 0.01 M citrate buffer, pH 
6.0. Sections were incubated 1:250 with primary antibodies 
for CD68 (ab31630, Abcam, Cambridge, UK) and 1:200 
with folate receptor (orb156919, Biorbyt, Cambridge, UK) 
all at 4°C overnight. Subsequently, the antibody was visual-
ized with Envision HRP anti-mouse (Dako) for CD68 and 
Envision HRP anti-rabbit (Dako) for folate receptor 30 min-
utes at room temperature following a 5-minute conversion 
of DAB. Sections were counterstained with Mayer’s hema-
toxylin and isotype control stainings were carried out.

Statistical Analysis

Histological data are presented as mean values with 95% 
confidence interval of the mean for both knee joints. All 
quantified data of the SPECT/CT images were reported as 
percentage of the injected dose per cm³ (%IA/cm3) with 
95% confidence interval of the mean. Comparison between 
experimental and contralateral control knee joints for each 
folate conjugate in the groove model was performed by the 
paired samples t test. The independent samples t test was 

used to compare between both folate conjugates and 
between the standard and HF diet rats (SPSS Statistics 21, 
SPSS Inc., Chicago, IL).

Results

Joint Degeneration

In the group with mechanically induced cartilage damage 
by groove surgery on a standard diet, a mild increase in 
joint degeneration was observed compared with the sham 
operated contralateral control knee joints (3.8 [2.4-4.5] vs. 
1.6 [0.4-2.7]; P = 0.026). Besides, no increase in synovial 
membrane inflammation was observed in the experimental 
knee joints compared with the sham operated knee joints 
(0.3 [−0.1 to 0.6] vs. 0.1 [−0.1 to 0.3]; P = 0.32). When 
mechanically induced cartilage damage was performed in 
addition to a HF diet a more pronounced increase in joint 
degeneration was observed 12 weeks postsurgery, com-
pared with the sham operated contralateral controls (6.8 
[4.8-8.8] vs. 2.0 [0.8-3.2]; P = 0.011), together with an 
increase in synovial membrane inflammation compared 
with the contralateral sham operated knee joints (2.2 [1.7-
3.1] vs. 0.8 [0.2-1.4]; P = 0.025).

Macrophage Activity

Each animal received 53 ± 9 MBq of either radioconjugates, 
injected intravenous in the lateral tail vein. Looking specifi-
cally at the effect of the new folate conjugate with albumin-
binding entity compared with the conventional folate 
conjugate, no difference in macrophage activity was 
detected in the mechanically induced groove model on a 
standard diet (0.197%IA/cm3 [0.167-0.227] vs. 0.165 
[0.122-0.209]; P = 0.118; Fig. 2). However, despite no 
effect in macrophage activity, the renal accumulation was 
decreased by 60% for 111In-cm09 comprising an albumin-
binding entity as compared with the conventional radiofo-
late, 24 hours after intravenous administration (3.3 and 
3.0%IA/cm3 vs. 8.1 and 8.1%IA/cm3; Fig. 3). Addition of 
an excessive amount of unlabeled folic acid resulted in an 
activity in the knee joints of 0.09%IA/cm3 (0.07-0.10) and 
was not different between the experimental and sham oper-
ated control knee joints (P = 0.456). This clearly confirms 
specific binding of the radiofolates to the folate receptor.

When the macrophage activity in all knee joints with 
induced cartilage damage on a standard diet was compared 
with the sham operated contralateral controls, no differ-
ences were observed (+0.48%%IA/cm3 [−9.10 to 10.07]; P 
= 0.949; Fig. 4). However, when mechanically induced car-
tilage damage was performed in combination to a HF diet, 
increased macrophage activity was observed compared 
with the sham operated control knee joints (+28.37%%ID/
cm3 [1.81 to 54.93]; P = 0.058; Fig. 4A and B). Moreover, 
when the relative folate receptor expressing macrophage 

Figure 2. Observed macrophage activity between the new 
folate radioconjugate with albumin-binding entity (cm09) and 
the conventional folate radioconjugate (eC0800) for the knee 
joints with mechanically induced cartilage damage by groove 
surgery on a standard diet. the data are presented for the 2 
different folate conjugates and the bars represent mean activity 
with 95% confidence interval of the mean. Differences in 
macrophage activity between the experimental grooved knee 
joints compared with the sham controls were determined by 
the paired samples t test. the difference between the new 
folate conjugate with albumin-binding entity compared with the 
conventional folate conjugate without albumin-binding entity was 
determined by the independent samples t test.
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activity in the HF diet rats was compared with standard diet 
fed rats, a statistical significant increase was observed (P = 
0.043; Fig. 4).

Immunohistochemistry

Immunostains revealed only minor expression of folate 
receptor in the synovial membrane in knee joints with 
mechanically induced cartilage damage as well as in the 
sham operated contralateral control joints for the rats that 
were fed a standard diet (Fig. 5A). When mechanically 
induced cartilage damage was performed in combination to 
a HF diet, an increased expression of the folate receptor was 
observed in the inflamed synovial lining. Besides, increased 
activity was observed in the subchondral bone in the HF 
diet fed rats with a further increased activity in the experi-
mental grooved knee joints compared with the sham oper-
ated controls (Fig. 5A). The additional CD68 staining 
confirmed the co-localization of CD68-positive cells on 
similar locations as observed in the folate receptor staining 
of the synovial membrane as well as the subchondral bone, 
suggesting the folate receptor-positive cells were mainly 
activated macrophages (Fig. 5B). There was an increased 
expression of CD68 in the HF diet compared with the stan-
dard diet fed rats, especially in the subchondral bone.

Discussion

Folate receptor expressing macrophages could be observed in 
the rat groove model of OA, a mechanical driven noninflam-
matory model, but did not result in an increased accumulation 

of radiofolates compared with the sham operated controls. 
Groove surgery in addition to HF diet feeding, a model driven 
by local inflammatory changes, did, however, result in 
increased macrophage expression as shown by increased radi-
ofolate accumulation visualized by SPECT/CT and further 
corroborated by increased signal in immunohistochemistry 
samples. Macrophage activation can clearly be demonstrated 
in vivo, using the new 111In-folate conjugate (111In-cm09) 
comprising an albumin-binding entity in small animal OA 
models as well as with conventional folate conjugate.

Currently there are no validated (longitudinal) measures 
of inflammatory activity in the synovium of OA joints 
available.26 However, recently a direct in vivo indication of 
activated macrophage involvement in human OA was pre-
sented.16 This suggests the possibility of macrophage-tar-
geted monitoring and therapy for a subgroup of OA patients, 
with inflammation related to macrophages, who are at risk 
for disease progression.16 However, as the inflammatory 
state of OA joints is considered mild,27,28 the number of 
activated macrophages in the joints are limited compared 
with other conditions (e.g., RA and cancer-associated mac-
rophages).4 Therefore, it is assumed that macrophage visu-
alization in OA patients will be challenging. Experimental 
models of OA can be of additional value in this perspective. 
SPECT/CT imaging has previously demonstrated the role 
of activated macrophages in murine and rat models of bio-
chemical and posttraumatic OA.17,29 This is the first time 
the surgical rat groove model, better resembling the human 
noninflammatory OA situation of slow-progressive disease 
development, was used to study macrophage activity. 
Especially in this mild inflammatory condition, it was antic-
ipated that the new folate conjugate with albumin-binding 
entity could potentially be more sensitive to detect activated 
macrophages compared with the use of a conventional 
folate radioconjugate. Nevertheless, no difference in the 
signal of accumulated radiofolate was observed when local 
cartilage damage was induced in addition to a standard diet 
compared with the control joints with sham surgery. A pos-
sible explanation for this observation is the negligible 
inflammatory state of these joints that was comparable to 
the controls, in line with earlier studies using this model.21,30 
Due to the serum protein-binding characteristics of the new 
folate conjugate, the kidney accumulation was also signifi-
cantly reduced in this preclinical OA model compared with 
the radiofolate without albumin-binding entity. As such, 
this is an important advantage of the new folate conjugate, 
as radiation exposure is an important limitation of monitor-
ing folate receptor expressing macrophages using SPECT/
CT, because of the known accumulation in the renal tissue 
of folate based radiopharmaceuticals.31

Studying the activated macrophage involvement in the 
disease process of OA remains challenging as the amount of 
inflammation is limited and the exact involvement in the 
process of OA is currently unclear. The moment 

Figure 3. rat total body SPeCt/Ct reconstructions, 12 weeks 
after mechanically induced cartilage damage was performed in 
addition to a standard diet. the SPeCt/Ct was performed 24 
hours after intravenous administration of the conventional folate 
radioconjugate eC0800 (above) and new folate radioconjugate 
cm09 with albumin-binding entity (below). images show a 
reduced activity in the kidneys of the rat injected with the folate 
radioconjugate with albumin-binding entity. Besides, a higher 
amount of activity in the blood circulation and subcutaneous 
can be appreciated from these images when the new folate 
conjugate was applied.
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macrophages are recruited into cytokine expressing tissues 
they become activated.32 Their numbers increase massively 
in inflammation and have the capacity to influence tissue 
remodeling and facilitate repair in sites of injury.4

To better study the role of macrophage activation in the 
disease process of OA, we therefore included the model 
where mechanically induced cartilage damage is performed 
in addition to a HF diet. We previously showed that the 
observed progression of joint degeneration in this model 
was mainly inflammatory driven.22 We observed a clear 
increase of activated macrophages in the specific joint tis-
sues compared with sham operated contralateral controls.

In the disease process of OA, activated macrophages 
are predominantly present in the synovial lining layer and 
express the folate receptor, which binds folate conju-
gates.33 In the present study, we confirmed by immunos-
taining that folate receptor-positive macrophages are 
mainly present in the synovial lining layer as seen by 
SPECT/CT, in an inflammatory driven experimental 
model of OA and consistent with expression of CD68 as 
previously reported.34,35 Interestingly, we observed not 
only increased folate receptor expression in the synovial 
lining but also in the bone marrow of the subchondral 
bone with co-expression of CD-68 in the HF diet fed rats. 

Figure 4. relative difference in macrophage activity between experimental knee joints with mechanically induced cartilage damage 
and sham operated controls for each animal in both conditions (A). the bars represent mean change with 95% confidence interval 
of the mean. Blue data points indicate rats with the new folate conjugate with albumin-binding entity, whereas the black data points 
represent the conventional folate conjugate without albumin-binding entity. P value indicates a statistically significant difference as 
determined by the independent samples t test. representative SPeCt/Ct reconstructions of sham operated control knee joints (left) 
and the mechanically induced cartilage damage (right), 24 hours after injection of folate radioconjugates for both conditions (B). 
Here, the single slice Ct through the center of the joint is visualized with the sum of the activity over the corresponding SPeCt slices 
showing macrophage activity of the entire joint. When groove surgery was combined with a HF diet most activity is seen in the knee 
joint, whereas the other joints have subcutaneous activity as well.
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Although the folate receptor was not detected on osteo-
clasts,36 mononuclear osteoclast precursors could explain 
this increased expression. Mononuclear osteoclast pre-
cursors in OA synovial tissue express the macrophage 
marker CD14, which is known to co-express the folate 
receptor.37,38

The determination of the exact location of activated 
macrophages expressing the folate receptor is an essential 
first step in identifying the role of these macrophages in the 
disease process of OA. Next, the focus should be on identi-
fying the specific macrophages that express the folate 
receptor and elucidating their phenotype.

Previously, activated macrophages have been grouped 
to their response to either pro-inflammatory (M1) or anti-
inflammatory (M2) characteristics.38,39 Recent findings 
show that the folate receptor is especially upregulated by 
M2 macrophages.29,34,38,40 The anti-inflammatory aspects 
of the folate receptor-positive M2 macrophages suggest 
that their presence is potentially beneficial to slow down 
the disease process as determined by the pro-inflammatory 
environment of the joint. However, a more specific distinc-
tion of macrophage subsets expressing the folate receptor 
is necessary to develop possible targeted therapies in the 
future.

Figure 5. expression of folate receptor (A) and CD68 (B) by immunohistochemical analysis on paraffin-embedded slides from 
rat knee joints. representative immunostaining images originating from the synovial membrane as well as the subchondral bone of 
the tibia are shown for the experimental grooved and contralateral sham control knee joints for both types of diet. Brown staining 
indicates positive cells and are highlighted by the arrows. and the localization of both Folate receptor (left) and CD68 (right) 
antibodies in sequential tissue sections is presented (C). Scale bar is 100 µm (A and B) and 20 µm (C).
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The present study showed that the albumin-binding 
folate radiotracer 111In-cm09 is suitable for SPECT imag-
ing in small animal models of OA. Besides, the new folate 
conjugate is safe to use and well tolerated in these ani-
mals in addition to reduced renal accumulation of radio-
activity as compared with conventional radiofolates. In 
the groove model, where cartilage damage is mechani-
cally induced, in addition to a standard diet, no difference 
in macrophage activity was observed. However, HF diet 
feeding in combination with local cartilage damage 
resulted in an increased macrophage activity compared 
with standard diet fed rats. In addition, immunostaining 
suggests the folate receptor-positive cells observed in the 
knee joints are activated macrophages mainly present in 
the synovial lining. Taken together, our findings indicate 
that the new folate radioconjugate is a useful tool to study 
the role of activated macrophages in the disease processes 
of OA.

Acknowledgments and Funding

We would like to thank Katja Coeleveld, David Rendon, Mattie 
van Rijen, and Saskia Plomp for their technical support. The 
reported work was performed at the University Medical Center 
Utrecht, The Netherlands. The research leading to these results has 
received partial funding from the European Union Seventh 
Framework Programme under Grant Agreement No. 305815 
(D-BOARD) and the Dutch Arthritis Foundation (LLP-22).

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: Two coauthors (RMR and FJB) are part-time employees of 
MILabs B.V., the manufacturer of the VECTor4CT used in this 
study.

Ethics Approval

Ethical approval for this study was obtained from the Utrecht 
University Medical Ethical Committee for Animal Studies (DEC 
2014.I.03.019).

Animal Welfare

The present study followed international, national, and/or institu-
tional guidelines for humane animal treatment and complied with 
relevant legislation.

References

 1. Bonnet CS, Walsh DA. Osteoarthritis, angiogenesis and 
inflammation. Rheumatology (Oxford). 2005;44(1):7-16. 
doi:10.1093/rheumatology/keh344.

 2. Pelletier JP, Martel-Pelletier J, Abramson SB. 
Osteoarthritis, an inflammatory disease: potential impli-
cation for the selection of new therapeutic targets. 
Arthritis Rheum. 2001;44(6):1237-47. doi:10.1002/1529-
0131(200106)44:6<1237::AID-ART214>3.0.CO;2-F.

 3. Bondeson J, Wainwright SD, Lauder S, Amos N, Hughes CE. 
The role of synovial macrophages and macrophage-produced 
cytokines in driving aggrecanases, matrix metalloproteinases, 
and other destructive and inflammatory responses in osteo-
arthritis. Arthritis Res Ther. 2006;8(6):R187. doi:10.1186/
ar2099.

 4. Laria A, Lurati A, Marrazza M, Mazzocchi D, Re KA, 
Scarpellini M. The macrophages in rheumatic diseases. J 
Inflamm Res. 2016;9:1-11. doi:10.2147/JIR.S82320.

 5. Smith MD, Triantafillou S, Parker A, Youssef PP, Coleman 
M. Synovial membrane inflammation and cytokine pro-
duction in patients with early osteoarthritis. J Rheumatol. 
1997;24(2):365-71.

 6. Blom AB, van Lent PL, Holthuysen AE, van der Kraan 
PM, Roth J, van Rooijen N, et al. Synovial lining macro-
phages mediate osteophyte formation during experimental 
osteoarthritis. Osteoarthritis Cartilage. 2004;12(8):627-35. 
doi:10.1016/j.joca.2004.03.003.

 7. Xia W, Hilgenbrink AR, Matteson EL, Lockwood MB, 
Cheng JX, Low PS. A functional folate receptor is induced 
during macrophage activation and can be used to target 
drugs to activated macrophages. Blood. 2009;113(2):438-46. 
doi:10.1182/blood-2008-04-150789.

 8. Varghese B, Vlashi E, Xia W, Ayala Lopez W, Paulos CM, 
Reddy J, et al. Folate receptor-beta in activated macrophages: 
ligand binding and receptor recycling kinetics. Mol Pharm. 
2014;11(10):3609-16. doi:10.1021/mp500348e.

 9. Low PS, Antony AC. Folate receptor-targeted drugs for 
cancer and inflammatory diseases. Adv Drug Deliv Rev. 
2004;56(8):1055-8. doi:10.1016/j.addr.2004.02.003.

 10. Low PS, Henne WA, Doorneweerd DD, Discovery and devel-
opment of folic-acid-based receptor targeting for imaging and 
therapy of cancer and inflammatory diseases. Acc Chem Res. 
2008;41(1):120-9. doi:10.1021/ar7000815.

 11. Chen Q, Meng X, McQuade P, Rubins D, Lin SA, Zeng Z, 
et al. Synthesis and preclinical evaluation of folate-NOTA-
Al(18)F for PET imaging of folate-receptor-positive 
tumors. Mol Pharm. 2016;13(5):1520-7. doi:10.1021/acs.
molpharmaceut.5b00989.

 12. Hilgenbrink AR, Low PS. Folate receptor-mediated drug 
targeting: from therapeutics to diagnostics. J Pharm Sci. 
2005;94(10):2135-46. doi:10.1002/jps.20457.

 13. Muller C, Schibli R. Folic acid conjugates for nuclear imaging 
of folate receptor-positive cancer. J Nucl Med. 2011;52(1):1-
4. doi:10.2967/jnumed.110.076018.

 14. Turk MJ, Breur GJ, Widmer WR, Paulos CM, Xu LC, Grote 
LA, et al. Folate-targeted imaging of activated macrophages 
in rats with adjuvant-induced arthritis. Arthritis Rheum. 
2002;46(7):1947-55. doi:10.1002/art.10405.

 15. Matteson EL, Lowe VJ, Prendergast FG, Crowson CS, 
Moder KG, Morgenstern DE, et al. Assessment of disease 
activity in rheumatoid arthritis using a novel folate tar-
geted radiopharmaceutical folate scan. Clin Exp Rheumatol. 
2009;27(2):253-9.

 16. Kraus VB, McDaniel G, Huebner JL, Stabler TV, Pieper CF, 
Shipes SW, et al. Direct in vivo evidence of activated mac-
rophages in human osteoarthritis. Osteoarthritis Cartilage. 
2016;24(9):1613-21. doi:10.1016/j.joca.2016.04.010.



de Visser et al. 9

 17. Piscaer TM, Muller C, Mindt TL, Lubberts E, Verhaar 
JA, Krenning EP, et al. Imaging of activated macrophages 
in experimental osteoarthritis using folate-targeted ani-
mal single-photon-emission computed tomography/com-
puted tomography. Arthritis Rheum. 2011;63(7):1898-907. 
doi:10.1002/art.30363.

 18. Siebelt M, Jahr H, Groen HC, Sandker M, Waarsing JH, 
Kops N, et al. Hsp90 inhibition protects against biome-
chanically induced osteoarthritis in rats. Arthritis Rheum. 
2013;65(8):2102-12. doi:10.1002/art.38000.

 19. Vegt E, Eek A, Oyen WJG, de Jong M, Gotthardt M, Boerman 
OC. Albumin-derived peptides efficiently reduce renal uptake 
of radiolabelled peptides. Eur J Nucl Med Mol Imaging. 
2010;37(2):226-34. doi:10.1007/s00259-009-1239-1.

 20. Muller C, Struthers H, Winiger C, Zhernosekov K, Schibli 
R. DOTA conjugate with an albumin-binding entity enables 
the first folic acid-targeted 177Lu-radionuclide tumor ther-
apy in mice. J Nucl Med. 2013;54(1):124-31. doi:10.2967/
jnumed.112.107235.

 21. de Visser HM, Weinans H, Coeleveld K, van Rijen MH, 
Lafeber FP, Mastbergen SC. Groove model of tibia-femoral 
osteoarthritis in the rat. J Orthop Res. 2017;35(3):496-505. 
doi:10.1002/jor.23299.

 22. de Visser HM, Mastbergen SC, Kozijn AE, Coeleveld K, 
Pouran B, van Rijen MH, et al. Metabolic dysregulation 
accelerates injury-induced joint degeneration, driven by 
local inflammation; an in vivo rat study. J Orthop Res. Epub 
August 25, 2017. doi:10.1002/jor.23712.

 23. van der Have F, Vastenhouw B, Rentmeester M, Beekman 
FJ. System calibration and statistical image reconstruction for 
ultra-high resolution stationary pinhole SPECT. IEEE Trans 
Med Imaging. 2008;27(7):960-71.

 24. Siebelt M, Groen HC, Koelewijn SJ, de Blois E, Sandker 
M, Waarsing JH, et al. Increased physical activity severely 
induces osteoarthritic changes in knee joints with papain 
induced sulfate-glycosaminoglycan depleted cartilage. 
Arthritis Res Ther. 2014;16(1):R32. doi:10.1186/ar4461.

 25. Gerwin N, Bendele AM, Glasson S, Carlson CS. The OARSI 
histopathology initiative—recommendations for histo-
logical assessments of osteoarthritis in the rat. Osteoarthritis 
Cartilage. 2010;18(Suppl. 3):S24-S34. doi:10.1016/j.
joca.2010.05.030.

 26. Braun HJ, Gold GE. Diagnosis of osteoarthritis: imaging. 
Bone. 2012;51(2):278-88. doi:10.1016/j.bone.2011.11.019.

 27. Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, 
Lindstrom TM, et al. Low-grade inflammation as a key medi-
ator of the pathogenesis of osteoarthritis. Nat Rev Rheumatol. 
2016;12(10):580-82. doi:10.1038/nrrheum.2016.136.

 28. Scanzello CR. Role of low-grade inflammation in osteoar-
thritis. Curr Opin Rheumatol. 2017;29(1):79-85. doi:10.1097/
BOR.0000000000000353.

 29. Siebelt M, Korthagen N, Wei W, Groen H, Bastiaansen-
Jenniskens Y, Muller C, et al. Triamcinolone acetonide 

activates an anti-inflammatory and folate receptor-positive 
macrophage that prevents osteophytosis in vivo. Arthritis Res 
Ther. 2015;17:352. doi:10.1186/s13075-015-0865-1.

 30. Marijnissen AC, van Roermund PM, Verzijl N, Tekoppele 
JM, Bijlsma JW, Lafeber FP. Steady progression of osteo-
arthritic features in the canine groove model. Osteoarthritis 
Cartilage. 2002;10(4):282-9. doi:10.1053/joca.2001.0507.

 31. Siwowska K, Muller C. Preclinical development of small-
molecular-weight folate-based radioconjugates: a phar-
macological perspective. Q J Nucl Med Mol Imaging. 
2015;59(3):269-86.

 32. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. 
Macrophage polarization: tumor-associated macrophages as a 
paradigm for polarized M2 mononuclear phagocytes. Trends 
Immunol. 2002;23(11):549-55.

 33. Paulos CM, Turk MJ, Breur GJ, Low PS. Folate receptor-
mediated targeting of therapeutic and imaging agents to acti-
vated macrophages in rheumatoid arthritis. Adv Drug Deliv 
Rev. 2004;56(8):1205-17. doi:10.1016/j.addr.2004.01.012.

 34. Tsuneyoshi Y, Tanaka M, Nagai T, Sunahara N, Matsuda T, 
Sonoda T, et al. Functional folate receptor beta-expressing 
macrophages in osteoarthritis synovium and their M1/M2 
expression profiles. Scand J Rheumatol. 2012;41(2):132-40. 
doi:10.3109/03009742.2011.605391.

 35. Farahat MN, Yanni G, Poston R, Panayi GS. Cytokine expres-
sion in synovial membranes of patients with rheumatoid arthri-
tis and osteoarthritis. Ann Rheum Dis. 1993;52(12):870-5.

 36. Nagai T, Tanaka M, Tsuneyoshi Y, Matsushita K, Sunahara 
N, Matsuda T, et al.In vitro and in vivo efficacy of a recom-
binant immunotoxin against folate receptor beta on the acti-
vation and proliferation of rheumatoid arthritis synovial 
cells. Arthritis Rheum. 2006;54(10):3126-34. doi:10.1002/
art.22082.

 37. Danks L, Sabokbar A, Gundle R, Athanasou NA. Synovial 
macrophage-osteoclast differentiation in inflammatory arthri-
tis. Ann Rheum Dis. 2002;61(10):916-21.

 38. Puig-Kroger A, Sierra-Filardi E, Dominguez-Soto A, 
Samaniego R, Corcuera MT, Gomez-Aguado F, et al. Folate 
receptor beta is expressed by tumor-associated macro-
phages and constitutes a marker for M2 anti-inflammatory/
regulatory macrophages. Cancer Res. 2009;69(24):9395-403. 
doi:10.1158/0008-5472.CAN-09-2050.

 39. Jager NA, Teteloshvili N, Zeebregts CJ, Westra J, Bijl M. 
Macrophage folate receptor-beta (FR-beta) expression in 
auto-immune inflammatory rheumatic diseases: a forth-
coming marker for cardiovascular risk? Autoimmun Rev. 
2012;11(9):621-6. doi:10.1016/j.autrev.2011.11.002.

 40. Nakashima-Matsushita N, Homma T, Yu S, Matsuda T, 
Sunahara N, Nakamura T, et al. Selective expression of folate 
receptor beta and its possible role in methotrexate transport in 
synovial macrophages from patients with rheumatoid arthri-
tis. Arthritis Rheum. 1999;42(8):1609-16. doi:10.1002/1529-
0131(199908)42:8<1609::Aid-Anr7>3.0.Co;2-L.


