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Abstract
Objective
In this study, we used hypercholesterolaemic apolipoprotein E-deficient (Apoe™”) mice to investigate LDL/oxLDL effect on
synovial inflammation and cartilage destruction during antigen-induced arthritis (AIA). Further, as macrophage FcyRs
are crucial to immune complex-mediated AIA, we investigated in vitro the effects of high cholesterol levels on the
expression of FcyRs on macrophages.

Methods
AIA was induced by intra-articular injection of mBSA into knee joints of immunised Apoe”~ and wild type (WT) control
mice. Joint swelling was measured by uptake of *"Tc pertechnetate (*"Tc). Joint inflammation and cartilage destruction
were assessed by histology. Anti-mBSA IgGs were measured by ELISA and specific T-cell response by lymphocyte
stimulation test. Upon oxLDL stimulation of WT macrophages, protein levels of FcyRs were measured by flow cytometry.

Results
Local induction of AIA resulted in less joint swelling, synovial infiltrate and exudate in the joint cavity in Apoe” mice
compared to WT controls, even though both their humoral and adaptive immune response were comparable. Whereas
Apoe deficiency alone did not affect macrophage expression of FcyRs, oxXLDL sharply reduced the protein levels of
activating FcyRs, crucial in mediating cartilage damage. In agreement with the reduced inflammation in Apoe” mice,
we observed decreased MMP activity and destruction in the articular cartilage.

Conclusion
Taken together, our findings suggest that high levels of LDL/oxLDL during inflammation, dampen the initiation and
chronicity of joint inflammation and cartilage destruction in AIA by regulating macrophage FcyR expression.
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Introduction

Rheumatoid arthritis (RA) is a chronic
inflammatory autoimmune disease that
affects 1-2% of the world population
and is characterised by severe joint in-
flammation and destruction (1). RA
is largely driven by intra-articular im-
mune complexes (ICs), consisting of
IgG class immunoglobulins together
with their cognate antigen, which pre-
dominantly interact with macrophages
via binding to Fcy receptors (FcyRs)
(2,3). Previous studies have shown that
synovial macrophages are crucial in the
onset and propagation of experimen-
tal IC-mediated arthritis (4). In mice,
macrophages express four subtypes
of FcyRs (FcyRI, FeyRIIb, FcyRIII,
FcyRIV), which differ in their affinity
for the various IgG isotypes as well as
in their function (5). FcyRI, FcyRIII
and FcyRIV induce cell activation upon
binding with ICs, while FcyRIIb inhib-
its cell activation and is involved in IC
removal (6). Skewing of the FcyR bal-
ance on the surface of synovial mac-
rophages towards activating FcyRs
strongly increases the severity of joint
inflammation and destruction (7). We
showed that FcyRI plays a predominant
role in mediating cartilage destruction
and chondrocyte death via activation
of matrix metalloproteases (MMPs)
(8). On the other hand, mice lacking
FcyRIIb showed increased inflamma-
tion and cartilage destruction, thus con-
firming the inhibiting effects of FcyRIIb
(9, 10). Moreover, mice lacking FcyRI,
IIb and III showed increased IC reten-
tion and inflammation, suggesting an
additional pathological role for FcyRIV
in this experimental model (11). RA is
often associated with atherosclerosis,
characterised by high levels of low-
density lipoprotein cholesterol (LDL-
C) (12, 13). Early RA is marked by in-
creased serum levels of total cholesterol
(TC) and LDL-C (14, 15). In contrast,
active RA and chronic inflammation are
accompanied by a reduction of TC and
LDL-C serum levels (16, 17), although
the clinical effect of high LDL-C lev-
els in the initiation and progression of
RA is still a matter of debate. Hence,
we set out to determine how high sys-
temic LDL-C levels modulate the onset
and progression of disease. During in-

flammation, LDL-C levels in the joint
resemble those in the blood (18), im-
plying that people with high circulat-
ing LDL-C levels are subjected to have
higher levels of LDL-C present in their
joints. In an inflamed joint, IC-mediated
cell activation leads to the production of
reactive oxygen species (ROS) and re-
sults in the oxidation of LDL-C, thereby
forming oxLLDL, which is taken up by
macrophages via scavenger receptors
CD36, SR-A and LOX-1 (19) leading
to cell activation. Previous studies have
shown contradictory results of high cho-
lesterol levels on the development of
arthritis (20-22). However, the effects
of high cholesterol levels on the expres-
sion of the immune-regulating FcyRs
and their interplay with ICs remains to
be elucidated. Therefore, in the present
study we investigated the effects of high
LDL-C levels on the development of
cartilage destruction during experimen-
tal RA by induction of the IC-driven
antigen-induced arthritis (AIA) model
in Apolipoprotein E deficient (Apoe”
) mice, which spontaneously develop
high LDL-C levels, and their wild type
(WT) controls. Furthermore, as FcyRs
are crucial to IC-mediated stimulation,
we deepened our understanding of the
effects of high cholesterol levels on the
expression of FcyRs on macrophages.

Methods

Animals

Apoe” mice (JAX strain) were ob-
tained from the Charles River Labora-
tory. Wild type C57Bl/6] mice were
used as controls. All mice (10 mice/
group) were housed in filter-top cages
and received a standard chow diet and
acidified water ad libitum. Male mice
between 10-12 weeks were used in all
the experiments, which were performed
in accordance with the Dutch regula-
tions and guidelines for care and use of
laboratory animals. All animal studies
were approved by the Radboud Univer-
sity’s Animal Experiment Committee,
Nijmegen-the Netherlands (RU-DEC
2014-191).

Induction of antigen-induced arthritis

Mice were immunised with 100 pg/mL
of methylated bovine serum albumin
(mBSA; Sigma-Aldrich) as previously
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described (8). Three weeks after immu-
nisation, arthritis was locally induced
by intra-articular injection of 60 ug of
mBSA in 6 pl saline in the knee joint.

“mTe pertechnetate uptake
measurement

Joint swelling was measured by *™Tc
pertechnetate uptake (*™Tc) in the knee
joint and scored as previously described
(23).

Histology

Total knee joints were dissected, fixed
in phosphate-buffered formalin (pH
7.4), decalcified in ethyilenediamine-
tetraacetic acid (EDTA) and subse-
quently embedded in paraffin. Coronal
sections of 7 um representing the whole
joint were stained with haematoxylin &
eosin (H&E) or Safranin O (SafO). See
Supplementary material for the scoring
of histological parameters.

Determination of cholesterol levels
and IgG titres in serum

Total cholesterol, LDL-C and high-
density lipoprotein cholesterol (HDL-
C) levels were determined in the se-
rum prior to induction of AIA in naive
Apoe” mice and WT controls (3 mice/
group), and at day 21 after AIA (10
mice/group). Values were calculated
based on the Friedewald formula (24).
The production of anti-mBSA specific
antibodies (total IgG, IgG1, IgG2a and
IgG2b) was determined by enzyme-
linked immunosorbent assay (ELISA)
as previously described (11).

Lymphocyte stimulation test

Spleens were collected (4 mice/group)
at day 21 after AIA induction and ho-
mogenised through a cell strainer.
Erythrocytes were lysed with lysis buff-
er (155 mM NH,Cl, 12 mM KHCO,,0.1
mM ethylenediaminetetraacetic acid,
pH 7.3). Cells were seeded into flasks
and after 1h at 37 °C non-adherent cells
were harvested and seeded into 96-
well plates (1 x 103 cells/well). Cultures
were maintained for 4 days in presence
of 2-fold serial dilution of mBSA (start-
ing with 25ug/mL) and for the last 16
hours *H-Thymidine was added. Its in-
corporation was determined as a meas-
ure of T-cell proliferation.
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Luminex

Levels of cytokines and chemokines
were measured in serum samples using
Luminex multyanalyte technology and
multiplex cytokine kits (Milliplex; Mil-
lipore), which sensitivity was <1pg/mL.

Culture of macrophages

Macrophages were differentiated from
bone marrow-derived cells (BMDCs),
previously isolated from naive WT and
Apoe” mice by flushing the marrow
cavity with DMEM using a syringe.
BMDCs were differentiated into mac-
rophages by culturing them for 6 days
in Dulbecco’s Modified Eagle Medium
(DMEM), supplemented with 15 ng/mL
recombinant mouse macrophage-colo-
ny stimulating factor (RmM-CSF, R&D
Systems), 10% fetal calf serum (FCS,
Thermo Scientific), ImM pyruvate and
1% penicillin and streptomycin (P/S).

oxLDL preparation and stimulation

of macrophages

LDL was isolated by single-spin den-
sity gradient ultracentrifugation from
EDTA-treated blood from healthy vol-
unteers and oxidised as previously de-
scribed (25). Bone marrow-derived
macrophages (BMDMs) were then
stimulated with either 10 pg/mL oxLDL
or LDL-C as control. This concentration
was chosen to resemble the LDL-C lev-
els in vivo (26).

Flow cytometry

BMDMs stimulated for 24h with LDL-
C or oxLDL and their unstimulated
controls were washed with PBS and
scraped from 24-well plates by using
10mM EDTA/PBS. See Supplementa-
ry materials for the antibodies used to
determine FcyR expression.

Immunohistochemistry

Immunostaining was performed on
whole joint sections to detect the pres-
ence of the neo-epitope VDIPEN,
which is exposed following aggrecan
cleavage by matrix metalloproteases
(MMPs). A specific antibody directed
against the VDIPEN cleaved site was
used (2.5 pg/mL) and Rabbit IgG was
used as isotype control. The amount of
staining present in the patellofemoral
and tibiofemoral areas was quantified

in three consecutive sections per knee
joint using an arbitrary score on a scale
from O to 3.

Statistics

Statistics were performed using Graph
Pad Prism v. 5.0 (GraphPad Software
Inc., San Diego, CA). Differences be-
tween the two groups were tested using
a two-tailed Student’s #-test for compar-
ing parametric variables, Mann-Whit-
ney test for non-parametric variables
(e.g. histological score) and multiple
comparisons were tested using One-
way ANOVA followed by Bonferroni’s
multiple comparison test. p-values
<0.05 were considered significant. Data
are presented as the mean +95% CI.

Results

Apoe” mice develop less

inflammation after induction of AIA
First, we determined the effects of high
cholesterol levels on joint inflammation
after induction of AIA in knee joints of
previously immunised Apoe” mice and
their WT controls. As expected, serum
levels of total cholesterol (TC) in Apoe
" mice were significantly higher than in
WT controls, mainly due to a sharp in-
crease of LDL-C levels. Of note, the in-
duction of AIA in Apoe’~ mice reduced
the serum levels of TC, as result of de-
creased LDL-C and HDL-C compared
to naive mice (Fig. 1A). Apoe” mice
showed significantly decreased *"Tc
uptake as readout for joint swelling at
days 1, 3, and 7 after induction of ATA
as compared to WT controls (a reduc-
tion of 21%, 17% and 18%, respective-
ly). However, at day 14 after induction,
joint swelling was strongly reduced in
both strains and the difference was lost
(Fig. 1B). Underlining a difference in
the early inflammatory response, in his-
tology we observed a significant reduc-
tion in both the infiltrate and exudate in
the knee joints of Apoe” mice (22% and
449% lower, respectively) at day 21 af-
ter induction (Fig. 1C-D). To determine
whether Apoe” mice had a basal dif-
ference in synovial cellularity, we ad-
ditionally scored contralateral control
joints. However, no differences were
found in infiltrate (Fig. 1E), whereas
exudate was absent in these naive knee
joints.
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Fig. 1. Apoe” mice develop less joint inflammation during AIA.

A: The levels of total cholesterol (TC), LDL-C and HDL-C were determined in the serum of WT and Apoe” naive and arthritic mice at day 21 AIA. Naive
Apoe™ mice show significantly higher levels of TC than WT controls, mainly due to higher LDL-C. Notably, after AIA induction TC and LDL-C levels
decreased, yet they were 3.8 times higher in Apoe”” mice when compared to WT controls. Such increase was determined by higher LDL-C levels rather than
HDL-C (55 vs. 1.6 fold higher, respectively). Horizontal and vertical lines represent the mean £95% CI of 3 mice (naive) or 10 mice (arthritic). B: R/L ratios
of Tc uptake at day 1, 3,7 and 14 after intra-articular injection of mBSA into the knee joints of mBSA-immunised Apoe” mice and their wild type (WT)
controls. Note that WT mice display significantly higher joint swelling compared to Apoe”” mice.

C: Representative images of cell infiltrate and exudate as determined by histology in Apoe” mice and WT controls at day 21.

D: Quantification of cell infiltrate and exudate showed that arthritic Apoe” mice had a significant reduction of infiltrate and exudate as compared to WT controls.
E: However, contralateral knee joints of WT and Apoe” mice had no signs of cell infiltration. Horizontal and vertical lines represent the mean +95% CI of

8 mice (contralateral joints) or 10 mice (arthritic). (*p<0.05, **p<0.01, ***p<0.001). Original magnification, 100 x. ns = not significant’

The immune response is comparable
in arthritic wild type and Apoe™” mice
Because the induction of the AIA model
is highly dependent on the formation of
ICs that can bind to FcyRs, we deter-
mined whether Apoe deficiency influ-
enced serum IgG titres. This would af-
fect the amount and isotypic composi-
tion of ICs present in the joint, resulting
in a less robust stimulation of FcyRs.
However, we found that levels of total
IgG, IgGl, IgG2a and IgG2b against
mBSA in the serum were not signifi-
cantly different between Apoe” and
their WT controls at day 21 of AIA (Fig.
2A). Further, we determined the T-cell
response against mBSA and found no
significant differences (Fig. 2B), sug-
gesting that the reduced inflammation
observed in Apoe”” mice is not due to an
impaired humoral or adaptive immune
response.
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Apoe deficiency does not affect

basal levels of FcyRs on macrophages

Since we observed no differences in
the immune response or in the sys-
temic production of pro-inflammatory
cytokines (Fig. S1) that could explain
the reduced inflammation, we next de-
termined whether Apoe deficiency af-
fected the expression of the receptors
for ICs, the FcyRs, which are crucial
in regulating the acute phase of AIA.
Since macrophages play a pivotal role
in the onset and propagation of disease,
we compared the expression of FcyRs
in Apoe” and WT BMDMs. However,
the protein levels of FcyRs on the cell
surface of Apoe’ and WT BMDMs
were not different as indicated by com-
parable MFI levels (FcyRI 44.2 vs.
44.6; FcyRIIb 43.9 vs. 43.8; FcyRIII
11.2 vs. 11.3; FeyRIV 32.1 vs. 32, re-
spectively), suggesting that APOE is

not involved in regulating basal FcyR
expression (Fig. 3A-B).

oxLDL down-regulates the levels

of FcyRI, Il and 1V on macrophages
APOE is important in lipid transpor-
tation and its absence spontaneously
leads to high systemic levels of LDL-
C, which is oxidised into oxLDL in an
inflammatory milieu. As FcyR levels
were similar in WT and Apoe” BM-
DMs, we next determined whether
high LDL-C and oxLDL levels altered
the expression of FcyRs. We stimu-
lated WT BMDMs with either LDL-C
or oxLDL for 24 hours in vitro, deter-
mined their lipid uptake by Oil Red O
staining (Fig. 4A) and performed flow
cytometry to assess the protein lev-
els of FcyRs on the cell membrane.
In contrast to LDL-C, oxLDL accu-
mulated within the cells and strongly

Clinical and Experimental Rheumatology 2019
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Fig. 3. Apoe deficiency does not affect FcyR levels on macrophages.

A: Histograms of WT and Apoe” BM- derived macrophages (BMDMs) showing the expression of the various Fcy receptors (FcyRs).
B: Mean fluorescence intensity (MFI) show that WT and Apoe”- BMDMs express comparable levels of FcyRs. One experiment representative of two

independent experiments is shown.
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Fig. 4. oxLDL down-regulates the levels of FcyRs on macrophages.
WT bone marrow-derived macrophages (BMDMs) were cultured for 24 hours with or without 10 gg/mL LDL-C or oxLDL.
A: Oil Red O staining was used to investigate the uptake of LDL-C and oxLDL, which in contrast to LDL-C accumulated within the cell (black arrows).

Original magnification, 100x.

B: Histograms of non-stimulated (NS), LDL-C or oxLDL-stimulated BMDMs are shown.
C: Mean fluorescence intensity (MFI) of FcyR expression in NS, LDL-C or oxLDL-stimulated macrophages. Both LDL-C and oxLDL significantly reduced
the levels of FcyRIIb, while only oxLDL strongly reduced the activating FcyRI and IV (38% and 20% reduction, respectively). Conversely, the expression
of FcyRIII remained unchanged. Horizontal and vertical lines represent the mean +95% CI of one experiment representative of two independent experi-
ments. *p<0.05, *¥p<0.01, ***p<0.001 vs. the NS control; # p<0.05 ## p<0.01, ### = p<0.001 vs. LDL-C stimulation.

lowered the expression of FcyRI and
FeyIV (38% and 20%, respectively),
while the expression of FcyRIII was
not changed (Fig. 4B-C). Further, we
found that both LDL-C and oxLDL,
mildly reduced the expression of inhib-
iting FcyRIIb (10% and 16% lower, re-
spectively). This dataset indicates that
oxLDL leads to a strong reduction in
the expression of activating FcyRI and
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IV on macrophages, thus underlining a
role of oxLDL in modulating the innate
immune response.

Apoe’ mice show less cartilage
destruction by reducing MMP activity
in AIA

We previously showed that activating
FcyRs mediate MMP activation, which
is crucial for degradation of cartilage in

AIA (8, 9). Because we found oxLDL
to decrease the expression of FcyRI
in macrophages, we next investigated
whether high LDL-C levels during
inflammation after induction of AIA
in Apoe’ mice resulted in decreased
MMP activity in the articular carti-
lage. We found a 52% reduction in the
MMP-induced aggrecan neo-epitope
VDIPEN in the cartilage of Apoe” mice

Clinical and Experimental Rheumatology 2019



Fig. 5. Apoe’ mice show reduced
MMP activity during AIA.

A: Representative images showing
MMP activity at day 21 after induction
of AIA as determined by the presence
of the neo-epitope VDIPEN with im-
munohistochemistry.

B: Apoe’ mice showed a significant
reduction of VDIPEN staining (44%
lower), which was reduced by 63% in
the patellofemoral area and by 60%
in the tibiofemoral area. Horizontal
and vertical lines represent the mean
+95% CI of 10 mice. Original magni-
fication, 200x. *p<0.05
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when compared to WT controls (mean
arbitrary score 0.5+0.4 vs. 0.9+0 4, re-
spectively) (Fig. 5SA), with a significant
reduction in VDIPEN neo-epitopes
both in the patellofemoral area (0.3+0.3
vs. 0.8+£0.5) and the tibiofemoral area
(0.6£0.6 vs. 1+0.6) (Fig. 5B). In addi-
tion, we determined proteoglycan (PG)
depletion and chondrocyte death as a
further parameter for cartilage destruc-
tion. PG depletion and chondrocyte
death were nearly absent in contralat-
eral control knee joints (Fig. 6A and C)
and no differences were observed be-
tween Apoe” mice and WT controls. In
contrast, at day 21 of AIA, Apoe” mice
showed a significant reduction both in
PG content and chondrocyte death in
the articular cartilage (20% and 24%
reduction, respectively) when com-
pared to WT controls (Fig. 6B and D).
This indicates that high LDL-C levels
by Apoe deficiency have a suppressive
effect on cartilage destruction only in
combination with inflammation. How-
ever, although we observed a difference
in PG content and chondrocyte death,
both groups of WT and Apoe” mice did
not show signs of cartilage erosions yet
at this time point.

Discussion

Several studies showed that dyslipidae-
mia is present in RA patients (27, 28).

Clinical and Experimental Rheumatology 2019

Active RA and chronic inflammation
is accompanied by a reduction of to-
tal cholesterol (TC) and LDL-C serum
levels (16, 17). In contrast, early RA is
marked by increased serum levels of TC
and LDL-C (14, 15). However, exactly
how high levels of cholesterol influence
onset and progression of RA remains
poorly understood. In this study, we
show that local induction of AIA in knee
joints of hypercholesterolaemic Apoe™
mice resulted in less joint inflammation
and destruction of the articular cartilage
during the course of arthritis. Moreover,
we show that the mechanistic basis can
be a decreased expression of FcyRs on
macrophages.

In our study we investigated Apoe
” mice on a normal diet that develop
elevated LDL-C levels that resemble
those found in humans. We previously
showed that the synovial lining mac-
rophages are crucial in regulating both
the onset and progression of AIA (4, 29-
31). Depletion of resident synovial mac-
rophages prior to induction or during
the course of arthritis completely pre-
vented onset or continuation of arthritis
(30, 31). This is likely because the on-
set of AIA is initiated by intra-articular
injection of mBSA that interacts with
synovial lining macrophages (32, 33)
and the inflammation is driven by anti-
mBSA antibodies forming ICs and their

interaction with FcyRs on macrophages.
In our study we found similar antibody
titres of IgG subtypes against mBSA be-
tween Apoe” and WT mice. Apart from
IgG mBSA-ICs, also IgG antibodies
against oxLDL present in Apoe” mice,
might contribute to disease activity
(34). However, previous studies showed
no association between these antibod-
ies and development of atherosclerosis
severity (35). This suggests that FcyR
expression, rather than the level of ICs
is altered by high cholesterol levels. In
a naive joint FcyR expression on syno-
vial lining macrophages is low (36). In
contrast, in an inflamed synovium their
expression is strongly enhanced (36)
and the ratio between activating/inhib-
iting FcyRs expressed on macrophages
contribute to accelerating inflammation.
Systemic inflammation is raised in
Apoe” mice (37). APOE is largely pro-
duced by macrophages and its produc-
tion is strongly up-regulated by TGFf3
and down-regulated by cytokines such
as IL-1P, TNFa, IFNy, and TLR4 li-
gands like LPS (38). APOE can modu-
late immune responses and act as an
anti-inflammatory factor (39). Howev-
er, we found that contralateral joints of
Apoe” mice that were not injected with
the antigen showed no signs of synovi-
tis, indicating that in the absence of an
IC trigger macrophages do not produce
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inflammatory mediators and that high
LDL-C levels alone are not sufficient to
induce joint inflammation. In addition,
the absence of APOE in macrophages
did not affect their levels of FcyRs, in-
dicating that its absence does not skew
the balance of these receptors and
therefore does not alter their sensitivity
for ICs. Further, arthritic mice showed
a similar immune response and compa-
rable production of pro-inflammatory
cytokines in the arthritic sera. How-
ever, we cannot exclude that APOE ex-
erts in vivo other immune-modulatory
functions that may be responsible for
the down-regulation of FcyRs during
inflammatory arthritis.

Interestingly, oxLDL but not LDL
significantly down-regulated activat-
ing FcyRs, particularly FcyRI that is
crucial in driving oxidative burst by
activation of the dihydronicotinamide
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adenine dinucleotide phosphate (NA-
DPH) oxidase complex, leading to
massive ROS production and MMP
activation (40). To a smaller extent, ox-
LDL reduced the expression of activat-
ing FcyRIV, which aggravates inflam-
mation in the AIA model (11). Of note,
the inhibiting FcyRIIb was also down-
regulated upon both LDL and oxLDL.
However, we assume that the stronger
inhibition of activating FcyRI/IV over-
rules the modest reduction of inhibiting
FcyRIIb, attenuating macrophage acti-
vation as a net result. LDL-C levels in
the joint resemble those present in the
blood (18). Upon entering an inflamed
joint, LDL-C is oxidised by ROS into
oxLDL and taken up by macrophages
via scavenger receptors CD (36), SR-A
and LOX-1 (19) and subsequently traf-
ficked to lysosomes (41). OxLDL accu-
mulation leads to massive cholesterol

crystal formation, affecting lysosomal
degradation of the FcyR-IC complex
and recycling of FcyRs to cell mem-
brane (42, 43).

Previous studies using Apoe” mice
showed conflicting data on the effect of
high LDL-C levels on the development
of collagen-induced arthritis (CIA).
Asquith er al. showed that Apoe” mice
were resistant to develop CIA (20),
whereas Postigo et al. showed increased
severity of CIA (21). In the serum
transfer-induced arthritis model (STIA),
Archer et al. found that Apoe” mice de-
veloped more synovitis and a stronger
infiltration of foam macrophages after
repeated injections of K/BXN serum
when fed a western type diet, which fa-
vored the formation of atherosclerotic
lesions (22). These lesions may increase
the systemic production of inflammato-
ry mediators and have a different effect
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on local joint inflammation, thus under-
lying the discrepancies with these find-
ings. In our study, we did not observe
foam macrophages in the synovium,
probably due to the shorter duration of
the model and administration of a nor-
mal diet. Interestingly, Archer et al. did
not find differences in joint destruction
(26). Although we did not corroborate
the down-regulation of FcyR expression
in the arthritic synovium, we find that
oxLDL down-modulates macrophage
FcyR expression, indicating it can be
that its uptake by foam macrophages
results in an even more pronounced
decrease of FcyRs, thus reducing joint
destruction.

Further, these controversial findings
may be explained by the different ge-
netic background of the Apoe” mice
used. In a C57BL/6 (H2b) background,
Apoe’ mice were resistant against CIA
(20, 44), whereas Apoe” mice in a B10.
RIIT background showed increased pa-
thology in the CIA model (20). Previ-
ously, we showed using an IC-arthritis
model that mice in a BIO.RIII back-
ground developed more inflammation
than C57BL/6 mice due to different
kinetics of FcyR expression. IC stimu-
lation of macrophages derived from the
B10.RIII strain, which is susceptible to
developing autoimmune diseases, elic-
ited a stronger up-regulation of activat-
ing FcyRI as compared to macrophages
derived from C57BL/6 non-susceptible
strain, whereas the expression of the
inhibiting FcyRIIb was strongly down-
regulated. In contrast, the up-regulation
of activating FcyR I and down-regula-
tion of inhibiting FcyRIIb were more
prolonged in B10.RIII-macrophages
after IC stimulation, which skewed
the balance towards activating FcyRs
(45). As we find that oxLDL uptake
by C57BL/6-macrophages efficiently
down-regulated the activating FcyRs on
their membrane, B10.RIII-macrophages
may be less effective or even unable
to regulate FcyRs after oxXLDL uptake,
which may explain the enhanced arthri-
tis in Apoe” mice in a B10.RIII back-
ground. This study supports the hypoth-
esis that previous controversial findings
in Apoe” mice may be related to differ-
ences in the expression of FcyRs in the
different strains.
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Moreover, our findings underline the
well known concept of the ‘lipid para-
dox’ in RA (46). Albeit dyslipidaemia
increases the incidence of atherosclero-
sis in RA patients (47), previous studies
observed no correlation between high
LDL levels and the development of
RA (46, 48). Furthermore, paradoxical
outcomes have been described in RA
patients concerning the effect of other
metabolic and hormone-related factors.
Adiponectin has been shown to act as a
proinflammatory factor in the joints of
RA patients, while they have an anti-
atherogenic effect at the systemic level
(49). Obesity, which is a major feature
of the metabolic syndrome, is known to
influence onset and progression of RA
(50) and has been shown to reduce the
risk of developing RA in men, but not
in women (51). Interestingly, a study by
Turesson et al. described that high LDL-
C predispose to RA in women, but not in
men, pointing at a role for sex-specific
hormones in modulating the effects of
lipid on RA pathogenesis (52). In this
study, we only used male mice. There-
fore, it remains to be elucidated which
effects high LDL-C levels may have
on female mice. Because we observed
reduced pathology in male Apoe” mice
this may be partially due to the exposure
to sex-related hormones.

In addition to synovitis, high LDL-C
levels by Apoe deficiency, in combina-
tion with inflammation reduced carti-
lage destruction. IC binding to activat-
ing FcyRs on macrophages, particularly
FcyRI, leads to abundant ROS produc-
tion and plays a central role in activating
latent MMPs in the articular cartilage,
leading to breakdown of glycosami-
noglycans and chondrocyte death (9).
A previous study showed that lack of
FcyRI associated with reduced MMP
activation and cartilage destruction dur-
ing AIA (8). OxLDL strongly reduced
FcyRI levels in vitro, suggesting that
high LDL-C levels and their oxidation
in the inflamed joint may be responsi-
ble for the reduction of MMP activation
and cartilage destruction observed in
this IC-driven arthritis model in Apoe™
mice. The presence of tissue inhibitor of
MMPs (TIMPs) is important in reducing
the levels of MMPs (53). However, as in
our in vitro experiments the expression

of TIMPs was not increased (data not
shown), we assume it is unlikely that
increased TIMP expression as the result
of high LDL or oxLDL levels may be
the cause of decreased MMP activity as
determined by VDIPEN staining.

Apart from lowering activating factors
like FcyRI, oxLDL uptake by mac-
rophages leads to activation of anabolic
factors like TGFf (25, 54). TGFp can
counteract the activity of pro-inflamma-
tory cytokines like IL-1f (55), induce
the expression of anti-inflammatory cy-
tokines like IL-10 (56), up-regulate the
inhibiting FcyRIIb and down-regulate
the expression of the activating FcyRs
7).

Apart from affecting FcyR expression
on macrophages, oxXLDL may also tar-
get chondrocytes. However, we think
it is unlikely that the reduced cartilage
damage is mediated by a direct effect
of oxLDL on FcyR regulation on chon-
drocytes, as the absence of either the
activating or inhibiting FcyRs did not
affect cartilage destruction in a model of
experimental OA (58). Further, oxLDL
can bind to LOX-1 on chondrocytes,
increase the production of intracellular
ROS and activate NF-kappaB, thus in-
ducing a hypertrophic phenotype (59).
Moreover, oxLLDL binding to LOX-1 en-
hanced MMP3 production by chondro-
cytes (60), which may further contribute
to cartilage pathology in RA. However,
the data in our in vivo setting suggest
that the suppressive effect induced by
oxLDL on synovial macrophages may
counterbalance oxLDL-mediated carti-
lage destruction as it was significantly
decreased during the chronic phase of
AIA. Collectively, our findings indicate
that high levels of LDL/oxLDL by Apoe
deficiency decreased inflammation and
MMP-driven cartilage degeneration
during onset and course of AIA, which
is likely the result of oxLDL-driven
FcyR  down-regulation on synovial
macrophages.

Acknowledgements

The authors are thankful to the Rad-
boudumc Diagnostic Laboratory that
kindly performed the measurement of
cholesterol and Sheila Laverty (Uni-
versity of Montreal) for providing us
the VDIPEN antibody.

991



High LDL/oxLDL levels limit joint pathology in AIA / G. Ascone et al.

References

—_

NS}

w

(%43

[=))

[ee]

Nl

10.

11.

12.

14.

. CALABRESI E, PETRELLI F, BONIFACIO AF,

PUXEDDU I, ALUNNO A: One year in review
2018: pathogenesis of rheumatoid arthritis.
Clin Exp Rheumatol 2018; 36: 175-84.

. LUBECK MD, STEPLEWSKI Z, BAGLIA F,

KLEIN MH, DORRINGTON KJ, KOPROWSKI
H: The interaction of murine IgG subclass
proteins with human monocyte Fc receptors.
J Immunol 1985; 135: 1299-304.

. GIERUT A, PERLMAN H, POPE RM: Innate im-

munity and rheumatoid arthritis. Rheum Dis
Clin North Am 2010; 36: 271-96.

. VAN LENT PL, HOLTHUYSEN AE, VAN ROOI-

JEN N, VAN DE LOO FA, VAN DE PUTTE LB,
VAN DEN BERG WB: Phagocytic synovial
lining cells regulate acute and chronic joint
inflammation after antigenic exacerbation of
smouldering experimental murine arthritis. J
Rheumatol 1998; 25: 1135-45.

. NIMMERJAHN F, RAVETCH JV: Divergent

immunoglobulin g subclass activity through
selective Fc receptor binding. Science 2005;
310: 1510-12.

. DAERON M, LATOUR S, MALBEC O et al.:

The same tyrosine-based inhibition motif, in
the intracytoplasmic domain of Fc gamma
RIIB, regulates negatively BCR-, TCR-, and
FcR-dependent cell activation. Immunity
1995; 3: 635-46.

. TAKAI T: Roles of Fc receptors in auto-

immunity. Nat Rev Immunol 2002; 2: 580-92.

. VAN LENT PL, NABBE K, BLOM AB et al.:

Role of activatory Fc gamma RI and Fc
gamma RIII and inhibitory Fc gamma RII in
inflammation and cartilage destruction during
experimental antigen-induced arthritis. Am J
Pathol 2001; 159: 2309-20.

. VAN LENT PL, GREVERS L, LUBBERTS E et

al.: Fcgamma receptors directly mediate car-
tilage, but not bone, destruction in murine
antigen-induced arthritis: uncoupling of car-
tilage damage from bone erosion and joint in-
flammation. Arthritis Rheum 2006; 54: 3868-
71.

VAN LENT P, NABBE KC, BOROSS P et al.:
The inhibitory receptor FcgammaRII reduces
joint inflammation and destruction in experi-
mental immune complex-mediated arthriti-
des not only by inhibition of FcgammaRI/IIT
but also by efficient clearance and endocyto-
sis of immune complexes. Am J Pathol 2003;
163, 1839-48.

DI CEGLIE I, ASCONE G, CREMERS NAJ et
al.: Fey receptor-mediated influx of ST00A8/
A9-producing neutrophils as inducer of bone
erosion during antigen-induced arthritis.
Arthritis Res Ther 2018; 20: 80.

WEN W, HE M, LIANG X, GAO SS, ZHOU J,
YUAN ZY: Accelerated transformation of
macrophage-derived foam cells in the pres-
ence of collagen-induced arthritis mice se-
rum is associated with dyslipidemia. Autoim-
munity 2016; 49: 115-23.

. NOWAK B, MADEJ M, LUCZAK A, MALECKI

R, WILAND P: Disease activity, oxidized-
LDL fraction and anti-oxidized LDL anti-
bodies influence cardiovascular risk in rheu-
matoid arthritis. Adv Clin Exp Med 2016; 25:
43-50.

VAN HALM VP, NIELEN MM, NURMOHAMED
MT et al.: Lipids and inflammation: serial

992

15.

16.

17.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

measurements of the lipid profile of blood
donors who later developed rheumatoid ar-
thritis. Ann Rheum Dis 2007; 66: 184-88.
PARVEEN S, JACOB R, RAJASEKHAR L, SRI-
NIVASA C, MOHAN IK: Serum lipid altera-
tions in early rheumatoid arthritis patients on
disease modifying anti rheumatoid therapy.
Indian J Clin Biochem 2017, 32: 26-32.
MYASOEDOVA E, CROWSON CS, KREMERS
HM, FITZ-GIBBON PD, THERNEAU TM, GA-
BRIEL SE: Total cholesterol and LDL levels
decrease before rheumatoid arthritis. Ann
Rheum Dis 2010; 69: 1310-14.

LIAO KP, CAI T, GAINER VS et al.: Lipid and
lipoprotein levels and trend in rheumatoid
arthritis compared to the general popula-
tion. Arthritis Care Res (Hoboken) 2013; 65:
2046-50.

. OLIVIERO F,LO NIGRO A, BERNARDID et al..:

A comparative study of serum and synovial
fluid lipoprotein levels in patients with vari-
ous arthritides. Clin Chim Acta 2012; 413:
303-7.

CHISTIAKOV DA, MELNICHENKO AA, MYA-
SOEDOVA VA, GRECHKO AV, OREKHOV AN:
Mechanisms of foam cell formation in ather-
osclerosis. J Mol Med (Berl) 2017; 95: 1153-
65.

ASQUITH DL, MILLER AM, HUEBER AJ, LIEW
FY, SATTAR N, MCINNES IB: Apolipoprotein
E-deficient mice are resistant to the develop-
ment of collagen-induced arthritis. Arthritis
Rheum 2010; 62: 472-77.

POSTIGO J, GENRE F, IGLESIAS M et al.:
Exacerbation of type II collagen-induced ar-
thritis in apolipoprotein E-deficient mice in
association with the expansion of Thl and
Th17 cells. Arthritis Rheum 2011; 63: 971-80.
ARCHER AM, SABER R, ROSE S et al.: ApoE
deficiency exacerbates the development and
sustainment of a semi-chronic K/BxN serum
transfer-induced arthritis model. J Transl
Med 2016; 14: 170.

KRUIISEN MW, VAN DEN BERG WB, VAN DE
PUTTE LB, VAN DEN BROEK WIJ: Detection
and quantification of experimental joint
inflammation in mice by measurement of
99mTc-pertechnetate uptake. Agents Actions
1981; 11: 640-42.

KNOPFHOLZ J, DISSEROL CC, PIERIN AJ et
al.: Validation of the friedewald formula in
patients with metabolic syndrome. Choles-
terol 2014; 2014: 261878.

. DE MUNTER W, BLOM AB, HELSEN MM et

al.: Cholesterol accumulation caused by low
density lipoprotein receptor deficiency or a
cholesterol-rich diet results in ectopic bone
formation during experimental osteoarthritis.
Arthritis Res Ther 2013; 15: R178.

RHOADS JP, LUKENS JR, WILHELM AJ et al.:
Oxidized low-density lipoprotein immune
complex priming of the NIrp3 inflamma-
some involves TLR and FcgammaR coopera-
tion and is dependent on CARDO9. J Immunol
2017; 198: 2105-14.

MEUNE C, TOUZE E, TRINQUART L, ALLAN-
ORE Y: Trends in cardiovascular mortality
in patients with rheumatoid arthritis over 50
years: a systematic review and meta-analysis
of cohort studies. Rheumatology (Oxford)
2009; 48: 1309-13.

ROBERTSON J, PETERS MJ, MCINNES IB, SAT-

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

TAR N: Changes in lipid levels with inflam-
mation and therapy in RA: a maturing para-
digm. Nat Rev Rheumatol 2013;9: 513-23.
BARRERA P, BLOM A, VAN LENT PL et al.:
Synovial macrophage depletion with clo-
dronate-containing liposomes in rheumatoid
arthritis. Arthritis Rheum 2000; 43: 1951-59.
VAN LENT PL, VAN DEN HOEK AE, VAN DEN
BERSSELAAR LA et al.: In vivo role of
phagocytic synovial lining cells in onset of
experimental arthritis. Am J Pathol 1993;
143: 1226-1237.

VAN LENT PL, HOLTHUYSEN AE, VAN ROOI-
JEN N, VAN DE PUTTE LB, VAN DEN BERG WB:
Local removal of phagocytic synovial lining
cells by clodronate-liposomes decreases carti-
lage destruction during collagen type II arthri-
tis. Ann Rheum Dis 1998; 57: 408-13.

KINNE RW, STUHLMULLER B, BURMESTER
GR: Cells of the synovium in rheumatoid
arthritis. Macrophages. Arthritis Res Ther
2007; 9: 224.

VAN LENT P L, VAN DEN HOEK AE, VAN DEN
BERSSELAAR L, VAN ROOIJEN N, VAN DEN
BERG WB: Role of phagocytic synovial lining
cells in experimental arthritis. Agents Actions
1993; 38 Spec No: C92-94.

. TSIANTOULAS D, GRUBER S, BINDER CIJ:

B-1 cell immunoglobulin directed against
oxidation-specific epitopes. Front Immunol
2012; 3: 415.

SMOOK ML, VAN LEEUWEN M, HEERINGA P
et al.: Anti-oxLDL antibody isotype levels,
as potential markers for progressive athero-
sclerosis in APOE and APOECD40L mice.
Clin Exp Immunol 2008; 154: 264-69.

VAN LENT PL, BLOM AB, GREVERS L,
SLOETJES A, VAN DEN BERG WB: Toll-like
receptor 4 induced FcgammaR expression
potentiates early onset of joint inflamma-
tion and cartilage destruction during immune
complex arthritis: Toll-like receptor 4 largely
regulates FcgammaR expression by interleu-
kin 10. Ann Rheum Dis 2007; 66: 334-40.

LI K, CHING D, LUK FS, RAFFAI RL: Apoli-
poprotein E enhances microRNA-146a in
monocytes and macrophages to suppress nu-
clear factor-kappaB-driven inflammation and
atherosclerosis. Circ Res 2015; 117: el-ell.
BRAESCH-ANDERSEN S, PAULIE S, SMED-
MAN C, MIA S, KUMAGAI-BRAESCH M:
ApoE production in human monocytes and
its regulation by inflammatory cytokines.
PL0oS One 2013; 8: €79908.

ZHANG H, WU LM, WU J: Cross-talk between
apolipoprotein E and cytokines. Mediators
Inflamm 2011; 2011: 949072.

VAN LENT PL, NABBE KC, BLOM AB et al.:
NADPH-oxidase-driven oxygen radical pro-
duction determines chondrocyte death and
partly regulates metalloproteinase-mediated
cartilage matrix degradation during interfer-
on-gamma-stimulated immune complex ar-
thritis. Arthritis Res Ther 2005; 7: R885-895.
JEROME WG, COX BE, GRIFFIN EE, ULLERY
JC: Lysosomal cholesterol accumulation in-
hibits subsequent hydrolysis of lipoprotein
cholesteryl ester. Microsc Microanal 2008;
14: 138-49.

LOPES-VIRELLA MF, BINZAFAR N, RACKLEY
S, TAKEI A, LA VIAM, VIRELLA G: The uptake
of LDL-IC by human macrophages: predomi-

Clinical and Experimental Rheumatology 2019



43.

44,

45.

46.

47.

48.

49.

nant involvement of the Fc gamma RI recep-
tor. Atherosclerosis 1997; 135: 161-70.

AL GADBAN MM, SMITH KJ, SOODAVAR
F et al.: Differential trafficking of oxidized
LDL and oxidized LDL immune complexes
in macrophages: impact on oxidative stress.
PLoS One 2010; 5. pii: e12534.
GONZALEZ-GAY MA, ZANELLI E, KHARE
SD et al: H2-A polymorphism contributes to
H2-Ebeta-mediated protection in collagen-
induced arthritis. Immunogenetics 1996; 44:
377-84.

BLOM AB, VAN LENT PL, HOLTHUYSEN AE,
JACOBS C, VAN DEN BERG WB: Skewed bal-
ance in basal expression and regulation of
activating v inhibitory Fcgamma receptors in
macrophages of collagen induced arthritis sen-
sitive mice. Ann Rheum Dis 2003; 62: 465-71.
MYASOEDOVA E, CROWSON CS, KREMERS
HM: Lipid paradox in rheumatoid arthritis: the
impact of serum lipid measures and systemic
inflammation on the risk of cardiovascular
disease. Ann Rheum Dis 2011; 70: 482-87.
CASTANEDA S, NURMOHAMED MT, GONZA-
LEZ-GAY MA: Cardiovascular disease in in-
flammatory rheumatic diseases. Best Pract
Res Clin Rheumatol 2016; 30: 851-69.
PREISS D, SATTAR N: Lipids, lipid modyfing
agents and cardiovascular risk: a review of
the evidence. Clin Endocrinolog 2009; 70:
815-28.

GONZALEZ-GAY MA, LLORCA J, GARCIA-

Clinical and Experimental Rheumatology 2019

50.

51.

52.

53.

54.

High LDL/oxLDL levels limit joint pathology in AIA / G. Ascone et al.

UNZUETA MT et al: High-grade inflamma-
tion, circulating adiponectin concentrations
and cardiovascular risk factors in severe
rheumatoid arthritis. Clin Exp Rheumatol
2008; 26: 596- 603.

SUZUKI M, TANAKA K, YOSHIDA H et al:
Obesity does not diminish the efficacy of
IL-6 signalling blockade in mice with col-
lagen-induced arthritis. Clin Exp Rheumatol
2017; 35 :893- 98.

TURESSON C, BERGSTROM U, PIKWER M,
NILSSON JA, JACOBSSON LT: A high body
mass index is associated with reduced risk of
rheumatoid arthritis in men, but not in women.
Rheumatology (Oxford) 2016; 55: 307-14.
TURESSON C, BERGSTROM U, PIKWER M,
NILSSON JA, JACOBSSON LT: High serum
cholesterol predicts rheumatoid arthritis in
women, but not in men: a prospective study.
Arthritis Res Ther 2015; 17: 284.
YOSHIHARA Y, NAKAMURA H, OBATAK et al.:
Matrix metalloproteinases and tissue inhibitors
of metalloproteinases in synovial fluids from
patients with rheumatoid arthritis or osteoar-
thritis. Ann Rheum Dis 2000; 59: 455-61.

DE MUNTER W, GEVEN EJ, BLOM AB et
al.: Synovial macrophages promote TGF-
beta signaling and protect against influx of
S100A8/S100A9-producing cells after intra-
articular injections of oxidized low-density
lipoproteins. Osteoarthritis Cartilage 2017,
25: 118-27.

55.

56.

57.

58.

59.

60.

VAN BEUNINGEN HM, VAN DER KRAAN PM,
ARNTZ OJ, VAN DEN BERG WB: In vivo pro-
tection against interleukin-1-induced articu-
lar cartilage damage by transforming growth
factor-beta 1: age-related differences. Ann
Rheum Dis 1994; 53: 593-600.

KAPITEIN B, TIEMESSEN MM, LIU WM et al.:
The interleukin-10 inducing effect of trans-
forming growth factor-beta on human naive
CD4* T cells from cord blood is restricted
to the TH1 subset. Clin Exp Immunol 2007;
147: 352-58.

NIMMERJAHN F & RAVETCH JV: Fcgamma
receptors: old friends and new family mem-
bers. Immunity 2006; 24: 19-28.

STOCK M, DISTLER A, DISTLER J et al.:
Fc-gamma receptors are not involved in carti-
lage damage during experimental osteoarthri-
tis. Osteoarthritis Cartilage 2017; 25: 995.
KISHIMOTO H, AKAGI M, ZUSHI S et al.:
Induction of hypertrophic chondrocyte-like
phenotypes by oxidized LDL in cultured bo-
vine articular chondrocytes through increase
in oxidative stress. Osteoarthritis Cartilage
2010; 18: 1284-90.

KAKINUMA T, YASUDA T, NAKAGAWA T et
al.: Lectin-like oxidized low-density lipo-
protein receptor 1 mediates matrix metallo-
proteinase 3 synthesis enhanced by oxidized
low-density lipoprotein in rheumatoid arthri-
tis cartilage. Arthritis Rheum 2004; 50: 3495-
503.

993



