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ARTICLE INFO ABSTRACT

Keywords: Chronic inflammation in atherosclerosis reflects a failure in the resolution of inflammation. Pro-resolving lipid

Coronary artery disease mediators derived from omega-3 fatty acids reduce the development of atherosclerosis in murine models. The

il;[lﬂam[r;latlon aim of the present study was to decipher the role of the specialized proresolving mediator (SPM) resolvin D2
acrophage

(RvD2) in atherosclerosis and its signaling through the G-protein coupled receptor (GPR) 18. The ligand and
receptor were detected in human coronary arteries in relation to the presence of atherosclerotic lesions and its
cellular components. Importantly, RvD2 levels were significantly higher in atherosclerotic compared with
healthy human coronary arteries. Furthermore, apolipoprotein E (ApoE) deficient hyperlipidemic mice were
treated with either RvD2 or vehicle in the absence and presence of the GPR18 antagonist 0-1918. RvD2
significantly reduced atherosclerosis, necrotic core area, and pro-inflammatory macrophage marker expression.
RvD2 in addition enhanced macrophage phagocytosis. The beneficial effects of RvD2 were not observed in the
presence of 0-1918. Taken together, these results provide evidence of atheroprotective pro-resolving signalling
through the RvD2-GPR18 axis.

Specialized pro-resolving mediators

1. Introduction pro-resolving lipid mediators (SPM) [5], which signal through specific G
protein-coupled receptors (GPR) [6]. In the context of atherosclerosis,
exogenous administration of SPM has been consistently shown to reduce

atherosclerosis in murine models [7-9]. Genetic modulation of SPM

Atherosclerosis is in addition to elevated cholesterol-rich lipopro-
teins closely linked to chronic inflammation [1]. The immune responses

of atherosclerosis include for example recruitment and activation of
leukocytes, macrophage polarization, and synthesis of pro-inflammatory
cytokines [2]. Advanced atherosclerotic lesions are characterized by the
presence of a necrotic core, reflecting a malfunctioning efferocytosis and
leading to insufficient clearance of apoptotic cells [3]. Taken together,
the atherosclerotic lesion immune characteristics are concordant with a
failure in the resolution of inflammation [4].

Resolution of inflammation is an active process to limit inflammatory
activation to bring back the vascular wall to a homeostasis state. This
protective mechanism can be mediated by for example lipid specialized

receptor expression in murine atherosclerosis has however generated
contradictory results, indicating both beneficial effects [10,11] and
exacerbated disease [12,13] transduced through these receptors. The
latter observations reflect the importance of the balance between pro-
inflammatory and pro-resolving ligands for the SPM receptors to
determine the downstream signalling [7,14,15].

Among SPM, D-series resolvins, synthetized from the omega-3
polyunsaturated fatty acid (n-3 PUFA) docosahexaenoic acid (DHA),
display protective effects against atherosclerosis progression, [8,11]
which has also been demonstrated for their receptors ALX/FPR2 [7] and
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GPR32 [11]. Resolvin D2 (RvD2) promotes macrophage polarization
towards a reparative phenotype, leading to plaque stabilization [8].
GPR18 was identified as receptor for RvD2 [16]. This receptor belongs
to the orphan class A family and was identified as part of the endo-
cannabinoid system, which plays a major role in energy homeostasis
(modulation of caloric intake, nutrient transport, cellular metabolism,
and energy storage) [17]. How the specific pathway involving RvD2 and
GPR18 is affecting atherosclerosis has not been previously investigated.

The aim of this study was to decipher the implication of the RvD2-
GPR18 axis in atherosclerosis. We explored the ligand and receptor in
human coronary arteries in relation to the presence of atherosclerotic
lesions and its cellular components. We furthermore treated hyper-
lipidemic mice with RvD2 with and without the GPR18 antagonist O-
1918, to establish RvD2-induced effects through GPR18 on atheroscle-
rotic plaque development, pro-inflammatory responses, and phagocytic
activity. The study identified GPR18 and its ligand RvD2 in human
coronary atherosclerosis and showed that this RvD2 reduced murine
atherosclerosis. The effects of RvD2 were not observed in the presence of
0-1918, indicating atheroprotective pro-resolving signalling through
the RvD2-GPR18 axis.

2. Material and methods
2.1. Human tissues

Human coronary artery walls, including healthy and diseased ar-
teries at different stages of atherosclerotic diseases, were collected from
the Inserm human CV biobank (BB-0033-00029, U 1148, X. Bichat
Hospital, Paris), included in the European network BBMRI-ERIC, in
accordance with the French regular and ethical rules (BioMedicine
Agency convention DC2018-3141) and the principles of the declaration
of Helsinki. Approval was obtained from the French Biomedical Agency
(ABM, PFS09-007 & PFS17-002) and the Institutional Ethical Review
board (SC09-09-66). Tissues were obtained from deceased organ donors
for kidney and/or hepatic transplantation in the absence of therapeutic
uses for the heart. When collected, healthy coronary arteries were
macroscopically analysed by a trained vascular surgeon (J-BM) to
ensure that these samples were not pathological (absence of fatty streak
or atherosclerosis plaques after longitudinal opening). For immunohis-
tochemistry, human arterial tissues were fixed with 4% (w/v) buffered
formaldehyde solution prepared by depolymerisation of para-
formaldehyde and imbedded in paraffin. Serial 5 pm thick sections were
collected.

Conditioned media were prepared from small pieces (about 2 mm®)
of tissue, weighed, and incubated for 24 h in serum-free RPMI culture
medium containing 1% L-glutamine, 1% penicillin, streptomycin, and
amphotericin at 37°C (5% COy). For standardization, the volume of
medium was adjusted to sample wet weight (6 mL per gram of tissue).
Conditioned media were collected, centrifuged (14000g for 15 min at
4°C), and stored at —80°C until further analysis as previously described
[18]. RvD2 concentrations in conditioned media were measured by
ELISA (Cayman Chemical, Ann Arbor, USA, item 501120).

2.2. Animals

ApoE™" mice on a C57BL/6J background were obtained from
Charles River (Wilmington, USA) and fed a standard diet. For the
experimental protocols, 8-9 weeks old ApoE”" mice on a C57BL/6J
background from Taconic Biosciences (Rensselaer, USA) were used.
Housing and experiments were conducted in accordance with the French
regulations and the experimental guidelines of the European Commu-
nity (Directive 2010/63/EU). Animals were housed under standard
conditions (22 °C, day-night cycle of 12 h, 70% humidity) and given free
access to high fat diet (HFD) containing 1.25% cholesterol (E15749-347;
Ssniff, Soest, Germany). The protocols were approved by the Animal
Ethics Committee of Lorraine, France (#9411-2017032718404787 v4).
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Mice were fed HFD for 4 weeks and injected 3 times per week (IP, 100
uL) with the following: (1) vehicle consisting of saline solution and EtOH
2.8% (control group), (2) RvD2 (100 ng per mouse in 2.8% EtOH) (from
Cayman Chemical, Ann Arbor, USA), (3) 0-1918 in 2.8% EtOH (2 mg/
kg) (from Tocris, Bristol, UK) or (4) a combination of RvD2 and 0-1918.
Mice were put to death after isoflurane anaesthesia (1.5% in 1 L/min
oxygen) followed by cervical dislocation. Blood, heart, aorta, and peri-
toneal macrophages were collected for the experiments detailed below.

2.3. Measurements of plasma lipid and RvD2 levels

Triglyceride levels were measured using a glucose meter (Accu-
trend® Plus mmol/L), capable to measure triglycerides using specialized
strips. Cholesterol levels were measured in mice plasma using ELISA
assay (MyBiosource, San Diego, USA, item MBS269999). RvD2 con-
centrations in murine plasma samples were measured by ELISA (Cayman
Chemical, Ann Arbor, USA, item 501120).

2.4. Evaluation of atherosclerotic lesions

Atherosclerotic lesion burden in the aortic arch and the thoracic
aortas was determined by en face analysis. Dissected aortic arches were
fixed in 4% PFA, cut longitudinally, and stained with Oil Red-O solution
(Sigma-Aldrich, Saint-Louis, USA). Images were acquired using a light
microscope (Nikon Eclipse Ci). Total area of the thoracic aorta and area
of the atherosclerotic lesions, respectively, were quantified using ImageJ
(NIH) to express the relative lesion area as percentage of the thoracic
aorta area. Aortic roots were embedded in OCT (Leica, Wetzlar, Ger-
many) and frozen at —80°C. Serial, 10 um thick cryosections were
collected, starting from the appearance of the aortic valve cusps, and
fixed either with 4% PFA or acetone. PFA fixed section, collected every
100 um from the aortic valve cusps, were stained with Oil Red-O (Sigma-
Aldrich, Saint-Louis, USA). Images were acquired with a light micro-
scope equipped with a DC300 camera (Leica, Wetzlar, Germany).

The area of the aortic root lesions was determined in a blinded
fashion using ImageJ (NIH) and expressed relative to the total aortic root
area. The area of necrotic cores, defined as unstained zones devoid of
cells or extracellular matrix, was measured in a blinded fashion using
ImageJ (NIH). In both cases, i.e. relative aortic root lesion area and
relative necrotic core area, exclusion criteria were decided as follows: if
two or more sections were missing between 200 and 600 pm past the
aortic valve cusps, mice were excluded; if one section was missing, the
value was imputed by the mean of the previous and the following value.

2.5. Immunohistochemistry

Human coronary artery histological sections were stained with anti-
GPR18 antibody (Bioss Antibodies, Boston, USA; 1:100 dilution), anti-
CD68 antibody (Abcam, Cambridge UK; 1:8000 dilution). Murine
atherosclerotic lesion composition was analysed using immunohisto-
chemistry in level-matched sections with anti-CD68 antibody (Serotec,
UK; 1:20000), anti-iNOS antibody (Abcam, Cambridge, UK; 1:100), anti-
Arginase-1 antibody (Abcam, Cambridge, UK; 1:50), and anti-CD206
antibody (Serotec, UK; 1:50) or an isotype control (Serotec, UK;
1:100) and secondary antibodies (Vector Labs, Newark, USA; 1:200)
using a standard avidin-biotin-peroxidase complex method. 3,3'-dia-
minobenzidine (Vector Labs, Newark, USA) was then used as the sub-
strate to localize the primary antibodies. The preparations were
counterstained with haematoxylin, mounted with Permount (Merck,
Darmstadt, Germany) and examined by light microscopy.

2.6. Quantitative real-time PCR
Total RNA was isolated from the abdominal aorta using QIAzol

(Qiagen, Hilden, Germany) and Qiagen RNeasy Mini kit (Qiagen, Hil-
den, Germany). RNA concentrations were measured
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spectrophotometrically using Nanodrop 1000 (Thermo Fisher Scientific,
Waltham, USA), and reverse transcription was performed using the
High-capacity RNA-to-cDNA kit (Thermo Fischer Scientific, Waltham
USA). Quantitative real-time PCR was performed on a 7900HT Fast
Real-Time PCR system (Thermo Fisher Scientific, Waltham, USA) with
the following TagMan Assay-on-Demand probes (Thermo Fisher Scien-
tific,c, ~ Waltham  USA): iINOS  (MmO00440502_m1), CD68
(Mm03047343_.m1), CD206 (MmO01329359_ ml), and Arg-1
(MmO00475988_m1) were used to evaluate expression, and HPRT
(Mm03024075_m1) was used as housekeeping gene. Results are
expressed as % of the control using the ACt method.

2.7. Phagocytosis assay

Mice were intraperitoneally washed by injecting 5 mL PBS to ob-
tained peritoneal macrophages. Cells were then plated in a black 96-well
plate with clear bottom at 10° cells per well. After 24 to 48 hrs, cells
were treated with FITC-labelled zymosan particles (Invitrogen, Carls-
bad, USA) (10° particles per 10° cells) for 45 min before they were
washed with PBS. The cells were then fixed with 4% PFA for 15 min, the
nuclei were stained with DAPI, and the cells were observed under a
fluorescence microscope. Quantification of fluorescence and nuclei
count were performed with ImageJ software. Data are presented as
fluorescence intensity plotted against the number of cells.

2.8. Erythrocyte isolation and incubation for ROS measurements

Whole blood was collected from the carotid artery into citrated tubes
and centrifuged. The erythrocytes pellet was washed 3 times with PBS”"
(followed each time by centrifugation at 1000g, 10 min, 4 °C) and
incubated with the spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (CMH) (200 pM, Noxygen Science Transfer &
Diagnostics GmbH, Elzach, Germany) to evaluate the production of
reactive oxygen species. In brief, 5 uL of washed erythrocytes were
added to 1 mL CMH:KREBS/HEPES solution, (1:1, v/v), mixed well, and
incubated for 30 min at 37 °C with gentle shaking. Incubations were
stopped by freezing the samples on dry ice. Samples were stored at —80
°C until ROS production was quantified with electron paramagnetic
resonance (EPR) using Bruker E-Scan M system (Bruker, Billerica, USA)
as previously described [28] with the following settings: center field
1.99 g, microwave power 1 mW, modulation amplitude 9 G, sweep time
10 s, number of scans 10, field sweep 60 G. The EPR spectrums are
expressed % of control.

2.9. Statistical analysis

Data are presented as mean + SEM. For comparison between two
groups, non-normally distributed data were compared using a Mann-
Whitney Rank Sum test, whereas normally distributed data were
compared by a two-tailed either paired or unpaired Student ¢ test. One-
way ANOVA was performed when comparing multiple groups. For the
aortic root lesions and necrotic core analysis, two-way ANOVA followed
by Tukey’s multiple comparison was performed, p < 0.05 was consid-
ered as statistically significant. Phagocytosis assay was analyzed using
linear regression and comparison between the groups was performed by
multivariable linear regression. Chi square test was used to evaluate
differences between groups in human immunohistochemistry classifi-
cation. Statistical analysis was performed using Graphpad prism 8.0.2
software. p < 0.05 was considered as statistically significant.

3. Results
3.1. Resolvin D2 and GPR18 in human coronary artery atherosclerosis.

Conditioned media was prepared from endarterectomies of n = 7
healthy coronary arteries (100% male, mean age 42 + 18.7 years) and n
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= 23 atherosclerotic coronary artery segments (100% male, mean age
59 =+ 8.4 years). The concentrations of RvD2 were significantly higher in
conditioned media derived from patients with atherosclerotic coronary
arteries compared with healthy coronary arteries (Fig. 1A). GPR18 im-
munostaining was detected in 41 of 42 human coronary segments
examined. Staining in consecutive sections indicated co-localization of
GPR18 and CD68 immunoreactivity (Fig. 1B).

The immunostainings for GPR18 and CD68 were categorized into
negative (light blue), low expression (blue), and moderate expression
(dark blue) for n = 42 sections (74% males, mean age 57.6 + 7.1 years)
(Fig. 1C and D). The CD68 immunostainings trended to gradually in-
crease during disease progression from healthy (n = 14, 57.1% males,
mean age 56.6 + 7.3 years) through fatty streaks (n = 9, 40% males,
mean age 60.7 + 8.8 years) to established atherosclerotic lesions (n =
19, 96.1% males, mean age 57.7 + 5.9 years). In contrast, GPR18
exhibited in the same coronary segments a bell-shaped expression
pattern with increased expression at early stages of atherosclerosis (fatty
streaks) followed by decreased expression similar to controls in estab-
lished atherosclerotic lesions (Fig. 1D).

3.2. Resolvin D2 decreased murine aortic root atherosclerosis through
GPR18

Plasma levels of RvD2 were significantly lower in HFD-fed ApoE”"
mice compared with chow-fed ApoE ™" mice (105 + 7.8 pg/mL; n = 15
vs. 533 + 108 pg/mL; n = 4; p < 0.05). Quantification of atherosclerotic
plaque burden in the aortic root are shown in Fig. 2A-B. ApoE”" mice
were subjected to intraperitoneal injections with either RvD2 or 0-1918
alone or in combination followed by quantification of atherosclerotic
plaque burden in the aortic root (Fig. 2AB) and thoracic aorta (C).
Separating groups of mice in the absence or presence of the GPR18
antagonist 0-1918 revealed that RvD2 significantly decreased athero-
sclerosis compared to the control group (Fig. 2A, p < 0.001). In contrast,
RvD2 in combination with O-1918 did not significantly alter the relative
atherosclerotic lesion size compared with mice treated with 0-1918
alone (Fig. 2B, p = 0.42). The en face-quantified atherosclerotic lesion
burden in the aortic arch and thoracic aorta was low without significant
differences between the groups (Fig. 2C). There was no significant dif-
ference between the groups for blood cell counts, red blood cells pa-
rameters (Table 1), cholesterol or triglycerides (Table 2).

3.3. Necrotic core area decreased following RvD2 treatment

Necrotic core areas were measured in the aortic root (Fig. 3). In mice
treated with RvD2, necrotic core areas were significantly reduced
compared to mice from the control group [p = 0.011] (Fig. 3A). In O-
1918-treated mice, necrotic core areas were not significantly altered by
the combination of 0-1918 and RvD2 compared with O-1918 alone [p =
0.59] (Fig. 3B).

3.4. Plaque macrophage phenotypes

Since GPR18 expression was present in CD68 positive areas of human
atherosclerotic lesions (Fig. 1B), macrophage markers were monitored
in murine lesions. Aortic root sections positive for CD68 were stained for
M2 macrophages markers and showed low expression of the M2 marker
CD206 and a highly variable expression pattern for Arginase-1 (Arg-1).
Staining for the M1 marker iNOS yielded a positivity of approximately
10% of the lesion area (Fig. 3C and D). To provide a quantification of the
effects induced by the treatment on lesional macrophage subtypes, qPCR
analysis was performed and revealed a significant decrease of aortic
iNOS expression in the aortas of RvD2-treated compared with vehicle-
treated mice (Fig. 3E). In mice treated with 0-1918, aortic iNOS
expression was not significantly altered by RvD2 (Fig. 3F). The qPCR
analysis of aortic expression of CD68, CD206, and Arg-1 did not reveal
any significant difference between the groups (data not shown).
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Fig. 1. Biosynthesis of revsolvin D2 and expression of GPR18 receptor in human coronary arteries. A. Measurement of resolvin D2 (RvD2) in conditioned
media prepared from human healthy and atherosclerotic coronary endartectomies. n = 7 in the healthy group and n = 23 in the atheroma group. B. Representative
micrographs from atheroma coronary artery patient immunostained for GPR18 and CD68. C. Representative micrographs of coronary arteries with different clas-
sification of GPR18 and CD68 expression. D. Proportion of expression of CD68 and GPR18, respectively, in healthy, fatty streaks (FS), and atheroma arteries. Scale
bar = 100 um. n = 14 in the healthy group, n = 9 in the fatty streak group, and n = 19 in the atheroma group. Data are presented as mean + SEM. *p < 0.05, NS: not
significant, differences in the RvD2 concentration were evaluated using a Mann-Whitney test, differences between groups in human immunohistochemistry clas-
sification were evaluated using Chi square test.
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3.5. Macrophage phagocytosis and red blood cell-dependent ROS
formation

The ability of macrophages for phagocytosis is central in inflamma-
tion resolution. Therefore, we isolated peritoneal macrophages from the
four groups of mice and measured uptake of zymosan. Zymosan uptake
was linearly related to the cell density. Representative images are shown
in Fig. 4A. Because the cell numbers varied between experiments, the
FITC fluorescence for all technical repeats (n = 6 per mouse) were
plotted against the number of cells in each evaluated area. The linear
regression for controls (n = 60 from n = 10 mice, adjusted r? = 0.94) had
a slope of 0.51, whereas the linear regression for RvD2-treated mice (n
=60 from n = 10 mice, adjusted = 0.80) had a slope of 0.95 (Fig. 4B).
Multiple linear regression determined that phagocytosis (p = 0.009) but
not cell number (p = 0.16) significantly predicted the control versus

RvD2-treated groups from a linear combination of the independent
variables. The treatment with a combination of RvD2 with 0-1918
reverted regression to the control (slope: 0.55, adjusted r* = 0.79, n = 60
from n = 10 mice) (data not shown).

Uptake mechanisms in atherosclerosis also involve red blood cells.
Their ability to release haemoglobin followed by haeme oxidation in-
duces a pro-atherogenic oxidant stimulus. Red blood cell-dependent
ROS formation measured by EPR indicated a significantly reduced
ROS production by red blood cells derived from RvD2- compared with
vehicle-treated mice. (Fig. 4C). In contrast, ROS production in mice
treated with 01918 was similar in the absence and presence of RvD2
treatments (Fig. 4C), representative curves of ROS measurements are
shown in Fig. 4C.
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Table 1
Blood cell count from high fat diet-fed ApoE”" mice treated with vehicle (Con-
trol), RvD2, 0-1918 or RvD2 + 0-1918, respectively.

Control RvD2 0-1918 0-1918 + P
RvD2
White blood cells - 5.46 + 6.37 + 5.48 + 5.98 + 0.94
10%/mm® 0.82 1.58 0.71 1.36
Red blood cells - 8.01 + 7.72 + 7.82 + 8.04 + 0.64
10%/mm® 0.15 0.2 0.19 0.23
Hemoglobin - g/dl 11.7 + 11.5 + 11.5 + 11.7 + 0.87
0.22 0.21 0.26 0.33
Hematocrit - % 36.6 + 36.2 + 35.5 + 36.9 +1.1 0.86
0.72 0.71 0.8
Platelet - 103/mm® 525 + 544 + 500 + 494 + 0.73
38.97 24.1 39.1 32.86
MCV - ym® 45.8 + 46.8 + 46.1 £ 46.0 + 0.13
0.14 0.58 0.2 0.16
MCHC - g/dl 32.0 + 31.9 + 32.0 £ 31.8 + 0.67
0.15 0.14 0.08 0.12
MPV - ym® 6.45 + 5.62 + 5.38 + 5.30 + 0.15
0.6 0.25 0.32 0.21
Lymphocytes - 103/ 3.63 + 3.66 &+ 4.13 + 4.76 + 0.68
mm? 0.36 0.34 0.55 1.19
Monocytes - 103/ 0.31 + 0.25 + 0.36 + 0.33 + 0.81
mm® 0.07 0.05 0.08 0.09
Granulocytes - 103/ 0.98 + 0.76 + 0.84 + 0.89 + 0.70
mm? 0.17 0.09 0.09 0.12

Results are expressed as mean + SEM. MCV, mean corpuscular volume; MCHC,
mean corpuscular hemoglobin concentration; MPC, mean platelet volume.

Table 2
Cholesterol and triglyceride blood levels from high fat diet-fed ApoE”" mice
treated with vehicle (Control), RvD2, 0-1918 or RvD2 + 0-1918, respectively.

Control RvD2 0-1918 0-1918 + P
RvD2
Cholesterol 151 + 175 + 122 + 137 + 28.6 0.55
(mmol/L) 21.2 35.6 18.4
Triglycerides 1.92 + 212+ 1.98 + 1.87 £0.18 0.77
(mmol/L) 0.17 0.23 0.14

Results are expressed as mean + SEM.
4. Discussion

The results of the present study point to the RvD2-GPR18 axis
transducing atheroprotective effects. First, the ligand and receptor were
identified in human coronary atherosclerotic lesions. Second, RvD2
treatment of mice decreased atherosclerosis burden and necrotic core
size. Third, decreased aortic iNOS expression and increased macrophage
phagocytosis were observed in RvD2-treated mice. Forth, the RvD2-
induced effects were not observed in the presence of the GPR18 antag-
onist 0-1918. Taken together, these results suggest GPR18 activation by
RvD2 as a possible driver of beneficial actions through an inflammation
resolution in atherosclerosis development.

SPM may play a key a role in inflammation resolution and in car-
diovascular disease progression. The balance between pro-inflammatory
and pro-resolving lipid mediators is of particular relevance since pre-
vious studies have identified a decreased SPM to leukotriene ratio in
human vulnerable atherosclerotic lesions [14] and in association with
subclinical atherosclerosis [19]. This is the first report of RvD2 release
from human atherosclerotic lesions in conditioned media prepared from
human coronary arteries. Previous reports indeed confirmed the ability
of human atherosclerotic lesion to metabolize DHA into D-series resol-
vins, although RvD2 was undetectable from carotid arteries [14]. In the
present study, an increased RvD2 release was observed from coronary
arteries affected by atheroma. These findings are in contrast to the
decreased levels of RvD2 with progression of murine atherosclerosis [8],
which was confirmed in the present study.

Even if the specificity of RvD2 measurements by ELISA compared
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with LC-MS/MS identification, the low cross-reactivity with structurally
similar lipid mediators (e.g. 17-HDHA and RvD1) taken together with
the shared biological activities between RvD2 stereoisomers support
that that measured changes in lipid mediators between groups are
comparable between the two platforms [20]. An increased RvD2 syn-
thesis in atherosclerotic lesions is further supported when interrogating
the STARNET (Stockholm-Tartu Atherosclerosis Reverse Networks En-
gineering Task) containing data on increased expression of the RvD2
biosynthetic 5- and 15 lipoxygenases in human atherosclerotic aortic
root samples compared with atherosclerosis-free internal mammary
artery [21].

The next step in the regulation of pro-resolving effects is the
expression of functional SPM receptors. We localized GPR18 expression
in human atherosclerotic coronary arteries within CD68 positive areas,
indicating macrophages as possible effectors of RvD2-induced effects.
However, while the expression of CD68 was increasing with the coro-
nary lesion progression, GPR18 exhibited an initial increase but
decreased expression at more advanced stages. These results indicate
that a functional RvD2 response towards a resolution of inflammation
may be limited by a loss of GPR18 expression.

The notion of a beneficial role of RvD2 in atherosclerosis was raised
by limitation of atheroprogression in mice treated with a combination of
the two DHA metabolites RvD2 and maresin 1 [8]. However, the indi-
vidual role of the two SPM and their receptors have not been previously
investigated. Our results extend the findings by demonstrating that
RvD2 treatment attenuated atherosclerosis. The GPR18 antagonist O-
1819 exerted a tendency towards beneficial effects. 01918 is however
not a selective antagonist for GPR18 and has been reported to act also at
GPR55 [22]. The decreased atherosclerosis by 0-1918 in the present
study may hence reflect effects on endocannabinoid signaling, which in
addition to cannabinoid (CB) receptors can be transduced through
GPR18 and GPR55. Importantly, RvD2 did not affect the atherosclerosis
development in the presence of 0-1918, pointing to RvD2 atheropro-
tective action being mediated by its ligation with GPR18.

Another complexity of the SPM ligand-receptor interaction is the
presence of pro-inflammatory agonists for SPM receptors. For example,
the RvD1 and LXA4 receptor ALX/FPR2 activated by formylated bac-
terial peptides and pro-inflammatory serum amyloid A (SAA) transduces
a pro-atherogenic response reflected by atheroprotection in mice lacking
the murine ALX/FPR2 homologue when SAA prevails [15] but blunted
effects of exogenous LXA4 administration [7]. Likewise, deletion of the
RvVE1 receptor ERV1/ChemR23 has been reported to either reduce [13]
or enhance [10] atherosclerosis progression, which may depend on
agonist availability for receptor ligation.

In addition to smaller lesion size, the necrotic core area was reduced
in mice treated with RvD2, whereas RvD2 was devoid of significant ef-
fects on the necrotic core in the presence of the GPR18 antagonist O-
1918. This is in line with the increased necrotic core in ChemR23 defi-
cient ApoE”" mice, [10], which may reflect the macrophage phenotypic
change from pro-inflammatory towards pro-resolving subtypes [23,24]
and increased phagocytic activity [10]. In line with the colocalization of
GPR18 with macrophages in human plaques, we detected a decreased
aortic iNOS expression in response to RvD2 in the absence but not in the
presence of GPR18 antagonism, suggesting less pro-inflammatory
macrophage phenotypes. RvD2 has previously been shown to facilitate
macrophage differentiation towards pro-resolving phenotypes [25]. In
addition, we found in macrophages isolated from the different groups of
mice that RvD2 treatment resulted in an increased phagocytic activity
which is a key mechanisms of inflammation resolution and of impor-
tance to limit plaque development and enhance its stability [26]. The
observation that RvD2 treatment did not alter cholesterol and tri-
glycerides levels, which are of key importance in atherosclerosis
development and progression, supports RvD2-induced atheroprotective
effects that enhance macrophage phagocytosis.

Oxidative stress is another key mechanism in atherosclerosis devel-
opment [27], in which erythrocytes play a major role [28]. When
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Fig. 3. Relative necrotic core area and histological characterization of atherosclerotic plaques following RvD2 treatment and GPR18 inhibition,
respectively. A. Quantification of the relative necrotic core area in aortic root plaques from ApoE”~ mice treated with RvD2 vs control mice (n = 11-14 per group).
*p < 0.05 vs Control (Two-way ANOVA followed by Tukey’s multiple comparison). Representative images are shown above the graph. Scale bar = 50 ym. Black
arrows indicate necrotic areas. B. Quantification of the relative necrotic core area in aortic root plaques from ApoE”" mice treated with 0-1918 vs 0-1918 + RvD2
treated mice (n = 11-14 per group) (Two-way ANOVA: NS). Quantification of the relative necrotic core area in aortic root plaques from ApoE”" mice treated with O-
1918 vs 0-1918 + RvD2 treated mice (n = 11-14 per group). (Two-way ANOVA: NS) Representative micrographs stained with Oil Red-O and counterstained with
Hematoxylin are shown. Scale bar = 50 pm. Black arrows indicate necrotic areas C. Representative micrographs of immunohistochemistry staining in the aortic root
stained for CD68, CD206, Arginase-1, and iNOS, respectively, scale bar = 250 um D. Quantification of immunohistochemistry staining intensity in aortic roots stained
for CD68, CD206, Arginase-1, and iNOS. E. Comparison of iNOS mRNA expression in the abdominal aorta obtained from control and RvD2-treated ApoE”" mice (n =
4 per group) F. Comparison of iNOS mRNA expression in the abdominal aorta obtained from 0-1918 and 0-1918 + RvD2-treated ApoE”" mice. Data are presented as
mean + SEM. Differences between two groups were evaluated using an unpaired student t test, *p < 0.05. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Macrophage phagocytosis and red-blood cell-dependent formation of reactive oxygen species. A. Representative images of peritoneal macrophages
from ApoE”" mice incubated with zymosan-FITC particles. Scale bar = 100 um. B. Quantification of phagocytosis expressed as zymosan uptake per number of
macrophages. (n = 10 per group). C. Illustration showing oxidation of CMH-hydrochloride probe by ROS into EPR visible species (left). Representative curves
obtained by EPR spectroscopy from the measurement of ROS produced by red blood cells (middle) and measurement of ROS production by red blood cell following
CMH-hydrochloride incubation (right) (n = 11-12 per group). *p < 0.05 vs Control (paired student ¢ test). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

phagocytized by vascular smooth muscle cells, the internalization of
erythrocytes is responsible for a strong oxidative stress [29]. The use of
EPR to investigate the RvD2-GPR18 axis on ROS production indicated a
significant decrease in ROS production by erythrocytes in mice treated
with RvD2 compared to control mice.

Since RvD2 and/or 0O-1918 treatments did not affect plaque size in
the thoracic aorta while more advanced lesions in the aortic root were
affected, the RvD2-GPR18 axis can be assumed to play a role in the
progress of the disease rather than in its initiation. In human, athero-
sclerotic plaques progress from the aortic arch toward the thoracic aorta
and are localized in areas with blood flow disturbance (e. g., posterior
intercostal arteries) [30]. In this model of short time high fat diet-
feeding, we mimicked the development of early plaque development
as thoracic aortas plaques were barely detectable.

Taken together the data of the present study suggest that RvD2
protects against atherosclerosis through GPR18 in plaques at a certain
stage of immune cell infiltration. Since RvD2 production was preserved
in human coronary arteries while GPR18 was dysregulated, the notion of
facilitating GPR18 signalling may represent a novel mean to obtain
atheroprotection through a functional resolution of inflammation.
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