
The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1

Introduction
Resolution of acute inflammation is an active, coordinated 
response aimed at terminating the inflammatory response and 
restoring tissue homeostasis (1). Resolution of inflammation is 
regulated by a superfamily of lipid mediators called specialized 
proresolving mediators (SPMs) that consist of several structurally 
distinct families biosynthesized from polyunsaturated fatty acids, 
such as the resolvins (Rv) and lipoxins (LX) (1, 2). SPMs exert 
potent bioactions in both antiinflammation and proresolution, 
namely counterregulating neutrophil recruitment and production 
of proinflammatory mediators while also enhancing clearance of 
apoptotic neutrophils (i.e., efferocytosis), microbes, and debris 
(1). Without an effective and timely resolution response, the ini-
tial inflammatory insult can lead to chronic inflammation (2), a 
pathology associated with many widely occurring human diseas-
es, including cardiovascular diseases.

Atherosclerosis is characterized by persistent, chronic vascu-
lar inflammation (3), indicative of a defective endogenous inflam-
mation-resolution response (3–5). Indeed, impaired efferocytosis, 
SPM biosynthesis, and imbalance between SPMs and proinflam-
matory mediators have recently emerged as key features of nonre-
solving inflammation in atherosclerosis (3, 6). Specifically, reduced 
levels of SPMs, including resolvin D1 (RvD1), in blood, saliva, and 
locally in plaques, correlate with atheroprogression and plaque 
severity (6–8). Furthermore, RvD1 actions potently limit vascular 
inflammation, regulate vascular homeostasis (9, 10), and promote 
plaque stability in murine models of atherosclerosis (6). Therefore, 
targeting the RvD1 pathway may represent a potential strategy for 
stimulating resolution in atherosclerotic inflammation.

The bioactions of SPMs are mediated by their cognate GPCRs 
(1, 10). Two specific GPCRs for RvD1 have been identified in 
humans, namely ALX/FPR2 and GPR32 (11), which mediate the 
biological actions of RvD1 in a context-dependent manner (10). 
GPR32 and ALX/FPR2 also bind several other SPMs in addition 
to RvD1, including RvD3, RvD5, and LXA4 (1, 10). Since mice 
lack the murine homologue for GPR32, the proresolving actions 
observed by these ligands in experimental murine models are 
mainly attributed to Fpr2, the murine homolog for ALX/FPR2 
(12). Accordingly, little is currently known about GPR32 signaling 
and its function in vivo, and thus the role of GPR32 in the pathol-
ogy of disease, such as atherosclerosis, remains to be determined. 

Chronic inflammation is a hallmark of atherosclerosis and results from an imbalance between proinflammatory and 
proresolving signaling. The human GPR32 receptor, together with the ALX/FPR2 receptor, transduces biological actions 
of several proresolving mediators that stimulate resolution of inflammation. However, since no murine homologs of 
the human GPR32 receptor exist, comprehensive in vivo studies are lacking. Using human atherosclerotic lesions from 
carotid endarterectomies and creating a transgenic mouse model expressing human GPR32 on a Fpr2×ApoE double-
KO background (hGPR32myc×Fpr2

–/–×Apoe–/–), we investigated the role of GPR32 in atherosclerosis and self-limiting 
acute inflammation. GPR32 mRNA was reduced in human atherosclerotic lesions and correlated with the immune 
cell markers ARG1, NOS2, and FOXP3. Atherosclerotic lesions, necrotic core, and aortic inflammation were reduced 
in hGPR32mycTg×Fpr2

–/–×Apoe–/– transgenic mice as compared with Fpr2–/–×Apoe–/– nontransgenic littermates. In a 
zymosan-induced peritonitis model, the hGPR32mycTg×Fpr2

–/–×Apoe–/– transgenic mice had reduced inflammation at 4 
hours and enhanced proresolving macrophage responses at 24 hours compared with nontransgenic littermates. The 
GPR32 agonist aspirin-triggered resolvin D1 (AT-RvD1) regulated leukocyte responses, including enhancing macrophage 
phagocytosis and intracellular signaling in hGPR32mycTg×Fpr2

–/–×Apoe–/– transgenic mice, but not in Fpr2–/–×Apoe–/– 
nontransgenic littermates. Together, these results provide evidence that GPR32 regulates resolution of inflammation 
and is atheroprotective in vivo.
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https://doi.org/10.1172/JCI142883DS1), but was not limited to this 
leukocyte population, since colocalization with CD3+CD8– lesion-
al lymphocytes was also detected (Supplemental Figure 1, A and 
B). Structural cells of the vascular wall were positive for GPR32, 
although detected to colocalize to a lower degree with smooth 
muscle actin (SMA) for vascular smooth muscle cells (VSMC) and 
vWF for endothelial cells in comparison with leukocyte popula-
tions (Supplemental Figure 1, A and B). Consistent with the strong 
association (Figure 1B) and colocalization (Figure 1C) between 
GPR32 and the M2 macrophage marker ARG1, GPR32 protein 
surface expression was significantly higher on M2- compared with 
M1-differentiated human macrophages (Supplemental Figure 
1C). An inflammatory challenge with LPS (100 ng/mL) reduced 
the macrophage GPR32 surface expression to a significantly larger 
degree on M2 than M1 macrophages (Supplemental Figure 1D).

Generation and characterization of hGPR32mycTg×Fpr2–/–×Apoe–/– 
mice. In order to specifically investigate the role of GPR32 signaling 
in murine atherosclerosis in vivo, we generated a transgenic mouse 

The aim of this study was to determine the role of human GPR32 
in vivo during inflammation resolution and atherosclerosis.

Results
GPR32 is reduced in human atherosclerotic lesions. GPR32 mRNA 
levels were significantly lower in human carotid atherosclerotic 
lesions compared with those in control arteries (Figure 1A). Fur-
ther transcriptomic characterization of the atherosclerotic lesions 
revealed that GPR32 mRNA expression significantly correlated 
with several immune cell markers. The strongest correlations (r > 
0.5) were observed with the M1 macrophage markers IL23A (r = 
0.53) and NOS2 (also termed iNOS; r = 0.54), the M2 macrophage 
marker arginase 1 (ARG1) (r = 0.63), the Treg marker FOXP3 (r = 
0.64), and IL4 (r = 0.56) (Figure 1B). Immunofluorescent GPR32 
staining revealed that GPR32 expression in the atherosclerotic 
lesions was predominantly colocalized with ARG1 (Figure 1C) and 
the general macrophage marker CD68 (Supplemental Figure 1, 
A and B; supplemental material available online with this article; 

Figure 1. Human GPR32 expression in nonatherosclerotic and atherosclerotic arteries. (A) GPR32 mRNA expression in human nonatherosclerotic control arter-
ies (n = 10) and atherosclerotic plaques from carotid arteries (n = 127). Results are expressed as median AUs with minimum to maximum bars. **P < 0.01 versus 
control arteries using unpaired Student’s t test with Welch’s correction. (B) Correlation between GPR32 mRNA levels and immune cell markers using Pearson’s 
r correlation coefficient and (C) representative immunofluorescence staining from human atherosclerotic plaques (n = 4). GPR32 (red) colocalized with ARG1 
(white) in the atherosclerotic plaques, indicated by white arrows in the magnified areas. Original magnification, ×20. Scale bars: 50 μm (zoomed images).

https://www.jci.org
https://doi.org/10.1172/JCI142883
https://doi.org/10.1172/JCI142883DS1
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3J Clin Invest. 2021;131(24):e142883  https://doi.org/10.1172/JCI142883

not significantly different in liver or abdominal fat tissue derived 
from hGPR32mycTg×Fpr2–/–×Apoe–/– transgenic compared with non-
transgenic Fpr2–/–×Apoe–/– mice (Supplemental Figure 2, D and E). 
Fasting glucose, glucose tolerance (Supplemental Figure 2F), blood 
leukocyte numbers, and differential cell counts (Supplemental 
Table 1) were not significantly different between the groups. Inter-
estingly, the hGPR32mycTg×Fpr2–/–×Apoe–/– mice had dark brown fur 
and were visually distinguishable from the black Fpr2–/–×Apoe–/– lit-
termates, as confirmed by genotyping (Supplemental Figure 2G) 
and in line with the insertions of the Tg at chromosome 2 that car-
ries the agouti gene that controls the coat color of mice.

hGPR32myc Tg mRNA expression was readily detected in several 
organs, including the aorta, spleen, liver, and abdominal fat (Figure 
2C). hGPR32myc expression was not detected in the nontransgenic 
littermates. hGPR32myc Tg protein expression was detected by flow 
cytometry in naive whole-blood leukocytes, which identified high-
er expression on neutrophils compared with PBMCs (Figure 2D).

strain by introducing the human GPR32 Tg into the previously 
generated hyperlipidemic Apoe-KO mice lacking the Fpr2 receptor 
(Fpr2–/–×Apoe–/– mice; detailed in Methods) (13, 14). The design of 
the Tg included the synthetic CAG promotor for strong ubiquitous 
expression in mammalian cells and a myc-tagged human GPR32 
(hGPR32myc) for additional identification of the Tg (Figure 2A). The 
Tg insertion was identified on chromosome 2, with only 1 Tg-Tg 
fusion site and an estimated copy number greater than 10 (Figure 
2B). The hGPR32mycTg×Fpr2–/–×Apoe–/– transgenic mice were viable, 
healthy, and fertile, but had significantly lower body weight (BW) 
compared with the Fpr2–/–×Apoe–/– nontransgenic littermates (Sup-
plemental Figure 2A). The underlying cause for this BW difference 
remains to be determined and should be acknowledged as a poten-
tial limitation of this model. MRI did not detect any significant dif-
ferences between the groups in gross tissue morphology in terms of 
visceral or subcutaneous adipose tissue disposition (Supplemental 
Figure 2, B and C). Expression of genes related to metabolism was 

Figure 2. Generation of a new mouse strain expressing a human GPR32 Tg on an Apoe–/–×Fpr2–/– double-KO background. (A) Schematics of the vector 
construction containing the hGPR32(ORF011088)/Myc Tg. (B) TLA sequence coverage across the mouse genome from an hGPR32mycTg×Fpr2–/–×Apoe–/– 
mouse showing the different chromosomes on the y axis and the chromosomal position on the x axis. The red circle indicates the Tg integration site. (C) 
Human GPR32 mRNA expression in different mouse tissues (n = 5). (D) Flow cytometry histogram (representative of n = 3) showing GPR32 expression 
in naive whole blood from Fpr2–/–×Apoe–/– (dark gray) and hGPR32mycTg×Fpr2–/–×Apoe–/– (light blue) mice (left) and differential expression of hGPR32myc in 
PBMC (purple) and neutrophil (dark blue) cell subsets (right). Isotype control cells are shown in light gray. (E) TNF-α levels in supernatants of LPS-stimu-
lated (100 ng/mL, 24 hours) BMDMs from Fpr2–/–×Apoe–/– (n = 4, white box) and hGPR32mycTg×Fpr2–/–×Apoe–/– (n = 3, black box) mice. Results are expressed 
as median with minimum to maximum bars. *P < 0.05 between genotypes using Student’s unpaired t test.
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the observed reduction in TNF-α levels and the presence of GPR32 
ligands in LPS-stimulated hGPR32mycTg×Fpr2–/–×Apoe–/– BMDMs 
indicates that hGPR32 is functionally expressed in these mice, with 
implications for counterregulating inflammation.

hGPR32mycTg×Fpr2–/–×Apoe–/– mice have reduced atherosclerotic 
plaque burden in vivo. To investigate the role of GPR32 in athero-
sclerosis, we compared atherosclerotic lesions in female hGPR-
32myc transgenic mice and their Fpr2–/–×Apoe–/– nontransgenic 
littermates at 24 weeks of age after 12 weeks on a high-fat diet 
(HFD). The hGPR32mycTg×Fpr2–/–×Apoe–/– mice had a significant-
ly reduced atherosclerotic lesion burden in both the aortic arch 
(Figure 3A) and the aortic root (Figure 3B) compared with Fpr2–/– 

×Apoe–/– mice. This was concomitant with a significantly smaller 
relative necrotic core area size in lesions from the hGPR32mycTg 
×Fpr2–/–×Apoe–/– compared with nontransgenic Fpr2–/–×Apoe–/– mice 
(Figure 3C). No significant changes were observed between the 2 

The inserted hGPR32myc Tg was functional, as demonstrat-
ed by significantly lower TNF-α levels released from LPS-stimu-
lated bone marrow–derived macrophages (BMDMs) isolated from 
hGPR32mycTg×Fpr2–/–×Apoe–/– compared with Fpr2–/–×Apoe–/– mice 
(Figure 2E). Since GPR32 is a ligand-activated receptor (11) and 
since the endogenous ligands are produced by murine BMDMs (15), 
we next measured the known SPM GPR32 ligands in these incuba-
tions by targeted lipidomics using liquid chromatography–tandem 
mass spectrometry (LC-MS/MS). The GPR32 ligands RvD1, RvD3, 
LXA4, and RvD5 were all detected in LPS-stimulated BMDMs from 
both genotypes. No significant differences were observed between 
BMDMs derived from hGPR32mycTg×Fpr2–/–×Apoe–/– compared with 
BMDMs from Fpr2–/–×Apoe–/– mice for RvD1 (2.47 ± 2.47 vs. 10.1 ± 
3.2 pg/mL, P = 0.132), RvD3 (523.1 ± 54.3 vs. 455.7 ± 63.1 pg/mL, 
P = 0.463), LXA4 (8.4 ± 0.75 vs. 7.0 ± 1.3 pg/mL, P = 0.403), and 
RvD5 (4.37 ± 2.47 vs. 2.17 ± 2.17 pg/mL, P = 0.514; n = 3). Hence, 

Figure 3. Reduced atherosclerotic plaque 
burden and inflammation in aortas from 
hGPR32mycTg×Fpr2–/–×Apoe–/– transgenic 
mice in vivo. Atherosclerotic lesion burden 
in aortic arches (A) and aortic roots (B) 
from Fpr2–/-×Apoe–/– (open; n = 10) and 
hGPR32mycTg×Fpr2–/–×Apoe–/– (gray; n = 10) 
mice after 12 weeks HFD. Representative 
micrographs are shown for (A) en face 
staining of aortic arches and (B) aortic root 
for each genotype. Original magnification, 
×10 (A); ×5 (B). (C) Relative necrotic core 
area expressed as percentage of the total 
plaque area. Representative micrographs 
for each genotype are shown, and the 
magnified areas with necrotic cores high-
lighted by yellow arrows shown in C are 
indicated by a black box in the aortic roots 
in B. Original magnification, ×20. (D) Fold 
change in aortic mRNA levels in hGPR-
32mycTg×Fpr2–/–×Apoe–/– (n = 7) relative to 
Fpr2–/–×Apoe–/– mice (n = 9). (E) Levels of 
RvD1 in aortic lesions, expressed as pg/g 
tissue (n = 4). Results are expressed as 
median with minimum to maximum bars. 
*P < 0.05; **P < 0.01 between genotypes 
using Student’s unpaired t test.
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matory cytokine Tnfa was significantly reduced in hGPR32mycTg 
×Fpr2–/–×Apoe–/– transgenic compared with Fpr2–/–×Apoe–/– mice 
(Figure 3D). A similar trend was observed for Il1b (P = 0.153), 
whereas the antiinflammatory cytokine Il10, collagen 1a (col1a1), 
and the Treg-associated transcription factor Foxp3 were not dif-
ferentially expressed between the 2 genotypes (Figure 3D). The 
GPR32 ligand RvD1 was detected using targeted LC-MS/MS anal-
ysis of aortic lesions from both hGPR32mycTg×Fpr2–/–×Apoe–/– and 
Fpr2–/–×Apoe–/– mice (Figure 3E).

Similar results for atherosclerosis were observed when the 
experimental protocol was prolonged, and mice were fed HFD for 
16 weeks. hGPR32mycTg×Fpr2–/–×Apoe–/– transgenic mice had a 30% 
lower (P = 0.058) atherosclerotic lesion burden compared with 

genotypes regarding blood lipids (Supplemental Figure 3A), leu-
kocyte number, and differential count (Supplemental Table 2) or 
blood chemistry, including glucose levels (Supplemental Table 3),

To identify potential mechanisms underlying the athero-
protective actions of GPR32, we assessed atherosclerotic plaque 
composition and gene expression. Abdominal aortas derived 
from hGPR32mycTg×Fpr2–/–×Apoe–/– transgenic mice compared with 
nontransgenic Fpr2–/–×Apoe–/– mice exhibited significantly low-
er mRNA levels for the macrophage marker Cd68 (Figure 3D), 
accompanied by a trend for lower CD68 immunostainings in the 
aortic root lesions (P = 0.07; Supplemental Figure 3B). No signif-
icant differences were observed in stainings for collagen content, 
α-SMA, or CD3+ cells (Supplemental Figure 3C). The proinflam-

Figure 4. Regulation of inflammation-resolution responses in hGPR32mycTg×Fpr2–/–×Apoe–/– mice during acute peritonitis. Fpr2–/–×Apoe–/– (white box) and 
hGPR32mycTg×Fpr2–/–×Apoe–/– (gray box) mice were subjected to a zymosan challenge (1 mg/mouse, i.p.), and peritoneal exudates were collected at the indicat-
ed time points. (A) Exudate neutrophil numbers (Ly6G+ cells) and (B) cytokine levels after 4 hours (n = 7, white box;n = 3, gray box). (C) Exudate macrophage/
neutrophil ratio after 24 hours (n = 17, white box; n =11, gray box) and 48 hours (n = 8, white box; n =7, gray box), respectively.(D) Efferocytosis assessed as Ly6G+ 
macrophages and (E) Alox15 mRNA expression in exudate cells after 24 hours (n = 11, white box; n =5, gray box) and 48 hours (n = 6, white box; n =4, gray box), 
respectively. *P < 0.05; **P < 0.01 between genotypes. (F) Total exudate cells and (G) neutrophils in Fpr2–/–×Apoe–/– (open) and hGPR32mycTg×Fpr2–/–×Apoe–/– 
(filled) mice injected with vehicle (black outline) or AT-RvD1 (100 ng/mouse; blue outline) immediately prior to zymosan challenge (vehicle: n = 10 for Fpr2–/– 

×Apoe–/– and n = 7 for hGPR32mycTg×Fpr2–/–×Apoe–/–; AT-RvD1, n = 8 for both genotypes). *P < 0.05; **P < 0.01 vs. vehicle. Results are expressed as median with 
minimum to maximum bars. Unpaired Student’s t test was used to compare 2 groups, and 2-way ANOVA was used for comparing multiple groups.
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Fpr2–/–×Apoe–/– littermates (Supplemental Figure 4A). This was 
concomitant with significantly fewer GR-1+ (Ly6G/Ly6C+) cells 
in plaques from hGPR32mycTg×Fpr2–/–×Apoe–/– mice (Supplemental 
Figure 4B), indicating a reduced aortic infiltration of neutrophils 
(Ly6G+) and monocytes (Ly6C+).

Despite the lower BW of hGPR32mycTg×Fpr2–/–×Apoe–/– trans-
genic mice (Supplemental Figure 4C), there was no significant 
correlation between lesion size and BW in either genotype (Sup-
plemental Figure 4D). However, a trend toward a negative cor-
relation (r = –0.5111; P = 0.08) between lesion size and hGPR32myc 
expression was observed in hGPR32mycTg×Fpr2–/–×Apoe–/– mice 
(Supplemental Figure 4E). Taken together, these findings point 
to a role for GPR32 signaling in limiting aortic inflammation, with 
implications for atheroprotection in vivo.

Inflammation-resolution responses in hGPR32mycTg×Fpr2–/– 

×Apoe–/– mice during zymosan-induced peritonitis. The well-estab-
lished murine model of acute, self-limited inflammation (1, 16) initi-
ated by i.p. injection of zymosan A (1 mg/mouse) induced a temporal 
leukocytic infiltration into the peritoneal cavity. In mice sacrificed 
at 4 hours after zymosan challenge, representing the initiation 
phase, flow cytometry revealed that neutrophil numbers (detect-
ed by Ly6G+ events) were approximately 50% lower in hGPR32myc 

Tg×Fpr2–/–×Apoe–/– mice compared with Fpr2–/–×Apoe–/– mice (Fig-

ure 4A). Exudate levels of the proinflammatory chemokine CCL2 
were also significantly lower in hGPR32mycTg×Fpr2–/–×Apoe–/– mice, 
whereas no significant differences were observed for exudate lev-
els of IL-6, IL-1β, or TNF-α (Figure 4B).

Since GPR32 mediates signals that promote resolution of 
inflammation (2, 10), we next examined the exudates at 24 and 48 
hours after zymosan challenge, representing the resolution phase. 
While there was a significantly lower percentage of neutrophils 
(65.09 ± 2.38 vs. 55.69 ± 2.2 × 106 neutrophils/exudate, P = 0.016 
at 24 hours and 43.94 ± 1.90 vs. 33.5 ± 3.77 × 106 neutrophils/exu-
date, P = 0.028 at 48 hours) in exudates from hGPR32mycTg×Fpr2–/– 

×Apoe–/– mice compared with Fpr2–/–×Apoe–/– mice, no differences 
were observed in neutrophil numbers at either 24 hours (16.1 ± 1.1 
vs. 16.2 ± 1.3 × 106 neutrophils/exudate, P = 0.949; n = 17, 11) or 48 
hours (8.8 ± 1.3 vs. 6.9 ± 1.2 × 106 neutrophils/exudate, P = 0.296, 
n = 8, 6. A significantly higher macrophage-to-neutrophil ratio was 
observed in exudates from hGPR32mycTg×Fpr2–/–×Apoe–/– compared 
with Fpr2–/–×Apoe–/– mice (Figure 4C), which was mainly driven by 
a higher number of macrophages (3.99 × 106 vs. 6.01 × 106 mac-
rophages/exudate P = 0.073 at 24 hours, 5.46 × 106 vs 5.85 × 106 
macrophages/exudate P = 0.296). This was concomitant with a 
significantly higher number of macrophages containing engulfed 
apoptotic neutrophils in hGPR32mycTg×Fpr2–/–×Apoe–/– exudates, 

Figure 5. AT-RvD1 alters leukocyte responses and regulates phosphoryla-
tion of ERK1/2 in hGPR32mycTg×Fpr2–/–×Apoe–/– but not Fpr2–/–×Apoe–/– mice. 
Naive resident peritoneal macrophages were isolated and seeded in a 96-well 
plate (0.1 × 106 cells/well). Uptake of pH-rodo labeled (A) zymosan (n = 6) or 
(B) E. coli (n = 10) by peritoneal macrophages from Fpr2–/–×Apoe–/– (open box-
es) and hGPR32mycTg×Fpr2–/–×Apoe–/– (filled boxes) that were pretreated with 
vehicle (black outline) or AT-RvD1 (100 nM, 15 minutes, 37°C; blue outline) 
followed by 60 minutes of incubation with the phagocytic stimuli. Results are 
expressed as relative fluorescence units (RFU). (C) Peritoneal macrophages 
were preincubated with AT-RvD1 (100 nM, 15 minutes, 37°C) followed by the 
addition of FITC-labeled oxLDL (10 μg/ml) to assess phagocytosis of oxLDL. 
Images were recorded every 1 hour for a total of 24 hours. Data are present-
ed as percentages of maximum phagocytosis (after 24 hours). Results are 
expressed as mean ± SEM. Changes in (D) pERK and (E) pCREB activation in 
peritoneal macrophages treated with AT-RvD1 (10 or 100 nM; 5 minutes, 37°C) 
from vehicle control in Fpr2–/–×Apoe–/– (open box, n = 4) and hGPR32myc 

Tg×Fpr2–/–×Apoe–/– (filled box, n = 6) mice. Results are expressed as median 
with minimum to maximum bars. *P < 0.05; **P < 0.01; ****P < 0.0001 vs. 
vehicle-treated hGPR32mycTg×Fpr2–/–×Apoe–/– macrophages. #P < 0.05; ##P < 
0.01; ####P < 0.0001 in AT-RvD1–treated Fpr2–/–×Apoe–/– vs. AT-RvD1–treated 
hGPR32mycTg×Fpr2–/–×Apoe–/– macrophages; 2-way ANOVA.

https://www.jci.org
https://doi.org/10.1172/JCI142883
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd
https://www.jci.org/articles/view/142883#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

7J Clin Invest. 2021;131(24):e142883  https://doi.org/10.1172/JCI142883

indicative of enhanced efferocytosis (Figure 4D), a key process in 
resolution of inflammation, at 24 hours (1). Furthermore, hGPR-
32mycTg×Fpr2–/–×Apoe–/– mice had significantly higher Alox15 mRNA 
expression in their exudate leukocytes compared with Fpr2–/– 

×Apoe–/– mice (Figure 4E). In addition, significantly lower mRNA 
levels of the inflammatory cytokines Il1b (0.96 ± 0.08 vs. 0.40 ± 
0.08 after 24 hours, P = 0.003 and 1.13 ± 0.13 vs. 0.50 ± 0.09 after 
48 hours, P = 0.003) and Tnfa (1.06 ± 0.13 vs. 0.64 ± 0.06 after 
48 hours, P = 0.01) were observed in exudates from hGPR32mycTg 
×Fpr2–/–×Apoe–/– mice compared with Fpr2–/–×Apoe–/– mice. Finally, 
we confirmed in a separate experimental series that the macro-
phage-to-neutrophil ratio observed in exudates from hGPR32myc 

Tg×Fpr2–/–×Apoe–/– mice at 24 hours was significantly higher when 
compared with both regular Apoe–/– mice and Fpr2–/–×Apoe–/– mice 
generated independently of the transgenic breeding (Supplemental 
Figure 5). Taken together, these results indicate that the hGPR32myc 
Tg confers an intrinsic antiinflammatory and proresolving response 
in vivo following an acute inflammatory challenge.

AT-RvD1 regulates leukocyte responses in hGPR32mycTg×Fpr2–/– 

×Apoe–/– mice. RvD1 and its aspirin-triggered epimer AT-RvD1 reg-
ulate leukocyte responses and accelerate resolution of inflamma-
tion in animal models in vivo (1, 16), actions in mice that have cur-
rently only been attributed to its signaling via Fpr2 (14, 16). Here, 
we administered AT-RvD1 to hGPR32mycTg×Fpr2–/–×Apoe–/– trans-
genic mice to assess the impact of ligand-mediated actions of the 
hGPR32myc Tg on leukocyte responses in the absence of Fpr2 in 
vivo. AT-RvD1 (100 ng, i.p.) injected into mice immediately pri-
or to zymosan challenge resulted in significantly lower numbers 
of total exudate cells (Figure 4F) as well as neutrophils (Figure 
4G) when compared with those in vehicle-treated hGPR32mycTg 
×Fpr2–/–×Apoe–/– transgenic mice. This action was lost in nontrans-
genic Fpr2–/–×Apoe–/– mice lacking the hGPR32myc Tg (Figure 4, F 
and G), which suggests that AT-RvD1 regulates leukocyte responses 
during inflammation resolution by activating hGPR32myc in vivo.

AT-RvD1 regulates macrophage phagocytosis and oxLDL uptake 
in hGPR32mycTg×Fpr2–/–×Apoe–/– mice. Administration of AT-RvD1 
(100 nM) in vitro significantly enhanced phagocytosis of zymo-
san (Figure 5A) and E. coli (Figure 5B) in naive peritoneal macro-
phages derived from hGPR32mycTg×Fpr2–/–×Apoe–/– mice, whereas 
AT-RvD1 did not significantly alter phagocytosis in nontransgen-
ic Fpr2–/–×Apoe–/– mice (Figure 5, A and B). On the other hand, 
AT-RvD1 significantly reduced oxidized low-density lipoprotein 
(oxLDL) uptake in hGPR32mycTg×Fpr2–/–×Apoe–/– macrophages, 
whereas no AT-RvD1–induced effects were observed in Fpr2–/– 

×Apoe–/– macrophages (Figure 5C). Taken together, these results 
indicate that AT-RvD1 mediates direct proresolving and athero-
protective actions in macrophages via GPR32 in hGPR32mycTg 
×Fpr2–/–×Apoe–/– mice.

AT-RvD1-GPR32–dependent intracellular signaling in hGPR-
32mycTg×Fpr2–/–×Apoe–/– mice. Naive mouse peritoneal macrophages 
stimulated with AT-RvD1 (10 and 100 nM) for 5 minutes and stained 
for flow cytometric analysis of intracellular phosphorylated targets 
revealed that AT-RvD1 significantly increased phosphorylation 
of pERK1/2 compared with vehicle-treated hGPR32mycTg×Fpr2–/– 

×Apoe–/– macrophages (Figure 5D). A similar trend was observed for 
phosphorylated cAMP response element binding protein (pCREB), 
which did not reach statistical significance (Figure 5E). In contrast, 

these phosphoproteins were unaltered after AT-RvD1 stimulation 
of macrophages collected from nontransgenic Fpr2–/–×Apoe–/– mice 
(Figure 5, D and E). These results indicate that hGPR32myc Tg reg-
ulates protein phosphorylation as intracellular signals in isolated 
macrophages from hGPR32mycTg×Fpr2–/–×Apoe–/– mice.

Discussion
The results from the present study point to a resolution of inflamma-
tion mediated through the RvD1 receptor GPR32 in atherosclerosis. 
First, we demonstrate that human atherosclerotic lesions exhibit 
decreased GPR32 mRNA levels compared with those in control 
arteries, with predominant expression in macrophages with a pro-
resolving phenotype. Second, by generating a transgenic hyperlip-
idemic mouse strain that lacks the murine RvD1 receptor Fpr2 while 
expressing the human GPR32 receptor, we found that proresolving 
signaling through GPR32 was atheroprotective independently of 
Fpr2, through leukocyte regulated responses, decreased proin-
flammatory cytokines, reduced oxLDL uptake, and enhanced 
phagocytosis. Third, the murine model identified agonist-induced 
signaling by GPR32 ligands, which strengthened the translation-
al implications of the findings for human disease. Taken together, 
these results point to stimulating GPR32 as a potential therapeutic 
strategy for reducing atherosclerotic cardiovascular diseases by 
means of stimulating resolution of inflammation.

In the present study, the expression levels of the RvD1 recep-
tor GPR32 were significantly lower in atherosclerotic compared 
with healthy human arteries (P = 0.004). While this observation 
follows the expression pattern of the proresolving receptor ERV1/
ChemR23 for RvE1 (17), the mRNA levels for the other RvD1 
receptor, ALX/FPR2, are increased in human atherosclerotic 
lesions (18). The latter study and the present results hence impli-
cate a dichotomous role for these 2 RvD1 receptors in atheroscle-
rosis, which is further supported by the observation that GPR32 
expression, but not ALX/FPR2 expression, is reduced on blood 
leukocytes from patients with chronic heart failure and associated 
with disease severity and unresponsiveness to the immunomodu-
latory actions of RvD1 (19). These observations that GPR32 affects 
systemic inflammatory responses, taken together with our find-
ings that GPR32 expression is reduced in atherosclerosis and in 
LPS-stimulated M2 macrophages, raises the possibility of a deficit 
in proresolving signaling as a common characteristic associated 
with cardiovascular disease pathology.

Macrophages play a critical role in atherosclerosis, and 
depending on their phenotype, they can either induce plaque 
inflammation (e.g., M1) or transduce the resolution of inflam-
mation and tissue repair (e.g., M2) (4). Resolution-phase mac-
rophages (rM) share characteristics with both M1 and M2 mac-
rophages, supporting the idea that the positive correlation of 
GPR32 with both iNOS and ARG1 (20) reflects GPR32 expression 
in rM macrophages. GPR32 has indeed been implicated as a key 
player in mediating the actions of RvD1 in human macrophage 
polarization to M2- and rM-like phenotypes (21), which was sup-
ported by the higher GPR32 expression in M2 macrophages in 
the present study. Atherosclerotic lesion GPR32 expression was 
not limited to macrophages, since correlation and colocaliza-
tion with markers of lesional lymphocytes were also observed. 
Indeed, RvD1 signaling via GPR32 promotes de novo induction 
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trophil chemotaxis in vitro (23). In that context, neutrophil influx 
into the aortic wall is associated with lesion formation and further 
augments recruitment of mononuclear phagocytes into the site 
(28). Furthermore, disruption of proresolution signaling is associ-
ated with enhanced neutrophilic infiltration into the vascular wall 
and aortic dilation in angiotensin II–infused hyperlipidemic mice 
(29). Taken together, these results suggest that atheroprotective 
signaling via GPR32 may involve limiting neutrophil recruitment 
during atherosclerotic development in vivo.

On the basis of those findings, we investigated the effects of 
AT-RvD1 and GPR32 on the resolving inflammatory exudate. It 
should be recognized that while this model has not been previous-
ly studied in hyperlipidemic mice, it was well suited to study the 
role of GPR32-mediated signaling on leukocyte responses during 
self-resolving inflammatory challenge in vivo in the absence of dif-
ferences in cholesterol levels between groups and the almost 50% 
reduction in neutrophil numbers between the 24- and 48-hour 
time points, in line with an active self-limited inflammatory 
response. Introduction of the human GPR32 to these mice result-
ed in dampened inflammation at 4 hours and enhanced resolution 
responses at 24 hours, as demonstrated by enhanced efferocyto-
sis, a fundamental process in resolution (1), and upregulation of 
Alox15, a key enzyme in SPM biosynthesis and an emerging M2 or 
rM macrophage marker. Because RvD1 and its more stable ana-
logue, AT-RvD1, interact with GPR32 (16), we also tested to deter-
mine whether AT-RvD1 could regulate leukocyte responses in 
hGPR32mycTg×Fpr2–/–×Apoe–/– mice. Indeed, AT-RvD1 reduced total 
leukocyte and neutrophil numbers in the hGPR32mycTg×Fpr2–/– 

×Apoe–/– mice, but not the Fpr2–/–×Apoe–/– nontransgenic mice, indi-
cating that AT-RvD1 mediates its proresolving actions via GPR32 
in vivo. Furthermore, we also showed that AT-RvD1 enhances 
phagocytosis of zymosan and E. coli in macrophages isolated from 
hGPR32mycTg×Fpr2–/–×Apoe–/– mice, which is consistent with earli-
er findings with Rv and human macrophages (11, 21). On the oth-
er hand, AT-RvD1 reduced the uptake of oxLDL, supporting the 
notion that macrophage GPR32 signaling may mediate protective 
effects in atherosclerosis. These results extend our previous find-
ings for RvE1 macrophage signaling through ChemR23 (17) and 
provide further evidence for direct atheroprotective actions medi-
ated by Rv by means of stimulating resolution.

Having found that AT-RvD1 elicited proresolving actions 
in vivo and with peritoneal macrophages in hGPR32mycTg 
×Fpr2–/–×Apoe–/– mice, we investigated the downstream intra-
cellular signaling pathways elicited by AT-RvD1 in these mice. 
AT-RvD1 activated phosphorylation of pERK1/2, with a sim-
ilar trend for pCREB, in macrophages from hGPR32mycTg 
×Fpr2–/–×Apoe–/– mice, but not Fpr2–/–×Apoe–/– mice, consistent with 
intracellular signaling pathways observed for RvD2-GPR18 and 
MaR2-LGR6 in mouse peritoneal macrophages (30, 31). Further-
more, these results are also in line with recent findings in which 
individual SPMs, including RvD1, activate distinct intracellular 
signaling pathways in peripheral blood leukocytes in humans, 
with the most pronounced activation observed for pERK1/2 and 
pCREB in neutrophils and CD14+ monocytes (32). Hence, these 
results demonstrate that AT-RvD1 elicits protein phosphorylation 
as intracellular signals in isolated macrophages via GPR32, simi-
larly to those observed for other SPMs and with human cells.

of Foxp3+ Tregs (19), a cell type that regulates excessive immune 
responses and reduces atherosclerosis via promoting resolution 
(22). Finally, GPR32 expression was detected in structural cells 
of the vascular wall similarly to that of other SPM receptors (5, 
17) and the GPR32 expression previously reported in leukocytes, 
vascular cells, and adipocytes (10, 21, 23, 24). Furthermore, in 
the gene atlas of the human protein-encoding transcriptomes 
(available at BioGPS; http://biogps.org) the highest levels of 
GPR32 mRNA were found in liver, heart, CD34+ hematopoietic 
cells, CD33+ myeloid cells, cardiac myocytes, and SMC (25), fur-
ther supporting the involvement of GPR32 in the immune and 
cardiovascular systems. Taken together, our findings in human 
atherosclerotic lesions support the idea that regulatory immune 
cell signaling may be dysregulated in human atherosclerosis, 
which is consistent with a failure in the resolution response.

The exploration of the causal role of GPR32 in atherosclero-
sis has been hampered by the lack of a murine homolog for this 
receptor, whereas the role of Fpr2 and their shared ligands, such as 
RvD1 and AT-LXA4, has been more extensively studied in exper-
imental models of atherosclerosis (6, 13, 18). Hence, introducing 
a human GPR32 to a hyperlipidemic Apoe–/– mouse that lacks the 
endogenous murine RvD1 receptor Fpr2 enabled us to study the 
role of GPR32 signaling in atherosclerosis independently of Fpr2. 
Having established that the human GPR32 Tg was expressed and 
functional, mice were subjected to HFD to induce atheroscle-
rosis. The observed antiatherogenic effects in the hGPR32mycTg 
×Fpr2–/–×Apoe–/– mice suggest that GPR32 signaling is protective in 
atherosclerosis in vivo and extend the previously reported athero-
protective effects transduced by ChemR23 and Fpr2 (13, 17). Since 
these protective effects were found to be independent of lipid lev-
els, it suggests that GPR32 signaling in atherosclerosis involves 
modulating the inflammation-resolution pathways rather than 
altering lipid metabolism. Indeed, the reduced atherosclerosis 
burden was accompanied by lowering of aortic proinflammatory 
gene expression as well as reduced numbers of macrophages and 
neutrophils in the lesions. Additionally, our findings are in line 
with earlier findings demonstrating that transgenic overexpres-
sion of human proresolving receptors is protective in experimen-
tal murine models (26), indicating that receptor expression levels 
may be crucial for the regulation of the responses transduced. 
Hence, together with our findings, this implicates a role for GPR32 
signaling in modulating atheroprogression.

In the present study, we establish the presence of GPR32 ago-
nists produced locally in murine BMDM and atherosclerotic lesions 
in line with previous studies (6, 27). Reduced levels of SPMs, in par-
ticular, the GPR32 agonist RvD1, have been associated with ath-
eroprogression (6), further supporting the notion that proresolving 
signaling is dysregulated in atherosclerosis. Akin to RvD1, its aspi-
rin-triggered epimer AT-RvD1, which displays enhanced resistance 
to further enzymatic conversion (1), potently limits neutrophil infil-
tration and accelerates resolution in animal models (1, 16). Howev-
er, the actions of AT-RvD1 and RvD1 in murine models in vivo have 
hitherto only been attributed to their signaling via Fpr2. The pres-
ent study is the first, to our knowledge, to show that GPR32, inde-
pendently of Fpr2, regulates neutrophil infiltration in aortic lesions 
and acute peritonitis. These results are consistent with earlier find-
ings in humans showing that GPR32 signaling reduces human neu-
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a strong ubiquitous expression of hGPR32myc in mammalian cells, the 
strong synthetic CAG promoter based on the chicken β-actin gene and 
a Kozak consensus sequence was included in the expression vector 
backbone. A synthetic intron IVS2 was added to increase stability and 
expression of the mRNA, while the simian virus 40 late polyadenyla-
tion signal (SV40 late pA) and bovine growth hormone polyadenyla-
tion signal (BGH pA) were added to enhance transcriptional termi-
nation. The neomycin resistance gene under the control of the CMV 
promoter allowed for selection and stable expression in mammalian 
cells. For amplification of the vector in E. coli, a bacterial pUC ori and 
ampicillin resistance were included. The transgenic insert was extract-
ed from the vector backbone by digesting 1 μg of vector DNA simulta-
neously with 20 IU each of AscI (GG/CGCGCC), MluI (A/CGCGT), 
and XhoI (C/TCGAG) (all from New England Biolabs) at 37°C over-
night. The 3833 bp long fragment containing the transgenic insert 
was separated on a 1% agarose gel, isolated and purified, and used for 
oocyte injection by the Karolinska Center for Transgene Technologies 
(KCTT) core facility at the Karolinska Institute, Department of Com-
parative Medicine.

Animals
Animals were bred and kept under standard housing conditions on a 
12-hour light/12-hour dark cycle. Fpr2–/– mice were generated at the 
William Harvey Institute (London, United Kingdom), as previously 
described (14). Of note, the insertions of the gene cassette and GFP 
reporter in reverse orientation into intron 1 of the Fpr2 gene prevents 
the transcriptional read-through of the Fpr2 and Fpr3 genes (14, 37), 
both of which are murine homologues to the human ALX/FPR2 (12). 
Thus, these mice are also termed Fpr2/Fpr3-KO mice (37), but are 
referred to as Fpr2–/– herein. The Fpr2–/–×Apoe–/– mice were generated 
at Karolinska Institute as described (13).

Generation and characterization of hGPR32myc transgenic mice
Transgenic mice expressing the hGPR32myc Tg were generated by ran-
dom transgenesis in Fpr2–/–×Apoe–/– mice with the help of the KCTT core 
facility at Karolinska Institute. The hGPR32myc Tg was injected into fer-
tilized oocytes of superovulating Fpr2–/–×Apoe–/– females to generate the 
F1 generation of hyperlipidemic hGPR32myc transgenic mice that lack the 
Fpr2 receptor (hGPR32mycTg×Fpr2–/–×Apoe–/–). A transgenic male from the 
F1 generation was established as a potential founder and bred hemizy-
gously with Fpr2–/–×Apoe–/– females. Targeted locus amplification (TLA) 
sequencing (Cergentis) identified the Tg integration site, possible genom-
ic rearrangements, and estimation of Tg copy number. Genotyping was 
performed with DNA isolated from mouse ear biopsies. Two sets of prim-
ers were used, covering the entire Tg including the myc tag. For GPR32, 
the forward and reverse primers were 5′-CAGAGGCTGCAGTGACAG-
GCAA-3′ and 5′-GTCCGGAATTTCAGGTGCGCAGA-3′, respectively 
(519 bp product). For GPR32myc, the forward and reverse primers were 
5′-ACTCTACATCACCTTTGTGTTCCTC-3′ and 5′-TCTTCTGAGAT-
GAGTTTTTGTTCTTC-3′, respectively (747 bp product).

The transgenic mice were viable and fertile and showed no 
adverse health effects, breeding issues, or obvious behavioral or 
developmental defects after monitoring the transgenic mouse line for 
several generations. No gross morphological or tissue defects were 
observed upon histological examination by light microscopy. Periph-
eral blood analysis for red and white blood cells and plasma analysis 
for triglycerides, cholesterol, and glucose levels showed no differenc-

In summary, this study uncovered that GPR32 signaling attenu-
ates atherosclerosis and mediates proresolving leukocyte respons-
es in vivo in hyperlipidemic Apoe–/– mice lacking the receptor Fpr2. 
We extended previous observations on SPM receptor expression in 
human atherosclerotic lesions to now include dysregulated GPR32 
expression in atherosclerotic compared with normal arteries. We 
provide evidence for the in vivo role of the RvD1 receptor GPR32 
in atheroprotection by means of promoting proresolving leukocyte 
responses, enhancing phagocytosis, and reducing oxLDL uptake, 
with implications for atherosclerotic lesion size, necrotic core 
formation, and aortic inflammation. The effects of hGPR32myc 
in the regulation of immune responses and the amelioration of 
atherosclerosis progression in vivo, together with the dysregulat-
ed expression of GPR32 in human atherosclerosis, further shows 
that a defect in the GPR32 signaling pathway may underpin the 
impaired resolution mechanisms in atherosclerosis progression. 
Hence, stimulating GPR32 may represent a potential therapeutic 
strategy for reducing atherosclerotic cardiovascular diseases by 
means of stimulating resolution of inflammation.

Methods

Human studies
Human atherosclerotic plaques were obtained from the Biobank 
of Karolinska Carotid Endarterectomies (BiKE) project. The study 
included a total of 127 atherosclerotic plaque tissue samples from 
patients that underwent carotid endarterectomy (CEA) at Karolinska 
University Hospital. Disease-free, nonatherosclerotic, iliac arteries, 
referred to as normal arteries, were obtained from organ donors and 
used as controls. Isolated RNA from 127 patients and 10 controls was 
subjected to global mRNA analysis with Affymetrix HG-U133 plus 2.0 
expression arrays as previously described (13, 33, 34). Data were nor-
malized with signal space transformation-robust multichip analysis, 
yielding log2-transformed expression values (35, 36). Paraffin-embed-
ded atherosclerotic sections were evaluated by immunofluorescence 
staining, as described below.

Immunofluorescence staining
For staining of human atherosclerotic tissues, sections were incubat-
ed overnight at 4°C with the following primary Abs: rabbit anti-human 
GPR32 N-terminal (catalog GTX108119, GeneTex), rabbit anti-human 
Arg1 (catalog NB100-59740; Bio-Techne), mouse anti-human SMA (cat-
alog M0851, Agilent Dako), mouse anti-human vWF (catalog M0616, 
Agilent Dako), mouse anti-human CD8 (catalog NCL-CD8-295, Novo-
castra Leica Biosystems), mouse anti-human CD68 (catalog NCL-CD68, 
Novocastra Leica Biosystems), and goat anti-human CD3 (catalog 
PM110, Biocare Medical). Next, the sections were incubated for 1 hour 
at room temperature with secondary Abs conjugated with DyLight 488 
or 594 (Invitrogen, Thermo Fisher), and nuclei were stained with DAPI 
(S3023, Agilent Dako).

Primer and vector design
The vector used to generate the hGPR32myc transgenic mice was 
designed using Vector Builder software, version 1.0 (VectorBuilder 
GmbH) and synthesized by Cyagen Biosciences. The ORF of human 
GPR32 (GenBank NM_001506), including a myc-reporter tag, was 
cloned in a mammalian expression vector (Figure 1A). In order to drive 
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aorta were dissected and snap-frozen for RNA isolation. Aortic roots 
and arches were dissected and preserved for histological lesion analy-
sis and en face lesion analysis, respectively.

Acute inflammation: peritonitis. For self-resolving acute peritoni-
tis, male hGPR32mycTg×Fpr2–/–×Apoe–/– mice and Fpr2–/–×Apoe–/– litter-
mates were injected i.p. with 1 mg/mouse zymosan (MilliporeSigma), 
and peritoneal exudates were collected at 4 hours (acute phase) or 
24 and 48 hours (resolution phase) by peritoneal lavage with 5 mL 
DPBS–/– (Gibco, Thermo Fisher Scientific). In some experiments, 
mice received vehicle (0.1% EtOH in PBS) or 100 ng/mouse AT-RvD1 
(Cayman Chemicals; i.p.) immediately prior to zymosan injection 
and peritoneal exudates were collected after 24 hours. Exudate leu-
kocyte numbers were determined using Trypan blue staining, which 
was analyzed using an automated cell counter (TC20, Bio-Rad). Dif-
ferential counts and efferocytosis were assessed using flow cytometry 
(FACSVerse, BD Biosciences) as outlined below. Cytokine and chemo-
kine levels were assessed in cell-free supernatants using ELISA, and 
RNA was isolated from pelleted peritoneal cells.

Blood and plasma analysis
Blood counts were analyzed using an automated hematology analyzer 
(Scil Vet abc hematology analyzer). Cholesterol and triglycerides were 
measured in EDTA-collected plasma using kits from Randox follow-
ing the manufacturer’s instructions

Evaluation of atherosclerosis
The atherosclerotic lesion burden in the aortic arch was determined by 
en face analysis. In brief, dissected aortic arches were fixed in 4% neu-
tral buffered formalin, cut longitudinally, pinned, and stained with 5% 
(w/v) Sudan IV solution (Sigma-Aldrich). Images were acquired using 
a Leica Microsystems color video camera. ImageJ (NIH) was used to 
quantify the total area of the aortic arch and the area of the athero-
sclerotic lesions, respectively, on the micrographs in a blinded fashion. 
Aortic roots were embedded in OCT (Histolab Products AB) and fro-
zen at –80°C. Serial 10 μm thick cryosections were collected starting 
from the aortic valve cusps for a total distance of 800 μm and fixed in 
either formalin or acetone.

Formalin-fixed sections that were collected every 100 μm from 
the aortic valve cusps were stained with Oil Red O (Sigma-Aldrich), 
and images were captured with a light microscope equipped with a 
DC300 camera (Leica). Aortic root plaque burden was determined 
in a blinded fashion by planimetry of digital micrographs of 5 con-
secutive sections using ImageJ and expressed as lesion surface area 
relative to aortic root surface areas. Furthermore, the area of necrot-
ic cores, as defined as unstained zones devoid of cells or extracellu-
lar matrix, was measured by planimetry of digital micrographs at a 
distance of 600 μm from the aortic valve cusps in a blinded fashion 
using ImageJ. The relative necrotic core area was first calculated for 
each individual plaque, and then the average of all plaques within the 
aortic root of 1 animal was formed. Lesion composition was analyzed 
using immunohistochemistry in lesion-matched sections (detailed in 
Supplemental Methods).

Real-time quantitative PCR
Samples from spleen, liver, abdominal fat, abdominal aortas, and peri-
toneal exudate cells were collected and snap-frozen for total RNA iso-
lation on a QIAcube automated liquid handling system using QIAzol 

es between transgenic and nontransgenic littermates (Supplemen-
tal Figure 2, B and F, and Supplemental Table 1). Organs, blood, and 
bone marrow were collected from 8- to 12-week-old male and female 
mice to confirm the expression of the hGPR32myc Tg and characteri-
zation of the hGPR32mycTg×Fpr2–/–×Apoe–/– mice in comparison with 
their nontransgenic Fpr2–/–×Apoe–/– littermates. Blood was collected 
into EDTA-coated tubes (Sarstedt), and samples from spleen, liver, 
abdominal fat, and abdominal aorta were collected and snap-frozen 
for subsequent total RNA isolation using the RNeasy Lipid Tissue Kit 
(QIAGEN) as described below.

Genome TLA sequencing
Spleens from 8-week-old hGPR32mycTg×Fpr2–/–×Apoe–/– mice were 
collected and sent to Cergentis for TLA to determine the integra-
tion site of the Tg, to assess the presence of structural variants sur-
rounding the Tg integration site, to assess the Tg sequence itself, 
and to estimate the Tg copy number. Two Tg-specific primer pairs 
were designed for the TLA as follows: set 1: forward, 5′-AATACTCT-
GAGTCCAAACCG-3′ (β-globin), reverse, 5′-TCGTTACAAATG-
CAAGCTAAA-3′ (Tg locations 3441 and 3172, respectively); set 2: 
forward, 5′-GATGACTGTCTTCCGTATGG-3′, reverse, 5′-GCATC-
CGGAAGAGTTCATC-3′ (Tg locations 1982 and 1886, respectively). 
The primer sets were used in individual TLA. PCR products were 
purified, library prepared using the Illumina NexteraXT protocol, 
and sequenced on an Illumina sequencer (Illumina). Reads were 
mapped using the Smith-Waterman algorithm alignment tool BWA-
SW, which allows for partial mapping, optimally suited for the identi-
fication of break-spanning reads. The mouse mm10 genome version 
was used for mapping.

Murine BMDMs
BMDMs were obtained from hGPR32mycTg×Fpr2–/–×Apoe–/– mice by 
flushing mouse femurs and tibiae with RPMI 1640 medium (Gibco, 
Thermo Fisher Scientific) supplemented with 10% FBS. The cells 
were subsequently centrifuged (300g, 10 minutes, 4°C), suspended 
in PBS+/+ (Gibco, Thermo Fisher Scientific), seeded in a 10 mL dish, 
and incubated for 60 minutes at 37°C. Adherent cells were cultured 
for 6 days in RPMI 1640 media supplemented with 10% FBS, 1% pen-
icillin-streptomycin, and 2 mM l-glutamine (all Gibco, Thermo Fisher 
Scientific) and mouse rM-CSF (10 ng/mL; Preprotech Nordic). Mouse 
BMDMs were then plated onto 96-well plates (1 × 105 cells/well) and 
stimulated for 24 hours with 100 ng/ml LPS (serotype O111:B4, Milli-
poreSigma); cell supernatants were collected and assessed for TNF-α 
levels using ELISA (R&D Systems) or for select SPMs using targeted 
LC-MS/MS analysis as described below.

Experimental animal models
Atherosclerosis. For the induction of atherosclerosis, 12-week-old 
female hGPR32mycTg×Fpr2–/–×Apoe–/– (hGPR32myc transgenic) mice and 
Fpr2–/–×Apoe–/– (nontransgenic) littermates were fed an HFD (Clinton/
Cybulsky High Fat Rodent Diet With Regular Casein and 1.25% Added 
Cholesterol, D12108C, Research Diets Inc.) and water ad libitum for 
12 or 16 weeks. At the end of each experiment, mice were sacrificed by 
asphyxiation in a CO2-enriched atmosphere, blood was collected via 
cardiac puncture into EDTA-coated tubes (Sarstedt), and the animals 
were perfused with 10 mL sterile RNAse-free PBS prior to harvesting 
of organs. Samples from spleen, liver, abdominal fat, and abdominal 
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E. coli) (both from Invitrogen, Thermo Fisher Scientific). Phagocy-
tosis was assessed after 1 hour using an Infinite M1000 Microplate 
Reader and Magellan software, version 6.6 (Tecan). For the assess-
ment of oxLDL phagocytosis, cells were incubated with 10 μg/mL 
FITC-labeled oxLDL in 2% FBS RPMI 1640 medium (Thermo Fisher 
Scientific) in an IncuCyte ZOOM live-cell imaging and analysis plat-
form (Essen BioScience) for 24 hours. Four images per well from 3 
replicates were taken every 2 hours for a total of 24 hours using a ×20 
objective lens and analyzed using IncuCyte basic software following 
the manufacturer’s instructions.

Cell signaling
To assess intracellular signaling via the transgenic GPR32myc 
receptor, peritoneal cells from hGPR32mycTg×Fpr2–/–×Apoe–/– and 
Fpr2–/–×Apoe–/– mice were incubated with 10 and 100 nM AT-RvD1, 
respectively, for 5 minutes at 37°C. Incubation was stopped by 
addition of 1.6% of paraformaldehyde for 10 minutes at room tem-
perature. Cells were permeabilized in 80% ice-cold methanol and 
stored at –20°C. After permeabilization, cells were washed twice 
with Flow Cytometry Staining Buffer (eBioscience, Thermo Fisher 
Scientific) and then stained with anti-mouse/human PE-pERK1/2 
(T202/Y204) (clone MILAN8R) (eBioscience, Thermo Fisher Sci-
entific) and APC-pCREB (S133) (clone 4D11) (Invitrogen, Thermo 
Fisher Scientific) or their respective isotype controls. Levels of 
pERK1/2 and pCREB were then assessed using flow cytometry on a 
BD Fortessa Flow Cytometer (BD Bioscience) and the FlowJo soft-
ware package (Tree Star).

ELISA
Supernatants of LPS-stimulated BMDMs were collected and frozen at 
–80°C until analysis. Samples were diluted 1:5 in dilution buffer, and 
TNF-α concentration was quantified using the Mouse TNF-α DuoSet 
ELISA Kit (R&D Systems) according to the manufacturer′s protocol. 
Exudate samples from the peritonitis model were quantified by ELISA 
MAX Mouse MCP-1/IL-6 ELISA Kits (both from BioLegend) and the 
Mouse IL-1β DuoSet ELISA Kit (R&D Systems) according to the man-
ufacturer’s protocol.

Solid-phase extraction and LC-MS/MS analysis
BMDM macrophage incubations were stopped by the addition of 2 
volumes ice-cold methanol, and 250 μL ice-cold MeOH was added to 
snap-frozen aortic samples prior to manual homogenization. Deuter-
ated internal standards for d4-LTB4, d5-LXA4 (640 pg), and d5-RvD2 
(1200 pg) representing each chromatographic region of the targeted 
SPM were added to facilitate quantification. Following protein precip-
itation by the added MeOH, samples were extracted by solid-phase 
extraction on C18 columns (Biotage) and subjected to LC-MS/MS 
analysis. The system consisted of a QTrap 5500 (AB Sciex) equipped 
with Shimadzu LC-20AD HPLC and a Shimadzu SIL-20AC autoin-
jector (Shimadzu Corp.). SPMs were eluted in increasing concentra-
tions of organic solvent, starting with methanol/water (50/50, vol/
vol) from 0 to 2 minutes, then ethanol/water (80/20, vol/vol) from 2 
to 14.5 minutes, and finally methanol/water (98/2, vol/vol) from 14.6 
minutes to 25 minutes (0.5 mL/min flow rate). To monitor and quan-
tify levels of targeted lipid mediators, a multiple reaction monitoring 
(MRM) coupled with information-dependent acquisition (IDA) and an 
enhanced product ion scan (EPI) method were developed with signa-

and QIAgen RNEasy Mini Kits (QIAgen). RNA concentration was 
spectrophotometrically determined using a Nanodrop 1000 (Thermo 
Fisher Scientific) and quality assessed by using a 2100 bioanalyzer 
(Agilent Technologies) prior to reverse transcription to cDNA using 
the High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). 
Real-time quantitative PCR (RT-qPCR) was performed on a 7900HT 
Fast Real-Time PCR system (Thermo Fisher Scientific) using TaqMan 
Assay-On-Demand primers and probes (Supplemental Table 4; Ther-
mo Fisher Scientific). Results were expressed as fold changes from 
control using the ΔCT method by comparing the threshold cycle (CT) 
for the gene of interest with that obtained using hypoxanthine phos-
phoribosyl-transferase (Hprt) and TATA-binding protein (Tbp) as 
housekeeping genes.

Flow cytometry
GPR32 expression was assessed in whole blood from hGPR32mycTg 
×Fpr2–/–×Apoe–/– (hGPR32myc transgenic) mice and Fpr2–/–×Apoe–/– (non-
transgenic) mice. Briefly, red blood cells were lysed using Fix/Lyse 
Solution (Thermo Fisher Scientific) for 15 minutes at room tempera-
ture and washed twice with Flow Cytometry Staining Buffer (Thermo 
Fisher Scientific). Cells were then incubated with Fc block for 10 min-
utes, followed by addition of 1 μg rabbit anti-human GPR32 N-termi-
nal (GTX108119, GeneTex) or rabbit IgG isotype control (GTX35035, 
GeneTex) for 30 minutes at room temperature. Cells were washed 
and labeled with an Alexa Fluor 647 secondary goat anti-rabbit Ab 
(Invitrogen) for 30 minutes and protected from light. Cells were then 
washed and staining assessed using BD Fortessa (BD Biosciences) and 
FlowJo Software (Tree Star).

To analyze the cellular composition of exudates, 0.5 × 106 peri-
toneal exudate cells were washed in FACS staining buffer (PBS 
containing 5% FBS), incubated with Fc block for 10 minutes at 4°C, 
and labeled with the following fluorescently conjugated rat anti-
mouse Abs: F4/80-PE (catalog 12-4801-82, eBioscience), CD11b-
APC (catalog RM2805, Invitrogen), and Ly6G–Pacific blue (catalog 
127612, BioLegend).

For the assessment of macrophage efferocytosis of apoptotic 
neutrophils in vivo, inflammatory peritoneal exudate cells were fixed 
in 4% paraformaldehyde and labeled for extracellular F4/80-PE for 
30 minutes at room temperature. The cells were then permeabilized 
(Cytoperm; BD Bioscience) and labeled for intracellular neutrophils 
using Ly6G–Pacific blue for 30 minutes at room temperature (38). All 
Abs were used at a 1:100 dilution. Cells were washed and staining was 
assessed using the BD FACSVerse flow cytometer (BD) and the FlowJo 
software package (Tree Star).

Peritoneal macrophage phagocytosis
Peritoneal macrophages from naive hGPR32mycTg×Fpr2–/–×Apoe–/– and 
Fpr2–/–×Apoe–/– mice were collected in 5 ml of DPBS–/– (Gibco, Ther-
mo Fisher Scientific). Cells were counted and seeded (1 × 105 cells/
well) in 96-well, flat, clear-bottom, black-walled plates (Corning) and 
allowed to adhere for 2 hours at 37°C. Nonadherent cells were washed 
and cells allowed to recover for 24 hours in 10% FBS RPMI media (as 
described for BMDMs above). Macrophages were preincubated with 
either vehicle (0.01% EtOH) or 100 nM AT-RvD1 (Cayman Chem-
icals) in DPBS+/+ (Gibco, Thermo Fisher Scientific) for 15 minutes 
at 37°C, followed by the addition of pH-rodo fluorescently labeled 
zymosan (1:10; macrophage;zymosan) or E. coli (1:50; macrophage: 
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