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Abstract 

 

Aims: The progression of atherosclerosis is based on the continued recruitment of 

leukocytes in the vessel wall. The previously described role of CD146 in leukocyte infiltration 

suggests an involvement for this adhesion molecule in the inflammatory response. In this 

study, we investigated the role of CD146 in leukocyte recruitment by using an experimental 

models of atherogenesis. 

Methods and Results: The role of CD146 was explored in atherosclerosis by crossing 

CD146-/- mice with ApoE-/- mice. CD146 -/-/ApoE -/- and ApoE -/- mice were fed a Western 

diet for 24 weeks and were monitored for aortic wall thickness using high frequency 

ultrasound. The arterial wall was significantly thicker in CD146-deficient mice. After 24 weeks 

of Western diet, a significant increase of atheroma in both total aortic lesion and aortic sinus 

of CD146-null mice was observed. In addition, atherosclerotic lesions were more 

inflammatory since plaques from CD146-deficient mice contained more neutrophils and 

macrophages. This was due to up-regulation of RANTES secretion by macrophages in 

CD146-deficient atherosclerotic arteries. This prompted us to further address the function of 

CD146 in leukocyte recruitment during acute inflammation by using a second experimental 

model of peritonitis induce by thioglycollate. Neutrophil recruitment was significantly 

increased in CD146-deficient mice 12 hours after peritonitis induction and associated with 

higher RANTES levels in the peritoneal cavity. In CD146-null macrophages, we also showed 

that increased RANTES production was dependent on constitutive inhibition of the p38-

MAPK signaling pathway in CD146-null macrophages. Finally, Maraviroc, a RANTES 

receptor antagonist, was able to reduce atherosclerotic lesions and neutrophilia in CD146-

deficient mice to the same level as that found in ApoE -/- mice. 

Conclusions: Our data indicate that CD146 deficiency is associated with the upregulation of 

RANTES production and increased inflammation of atheroma, which could influence the 

atherosclerotic plaque fate. Thus, these data identify CD146 agonists as potential new 

therapeutic candidates for atherosclerosis treatment. 
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Introduction  

 

CD146 is an adhesion molecule detected on all endothelial cells of the vascular tree, 

regardless of the vessel caliber or anatomical region1, 2. It was first discovered in 1987 and 

named MCAM (Melanoma Cell Adhesion Molecule) since it was first identified as a 

glycoprotein with a molecular weight of 113kDa at the membrane of human melanoma3. 

CD146 is also described on other cell types such as smooth muscle cells, pericytes, cancer 

cells, subpopulations of lymphocytes and also intraplaque macrophages3-7. We have 

previously shown that CD146 plays a role in the control of vascular integrity and notably cell 

cohesion and permeability8. We identified the molecular pathways regulated by CD146 in 

endothelial cells by showing that cross-linking of CD146 triggered tyrosine phosphorylation of 

non-receptor tyrosine kinase p59fyn, FAK and paxillin9, 10. CD146 was also found to activate 

the AKT/p38 and MAPKs/NF-kB pathways11. More recently, CD146 has been reported to 

interact with VEGFR-2 and to contribute to VEGF-dependent activation of VEGFR-212. 

Interestingly, numerous studies are in favor of a role of CD146 in the regulation of the 

inflammatory response. Indeed, its expression and localization in endothelial cells are 

regulated in response to stimulation with TNF13. Furthermore, CD146 and its soluble form 

(sCD146) promote the transmigration of monocytes in vitro13. Several studies conducted in 

vitro demonstrated the involvement of CD146 in the first steps of lymphocyte rolling on the 

endothelium14-16. In addition, CD146 has been shown to regulate cytokine release from 

macrophages in a model of lung bacterial infection17. The expression levels of 

CD146/sCD146 increase in several inflammatory diseases and pathologies associated with 

endothelial lesion16, 18-24. Interestingly, CD146 transcripts and proteins have been found 

upregulated in human atherosclerotic plaque biopsies6, 25, notably on intraplaque 

macrophages. A recent study reported that CD146 controls the formation of macrophage 

foam cells and their retention within the plaque during atherosclerosis exacerbation7. 

Atherosclerosis is a chronic inflammatory disease of the great vessels. Atheromatous 
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disease clinically manifests by the onset of acute ischemic stroke or myocardial infarction 

following the rupture or erosion of atherosclerotic plaque that makes this disease one of the 

main causes of death worldwide. Thus, preventing atherosclerosis is one of the essential 

issues of contemporary cardiology and understanding its fundamental mechanisms, although 

challenging, is required for the development of new therapeutic strategies. The evolution of 

the disease is based in part on the continued recruitment of leukocytes in the inflammatory 

vessel wall26-28. Indeed, the fatty streak, already present in young children, is an inflammatory 

lesion consisting of macrophages accumulated in response to lipid entry in the vessel wall.  

The well-described role of CD146 in leukocyte infiltration in vitro suggests a role of this 

molecule in the early stages of atherosclerotic plaque formation. In this study, we investigate 

the involvement of CD146 in leukocyte recruitment in vivo, using different experimental 

models.  

 

 

Methods  

 

Animals 

CD146-floxed and CD146-KO mice were generated as previously described and 

backcrossed for more than 10 generations on the C57BL/6J background6. CD146-floxed 

mice were first crossed with the B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J mice 

(Jackson Laboratory), which express the fluorescent protein ZsGreen1 as a reporter for 

CRE-recombinase activity. Then, mice with endothelial cell-specific deletion of the CD146 

gene (CD146 EC-KO mice) were generated by further crossing CD146 flox-Zs Green 

animals with the Cdh5 (PAC)-CreERT2 mouse strain established by Ralf Adams. These 

endothelial CD146 KO mice were further backcrossed for more than 10 generations  on the 

C57BL/6J background. The deletion of the CD146 gene was induced by I.P. injections of 

tamoxifen diluted in corn oil (10 mg/ml solution, 1 mg tamoxifen/injection) and administered 

on 3 consecutive days. Primers for genotyping CD146 alleles were 5’-
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TCACTTGACAGTGTGATGGT-3' (forward primer used to detect CD146 WT, floxed and KO 

alleles), 5’-CCTTAGAAAGCAGGGATTCA-3' (reverse primer used to detect CD146 WT and 

floxed alleles) and 5’-CCCAAATCCTCTGGAAGACA-3' (reverse primer used to detect 

CD146 KO allele). Chimeric mice were obtained after transfer of 1.10
6
 cells of WT bone-

marrow in CD146 -/- mice after 800 rad of irradiation. CD146-deficient mice were crossed 

with ApoE -/- mice (C57BL/6J background, Janvier Labs) and backcrossed for more than 10 

generations on the C57BL/6J background.  Only male mice were analyzed in this study. 

Genotyping was carried out with primers for the wild-type and deleted ApoE alleles 5'-

GCCTAGCCGAGGGAGAGCCG-3' (oIMR0180), 5'-TGTGACTTGGGAGCTCTGCAGC -3' 

(oIMR0181) and 5'-GCCGCCCCGACTGCATCT-3' (oIMR0182) (as recommended by the 

Jackson Laboratory). Animals were fed a Western diet (20% fat, 0.2% cholesterol) for 24 

weeks beginning at 7 weeks of age. Maraviroc treatment (50 mg/kg by gavage) was 

administered daily between 12 and 24 weeks of Western diet and corn oil vehicle was used 

as control. Mice were anesthetized with 3% sevoflurane in oxygen and intracardially perfused 

with PBS before being euthanized by cervical dislocation. All animal care and experiments 

were performed as recommended by the European Community Guidelines (directive 

2010/63/UE) and approved by the Marseille Ethical Committee (approval 00781.02). 

 

Peritonitis model 

Peritonitis was induced by intraperitoneal (IP) injection of a 3% thioglycollate sterile solution 

(Sigma). Leukocytes were harvested by flushing cells from peritoneal cavity with 3 lavages of 

a 10 ml cold PBS-1.25mM EDTA sterile solution 12 hour post-injection. 

 

Flow cytometry analysis of leukocyte subpopulations 

Leukocyte subpopulations from blood were analyzed by flow cytometry (Gallios, Beckman 

Coulter). Monocytes and neutrophils were identified with the following mix of antibodies: 

FITC-conjugated anti-Ly6c (Becton Dickinson, 561085), phycoerythrin (PE)-conjugated anti-

F4/80 (eBioscience, 12480180), PE-conjugated cyanine 5.5 (PerCP-Cy5.5)-anti-Ly6G 
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(eBioscience, 45593180), PE- cyanine 7-conjugated anti-CD11c (eBioscience, 25011481), 

phycocyanin (APC)-conjugated anti-CD11b (eBioscience, 17011281) and eFluor 780-

conjugated anti-CD45 (eBioscience, 47045180). Lymphocytes were identified with the 

following mix of antibodies: FITC-conjugated anti-Ly6G (Gr-1) (eBioscience, 11593181), 

phycoerythrin (PE)-conjugated anti-F4/80 (eBioscience, 12480180), PE-conjugated cyanine 

5.5 (PerCP-Cy5.5)-anti-CD3 (eBioscience, 45003182), PE- cyanine 7-conjugated anti-B220 

(eBioscience, 25045281), allophycocyanin (APC)-conjugated anti-CD11b (eBioscience, 

17011281) and eFluor 780-conjugated anti-CD45 (eBioscience, 47045180). 

 

Measure of aortic wall thickness  

The mice were anesthetized with 3% sevoflurane in oxygen and maintained on a heated 

stage throughout the ultrasound imaging sessions. Ultrasound imaging was performed using 

a dedicated small animal ultrasound imager with MS 550 probe (Vevo 2100; VisualSonics; 

Canada). The aortic intima media thickness was assessed by a high-resolution M-mode 

ultrasonography of the aortic arch. Image data sets were analyzed with Vevo2100 software. 

All measurements were performed in a blind way. 

 

Extent of atherosclerotic lesions 

Whole aortae were removed, fixed in 4% paraformaldehyde and were longitudinally incised. 

Whole aortae were stained with Oil Red O, slides were counterstained with hematoxylin, and 

examined under a light microscope (Leica, DMI8, 5X objective). The hearts were taken out, 

fixed in 4% paraformaldehyde for 2 hours, and placed in a 30% PBS sucrose solution 

overnight at 4°C before being included in OCT cutting medium and frozen at -80°C. Serial 8-

µm transversal sections of aortic sinus were stained with Oil Red O, counterstained with 

hematoxylin, and examined under a light microscope (10X). Both the en face lesion and 

aortic sinus area were measured morphometrically using National Institutes of Health (NIH) 

ImageJ Version 1.45 software. Lesion quantification was analyzed on 3 different sections 

and expressed as the area of positive immunostaining. All measurements were performed in 
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a double-blind way.  

 

Composition of atherosclerotic lesions 

Serial 8-µm transversal cryo-sections of aortic sinus were obtained. Plaque composition was 

determined with the use of monoclonal antibodies directed against specific epitopes of 

macrophages (clone MOMA-2, Millipore, MAB1852), neutrophils (anti-Ly6G-FITC, 

eBioscience, 47045180), neutrophil elastase (Abcam, ab21595) and RANTES protein (clone 

C19, Santa Cruz, sc-1410). For detection, goat anti-mouse horseradish peroxidase (HRP), 

goat anti-rabbit HRP, goat anti-rat HRP, rabbit anti-goat FITC, donkey anti-goat alexa 546 

and goat anti-rat alexa 647 conjugated secondary antibodies were used (Thermo Fisher 

Scientific). Plaques stained with secondary antibodies only were used as controls of non-

specific staining. Slides were examined under a light microscope. Isolectin GS-IB4-

AlexaFluor488 was also used (thermofisher). NIH ImageJ Version 1.45 software was used 

for quantification. All measurements were performed in a double-blind way.  

 

Bone-marrow derived myeloid cell isolation and culture 

Femora and tibiae were retrieved and the bone marrow was flushed out with chilled PBS 

using a 25G needle. The cells were washed and resuspended in RPMI culture 

medium (RPMI 1640 with 10 % fetal bovine serum, 100U/ml Penicillin, 100 ug/ml 

streptomycin, 200 mM L-glutamine) in a T25 culture flask and kept for 2 days at 37°C, 5% 

CO2 and 95% humidity. Non-adherent bone marrow cells were further collected, washed 

once and resuspended in RPMI culture medium supplemented with 20% L929 supernatant 

completed medium. An inhibitor of NF-κB (Bay 11-7082) was added to the medium at the 

concentration of 10 mM for 3 hours. Inhibitors of VEGFR-2 (Sunitinib, 1 μM) and p38-MAPK 

(SB203580, 1 μM) were added for 24 hours. 

 

RANTES quantification in plasma and supernatant 
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Plasma was prepared by centrifugation of blood samples collected in EDTA tubes. 

Supernatant of cultured bone-marrow derived myeloid cells were collected and centrifuged. 

RANTES ELISA was performed using a commercially available kit according to 

manufacturer's instructions (eBioscience, BMS6009INST, sensitivity 1.2 pg/ml). 

 

Determination of plasma lipid levels 

Blood samples were collected in EDTA tubes by intracardiac puncture after overnight fasting. 

Plasma was separated by centrifugation and analyzed for total cholesterol levels using 

enzymatic colorimetric assays according to the manufacturer’s instructions (bioMerieux, 

France). 

 

Western blot analyses 

Cultured bone-marrow derived macrophages were lysed in RIPA buffer containing 

protease/phosphatase inhibitors (Thermo Fisher Scientific 88666 and 88667). Equal amounts 

of proteins were resolved by SDS-PAGE, and then immunoblotted using anti-phospho-NF-ĸB 

p65 (ser536), anti-NF-ĸB p65, anti-IKKß, anti-phospho-IKKα/ß (ser 176/180), anti-phospho-

VEGFR2 (Tyr 1054/Tyr 1059), anti-VEGFR2, anti-phospho-p38 MAPK (Thr180/Tyr182) and 

anti-p38 MAPK antibodies. All the antibodies were from Cell Signaling except anti-phospho-

VEGFR2 (Abcam). 

 

PCR array of atherosclerotic lesions 

Total RNAs from abdominal aortae were purified using TRIzol reagent (Life technologies, 

15596026) and reverse transcribed (Takara kit, Clontech, RR037A). The evaluation of 

inflammatory gene expression profiles was carried out with RT2 Profiler™ PCR Array (Mouse 

Atherosclerosis PCR array, SABiosciences product, Qiagen). 

 

Statistical analysis 

The data are expressed as the mean ± SEM. Student’s t-tests and Mann Whitney tests were 
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used for independent samples. Correlations were evaluated using Spearman correlation 

coefficients. Statistical analyses were performed using Prism software (GraphPad Software, 

USA). The differences were considered significant at p<0.05.  

 

 

Results 

 

CD146 deficiency promotes atherosclerotic plaque inflammation and accelerated 

atherosclerosis in mice 

We first examined whether CD146 could influence atherogenesis. To this aim, CD146 -/- 

mice were bred with ApoE -/- mice and fed with Western diet for 24 weeks. Aortic wall 

thickness was monitored using high frequency ultrasound. From 12 to 24 weeks, we 

observed a trend to accelerated atherosclerosis in CD146 -/-/ApoE -/- compared to ApoE-/- 

mice. However, there were no significant differences 12 weeks after Western diet in both 

arterial wall thickness and atherosclerotic lesion extent (Supplemental Figure 1A). After 24 

weeks of Western diet, the arterial wall thickness was significantly higher in CD146-deficient 

mice (0.27±0.01mm vs 0.19±0.01mm; p=0.012) (Supplemental Figure 1B) although weights 

and total cholesterol plasma levels were similar between the two groups of mice 

(Supplemental Figure 1C). Next, we evaluated the extent of atherosclerosis in aortae by Oil 

Red O staining and measured the staining on en face sections. CD146 -/-/ ApoE -/- mice 

displayed significantly larger lesion areas in the total aorta when compared to ApoE -/- mice 

(45% vs 33% of total aorta, p=0.004) (Figure 1A). We analyzed the thickness of the media, 

and adventitia on aortic sinus sections thanks to hematoxillin and eosin staining and we did 

not observe any difference between the two groups of mice, indicating that atherosclerotic 

plaque was effectively responsible of the increase for arterial wall thickness. In addition, 

microscopic analysis of lesions stained with Oil red O at the level of the aortic sinus also 

revealed significantly larger atherosclerotic lesions in CD146-null mice (p=0.001) (Figure 1B). 
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We further analyzed the inflammatory content of atherosclerotic lesions by quantification of 

macrophage and neutrophil infiltrations using immunohistochemistry. Atherosclerotic plaques 

from CD146-deficient animals contained significantly more MOMA-2-positive macrophages in 

comparison to ApoE -/- plaques (46.8±2.9% of plaque vs 31.1±4.6%, n=10 each group, 

p=0.029) (Figure 1C). We evaluated the neutrophil content in aortic root plaques by 

immunostaining with an antibody directed against Ly6G and observed that it was significantly 

increased in CD146 -/-/ApoE -/- animals (2.5±0.5% of plaque vs 0.7±0.3%, n=6 each group, 

p=0.032) (Figure 1D). In addition, our data suggest that neutrophils and macrophages were 

active within atherosclerotic lesions as evidenced by a significant increase of neutrophil 

elastase (NE) staining in the aortic sinus in the absence of CD146 (32.6±7.6% of plaque vs 

15.5±2.3%, n=6 each group, p=0.032) (Figure 1E).  

These results demonstrate that the atherosclerotic lesions in CD146 -/-/ApoE -/- mice were 

not only larger but also more inflammatory than in ApoE -/- mice. 

 

CD146 deficiency leads to neutrophilia and upregulation of CCL5/RANTES during 

atherosclerosis 

We further investigated whether CD146 could influence atherosclerotic plaque fate by 

evaluating the inflammatory response in CD146-deficient mice during atherogenesis. First, 

we determined the circulating leukocyte subpopulations after 24 weeks of Western diet using 

flow cytometry analysis (Supplemental Figure 2). Circulating neutrophils were significantly 

increased in the absence of CD146 (Figure 2A, n=6 each group, p=0.002), whereas 

circulating monocytes remained unchanged, whether Ly6C low or high monocytes (Figure 

2B). Because we observed a marked increase of neutrophil/macrophage content within 

atherosclerotic lesions (Figures 1C and 1D), correlated with neutrophilia when CD146 was 

absent, we next studied the mechanisms of inflammatory cell accumulation. We analyzed the 

levels of circulating cytokines using ELISA and observed a significant 2-fold increase of 

plasmatic RANTES during atherosclerosis only in CD146-/- ApoE-/- animals (n=6 each 

group, p=0.02) (Figure 2C) whereas we did not detect any significant change of plasmatic 
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CCL2, IFN-γ, TNFα and IL-6 in CD146 -/-/ApoE -/- mice (Supplemental Figure 1D). 

Circulating RANTES was not increased in non-atherosclerotic mice (Supplemental Figure 

3A). Interestingly, we analyzed the correlation between plasmatic RANTES levels and 

neutrophil accumulation in atherosclerotic plaques and found a significant positive correlation 

both from ApoE -/- CD146 -/- and ApoE -/- animals. (Figure 2D), suggesting that circulating 

RANTES was associated with the neutrophil recruitment within atheroma. Moreover, PCR 

array analysis performed on mRNA extracted from atherosclerotic aortae showed an 

increase of CCL5/RANTES gene expression in CD146 -/-/ApoE -/- mice compared to ApoE -

/- aortae (n=3 for each group, Supplemental Figure 3B). We further evaluated the RANTES 

content in aortic root plaques by immunostaining and showed that it was 2-fold increased in 

CD146 -/-/ApoE -/- animals (Figure 2E).  

Our results show that CD146 deficiency promotes neutrophilia during atherosclerosis and 

that CD146 deficiency was associated with increased levels of both plaque and plasmatic 

RANTES. These results suggest an important role for RANTES in the recruitment of 

neutrophils and monocytes into CD146-deficient atherosclerotic arteries. 

 

CD146 deficiency leads to increased neutrophil recruitment and RANTES secretion 

during thioglycollate-induced peritonitis  

Since RANTES is a chemokine involved in neutrophil recruitment, we next examined whether 

CD146 could influence this process. First, using flow cytometry, we quantified numbers of 

circulating leukocytes at the basal state in WT and CD146-deficient mice. We did not 

observe any difference in Ly6G+ circulating neutrophils, Ly6C+ circulating monocytes, CD3+ 

or B220+ circulating lymphocytes in CD146-null animals in comparison to WT (Supplemental 

Figure 4A). We next investigated whether CD146 could impact leukocyte recruitment in a 

model of acute inflammation. Thus, we induced peritonitis by IP injection of thioglycollate and 

analyzed the chemokine-dependent recruitment of all leukocyte sub-populations 12 hours 

after injection29. The distribution of leukocyte subpopulations in blood was similar in WT and 

CD146-KO mice (Supplemental Figure 4B). However, we found a significant increase only 
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for neutrophils recruited within the peritoneal cavity in CD146-deficient animals as compared 

to control (Supplemental Figure 4C). We further examined the relative contribution of CD146 

from endothelial cells and leukocytes on neutrophil recruitment. To that aim, we replicated 

the model of thioglycollate-induced peritonitis in endothelial specific CD146 deficient mice 

(CD146EC-KO) and in chimeric mice obtained by WT bone-marrow transfer in CD146 KO mice. 

Interestingly, we demonstrated that neutrophil recruitment was significantly rescued in both 

CD146EC-KO and chimeric mice (Supplemental Figure 4C). Furthermore, we analyzed the 

levels of RANTES in the peritoneal cavity and found higher levels of RANTES in the 

peritoneal fluid of CD146-null peritonitis-induced animals in comparison to that of WT mice 

(Supplemental Figure 4C) whereas RANTES levels were similar to those of WT animals in 

both CD146EC-KO and chimeric mice.  

Our results indicate that constitutive CD146 deficiency leads to increased neutrophil 

recruitment, which is independent of endothelial CD146 but may involve CD146 harbored by 

leukocytes and that this process could be mediated by RANTES. 

 

CD146-mediated RANTES regulation is dependent on p38-MAPK macrophage 

activation 

RANTES is mainly released by macrophages and platelets during atherosclerosis. Platelet 

levels were not different in the absence of CD146 (data not shown). However, multiple 

factors may regulate RANTES release such as the actions of IFN-γ, TNF-α and Il-6 but we 

did not observe any differences between ApoE -/- and ApoE -/-/CD146 -/- mice 

(Supplemental Figure 1D).  

Interestingly, we observed that plasma levels of RANTES were correlated with the 

percentage of accumulated macrophages within atheroma, and that a certain degree of co-

localization between plaque RANTES and MOMA-positive macrophages could be observed 

in aortic root plaques (Figure 2F). However, we could not rule out the possibility that there 

were other sources of RANTES within atheroma, like endothelial cells, since we also 

observed RANTES co-localization with isolectin (Supplemental Figure 3C). Nonetheless, in 
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line with previous findings30, 31, RANTES was mainly observed inside the atheroma, closed to 

macrophages.  

To further elucidate the mechanisms of RANTES regulation, we isolated bone-marrow 

derived macrophages (BMDM) from ApoE -/- and CD146 -/-/ApoE -/- mice. We first 

quantified RANTES secretion in BMDM supernatant after 7 days of culture. Interestingly, 

CD146-deficient macrophages produced significantly higher levels of RANTES as compared 

to cells harboring CD146 not only during atherosclerosis (ApoE -/- vs. CD146 -/-/ApoE -/- 

mice, n=4 each group, p=0.026, Figure 3A) but also in non-atherosclerotic animals (WT vs. 

CD146 KO mice, Supplemental Figure 3D). Because analysis of the mouse RANTES 

promoter region identified a NF-κB transcription factor-binding site32, we further analyzed 

whether CD146 deficiency could influence the regulation of RANTES secretion through NF-

κB pathway. ApoE -/- and CD146 -/-/ApoE -/- macrophages were cultured in the presence or 

absence of the selective NF-κB inhibitor Bay 11-7082. We did not detect any difference in 

NF-κB and IKKβ phosphorylation between the two groups of cells cultured without inhibitor 

(Supplemental Figure 5A). In addition, although the inhibitor was efficient on cells as 

evidenced by a decrease of NF-κB phosphorylation, the CD146-mediated secretion of 

RANTES was not affected when NF-κB pathway was impaired and CD146-deficient cells still 

produced significantly higher levels of RANTES than CD146-expressing cells in the presence 

of NF-κB inhibitor (Supplemental Figure 5B). We thus investigated alternative pathways 

controlling RANTES expression and found a significant decrease of p38-MAPK 

phosphorylation in CD146-deficient cells (n=4 each group, p=0.029, Figure 3B). Since 

CD146 was previously described to be involved in VEGFR-2 activation, and because p38-

MAPK phosphorylation could be a consequence of VEGFR-2 activation, we also explored 

the VEGFR-2 signaling in ApoE -/- and CD146 -/-/ApoE -/- myeloid cells. VEGFR-2 

phosphorylation was significantly decreased in absence of CD146 expression (n=4 each 

group, p=0.029, Figure 3B). Finally, we analyzed RANTES secretion by bone-marrow 

derived macrophages exposed to sunitinib or SB203580 in order to block the VEGFR-2 or 

p38-MAPK signaling pathways respectively. Interestingly, we observed that addition of these 
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inhibitors significantly increased the RANTES secretion from CD146-positive macrophages 

at the same level as that of CD146-null macrophages (n=4 each group, Figure 3C). In order 

to investigate if these pathways were also impaired in vivo, we performed a p38 staining of 

aortic sinus and we observed a significant decrease of p38 phosphorylation in CD146 

deficient atherosclerotic plaques (Figure 3D). 

Altogether, these results indicate that CD146 downregulated RANTES production by 

macrophages through the activation of VEGFR-2 and p38-MAPK pathways (Supplemental 

Figure 6). 

 

RANTES receptor antagonist Maraviroc abolishes the increased neutrophil 

recruitment during atherosclerosis and decreases plaque size in CD146 -/-/ ApoE -/- 

mice 

We next investigated whether RANTES was responsible for both neutrophilia and 

accelerated atherosclerosis in CD146-deficient mice. To this end, we inhibited RANTES 

interaction with its receptor using Maraviroc, a RANTES receptor antagonist. Mice were daily 

treated with Maraviroc from 12 to 24 weeks of Western diet. After 12 weeks of RANTES 

receptor inhibition, we observed a significant decrease of atherosclerotic lesions on whole 

aorta (Figure 4A) and on aortic sinus in CD146 -/-/ApoE -/- mice (Figure 4B). Next, we 

analyzed the neutrophil infiltration within the atherosclerotic plaque using Ly6G 

immunostaining. Neutrophil content in CD146 -/-/ApoE -/- mice was significantly reduced to 

the same level as that observed in ApoE-/- mice (Figure 4C). This was associated with a 

significant decrease of circulating neutrophils, as evidenced by flow cytometry, observed in 

plasma from ApoE-/- and CD146 -/-/ApoE -/- mice treated with Maraviroc (Figure 4D). 

Overall, we demonstrated that RANTES signaling inhibition abolishes the accelerated 

atherosclerosis observed in CD146 -/-/ApoE -/- mice by reducing neutrophil recruitment in 

plasma and plaque.  
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Discussion  

 

In the present study, we show for the first time that CD146 deficiency leads to an increased 

RANTES secretion by macrophages, promoting neutrophilia and neutrophil accumulation at 

sites of inflammation such as atherosclerotic plaque. This was confirmed in another model of 

inflammation of the peritoneal cavity. 

Very few studies have investigated the role of CD146 in atherosclerosis. It was previously 

proposed that the soluble form of CD146 could be a biomarker of subclinical atherosclerosis 

since levels of sCD146 correlated with carotid atherosclerosis in patients, which could be the 

hallmark of the membrane part decrease6, 25. Although CD146 was overexpressed within 

human atherosclerotic lesions6, 25, only one study has focused on the role of CD146 in the 

development of atherosclerotic plaques and showed that CD146 participates to the formation 

of foam cells and their retention within the plaque7. However, unlike this study, we did not 

observe any reduction of LDL uptake by CD146 deficient macrophages in vitro 

(Supplemental Figure 7), which is also consistent with the absence of difference we 

observed in early foam-cells-enriched plaques after 12 weeks of Western diet (Supplemental 

Figure 1A). Thus, we sought to further decipher the role of CD146 during atherogenesis 

using CD146 -/-/ApoE -/- mice. 

CD146 -/-/ApoE -/- mice and ApoE -/- mice were fed a Western diet for 24 weeks, a diet 

known to induce atherosclerotic plaques along the aortic root and thoraco-abdominal aorta33. 

Our results demonstrated that the genetic deletion of CD146 in ApoE -/- mice significantly 

increased atherosclerotic plaque size. We also showed augmented arterial wall thickness 

using high frequency ultrasound, confirming the usefulness of this non-invasive imaging 

method to monitor atherosclerosis progression. In addition, we found that CD146 -/-/ApoE -/- 

plaques were more inflammatory and prone to rupture, as evidenced by higher neutrophil 

and macrophage infiltration, suggesting that CD146 could be atheroprotective. These results 

may appear contradictory with those from a recent study showing that CD146 could be pro-

atherogenic because it promotes foam cell accumulation within atherosclerotic lesions7. One 
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can suppose that systemic genetic deletion and antibody treatment (used in the Luo's study 

for atherosclerosis prevention in mice) may generally produce similar effects but here, we 

have demonstrated opposed results, maybe due to the nature of the administrated antibody. 

Actually, Luo et al. used the anti-human CD146 AA98 antibody they previously generated 

and characterized as an antibody that targets human CD146 expressed on stimulated 

HUVECs but not primary HUVECs, and that preferentially stains blood vessels from human 

tumor tissues (97,4%) and only 18,8% of blood vessels from normal human tissues34. In 

addition, in this study, the authors investigated the role of macrophagic CD146 during 

atherosclerosis only by transferring CD146-null myeloid cell lineage in ApoE -/- 

atherosclerotic mice, which could lead to results different from the systemic genetic deletion 

used in our study35. Here, we analyzed more global mechanisms accounting for leukocyte 

recruitment during atherosclerosis in CD146 -/-/ApoE -/- mice and found out that CD146 

controls RANTES secretion by macrophages and the subsequent chemotaxis of neutrophils 

and macrophages. Altogether, our results showed that there was a shift in plaque 

composition towards unstable lesions since CD146-deficient plaques contained 

approximately 47% macrophages and 32% SMC versus 31% macrophages and 43% SMC in 

the presence of CD146. We could not exclude that other cells such as T cells influence 

plaque size and composition, notably we observed a trend to a decrease in CD3 T cells in 

CD146 deficient mice (data not shown) but as it did not reach a statistical difference, we 

focused our study on neutrophils. 

We evidenced that RANTES was upregulated in CD146 -/-/ApoE -/- arteries, and was 

involved in the accumulation of neutrophils and macrophages within the growing atheroma. 

Chemokines are small soluble molecules that are best known for their potent abilities to 

direct leukocytes to sites of inflammation. They may also control homeostasis and other 

activities of emigrated cells36. RANTES, also known as CCL5, plays an essential role in 

inflammation and atherogenesis31, 37. In addition to its expression by atherosclerotic plaque 

cells, RANTES can also be deposited on early atherosclerotic endothelium, where it can 

trigger the arrest of circulating neutrophils and monocytes38. Interestingly, we found that 
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plasmatic levels of RANTES were also significantly increased in CD146 -/-/ApoE -/- mice 

during atherosclerosis. As a consequence of RANTES elevation, we also demonstrated that 

CD146 deficiency led to neutrophilia as evidenced by the significant increase of circulating 

Ly6G-positive neutrophils during atherosclerosis. Furthermore, the administration of a 

RANTES receptor antagonist, Maraviroc, abolished the increased neutrophilia and the 

accelerated atherosclerosis in CD146-/- ApoE-/- mice when compared to ApoE-/- mice. 

Elevated numbers of circulating neutrophils have been shown to be predictive of 

cardiovascular events, independently of serum cholesterol levels39. In line with this, 

Drechsler et al. demonstrated a direct correlation between the number of circulating 

neutrophils and lesional neutrophils and atherosclerotic plaque size40. Neutrophils are 

involved in the initiation and progression of atherosclerosis since they accumulate early in 

large arteries40-43, then degranulate and trigger the rapid recruitment of inflammatory 

monocytes43-45. The preferential recruitment of neutrophils and monocytes into 

atherosclerotic arteries relies on chemokine-dependent signaling, notably through the 

RANTES/CCR5 interaction46-48, and neutralizing this axis reduced atherosclerosis49. We also 

demonstrated that plasmatic RANTES levels were significantly correlated with neutrophil 

accumulation in mice atheroma. Furthermore, previous studies have shown positive 

associations between RANTES and carotid wall thickness as well as lipid-core volume in 

humans50. RANTES is now established to be important for maintaining leukocyte 

homeostasis. It was previously demonstrated that RANTES influences hematopoietic stem 

cell subtypes by directing them toward myeloid differentiation at the expense of lymphoid 

differenciation. Thus, in addition to blood, we have also to consider the leukocytes 

subpopulations in spleen and in aorta in order to propose a mechanism of leukocytes 

mobilization in atherosclerotic mice overexpressing CCL5 in our study. In this way, we 

prepared single cell suspensions of the spleen and aorta and analyzed macrophages, 

neutrophiles, CD4 and CD8 T cells. We did not observe any difference of macrophages, 

neutrophiles or T cells between ApoE -/- and ApoE -/- CD146 -/- mice both in aorta and 

spleen (data not shown). We only evidenced that CD146 deficient bone marrow-derived 
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myeloid cells produced significantly higher levels of RANTES compared to WT myeloid cells 

harboring CD146. Altogether, our results showed that CD146 deficiency upregulated 

RANTES both at the transcriptomic and protein levels, which could explain the neutrophilia 

observed when CD146 was absent. In addition, upregulated RANTES led to leukocytes 

transmigration, neutrophils and macrophages accumulation within growing atheroma. 

Another major finding of this study is that CD146-deficient bone marrow-derived 

macrophages produced significantly higher levels of RANTES as compared to cells 

harboring CD146, not only during atherogenesis but also at the basal state. These data 

indicate that there is a defect of RANTES regulation in macrophages when CD146 is absent. 

Our results are in line with the literature since a previous study showed that an increase of 

CD146 in T-lymphocytes was associated with a decrease of RANTES production51. It was 

also previously shown that RANTES production was increased with CD146 knockdown in 

cancer-associated fibroblasts whereas it was decreased with CD146 overexpression in the 

same cells52. In non-atherosclerotic conditions, there is no consequence on plasmatic 

RANTES as evidenced by similar low levels of circulating RANTES between WT and CD146 

KO mice. We could also exclude that CD146-associated neutrophilia is due to the different 

genetic background for ApoE since we did not detect any differences of circulating 

neutrophils or RANTES between young ApoE -/- and ApoE -/- CD146 -/- mice fed a standard 

chow diet.  However, during atherosclerosis, the chronic inflammatory state induced by both 

atherosclerosis and Western diet allows to reveal this defect of RANTES regulation and 

neutrophilia.  

In addition, it was previously shown that macrophages within atherosclerotic plaques 

overexpress CD146
6, 25

 and we evidenced that CD146-null macrophages are a main source 

of RANTES within atheroma. Thus, CD146-deficient atheroma produced more RANTES and 

because atheroma could release parts of its content, plasmatic RANTES might be increased 

in CD146-deficient animals as a consequence. This could also explain why we did not detect 

any difference in RANTES plasmatic levels after 12 weeks of Western diet, as foam cell-

enriched plaques may be needed to reveal the defect of RANTES secretion. Indeed, 
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RANTES positive area in plaques significantly augmented only from 0.5% in apoE-/- mice to 

1% in CD146-/-apoE-/- mice and we observed almost a two-fold increase in plasmatic 

RANTES level. However, our study has some limitations. Since CD146 and RANTES are 

expressed by many cell types, the increased plasmatic RANTES observed in CD146 

deficient mice could be the result of both increased atherosclerotic macrophages and 

increased inflammatory circulating cells which are source of RANTES. In addition, other cell-

specific CD146-deficient atherosclerotic animals could be studied or further bone marrow 

transplantation studies should be performed to confirm the role of CD146-deficient BMDM-

derived cells in atherogenesis. We investigated the mechanisms underlying RANTES 

upregulation in BMDM derived from ApoE-/- and CD146-/- ApoE-/- mice. NF-κB is a known 

inducer of RANTES transcription whilst activated p38 is a repressor. We did not detect any 

difference in NF-κB signaling, however we observed a significant decrease of p38-MAPK 

activation and increase of RANTES secretion in CD146-/- ApoE-/- BMDM supernatant. 

Our results indicated that CD146 deficiency in macrophages led to the inhibition of p38-

MAPK phosphorylation and subsequent RANTES over-secretion. It was previously shown 

that p38-MAPK signaling inhibits mRNA RANTES expression and protein production53 

without affecting NF-κB gene transcription or transcription factor activation54, 55. Our results 

are consistent with previous studies demonstrating that CD146 was required for p38-MAPK 

activation56 and that p38-MAPK activation was inhibited in CD146-null endothelial cells57. In 

addition, our data demonstrate that CD146 could be necessary to control RANTES secretion 

through a constitutive p38-MAPK activation possibly downstream of VEGFR-2 activation. 

Since CD146 was previously described to be involved in VEGFR-2 phosphorylation8, 56, we 

propose that RANTES production is regulated by CD146/VEGFR-2 and p38-MAPK signaling 

pathways (schematic model in Supplemental Figure 6). Addition of a p38-MAPK or VEGFR-2 

inhibitor on macrophages expressing CD146 in culture significantly increased their RANTES 

secretion to similar levels as those of CD146-null macrophages. Altogether, our results 

showed that CD146 deficiency upregulated RANTES through the p38-MAPK signaling 

pathway. Increased circulating RANTES led to excessive neutrophilia and further participated 
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to amplify neutrophil and macrophage accumulation within growing atheroma, thus promoting 

inflammatory and unstable plaques. Targeting inflammatory chemokines has been proposed 

as an alternative therapeutic strategy in order to control leukocyte accumulation during 

human atherosclerosis
58-60

. However, it is still a considerable challenge since chemokine 

antagonists could have unwanted side effects. In addition, because p38-MAPK is ubiquitous, 

it seems harmful to directly target it in order to control RANTES production. Therefore, our 

results identify macrophagic CD146 as a potential target opening new perspectives for the 

prevention and treatment of atherosclerosis.  
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Figure Legends 

 

Figure 1. Atherosclerotic plaques from CD146-deficient mice are increased and more 

inflammatory 

A. Representative Oil red O-stained aortae from male mice after 24 weeks of Western diet 

(left) and quantification of the en face lesion area (right) (n=10 each group, p=0.004) (Leica, 

DMI8, 5X). B. Representative photographs of Oil Red O staining of the aortic sinus of ApoE -

/- and CD146 -/-/ApoE -/- male mice (left) and quantification (right) (n=6 each group, 

p=0.001) (Leica, DMI8, 10X). C. Representative photographs of MOMA-2 staining (brown-

red) in the aortic sinus of ApoE -/- and CD146 -/-/ApoE -/- male mice after 24 weeks of 

Western diet showing macrophage accumulation within the lesions (left) and quantitative 

analysis of MOMA-2 staining (% macrophage-positive area/plaque area, right) (n=6 each 

group, p=0.029). D. Representative photographs of Ly6G-FITC staining in the aortic sinus of 

ApoE -/- and CD146 -/-/ApoE -/- male mice after 24 weeks of Western diet showing 

neutrophil accumulation within the lesions (left) and quantitative analysis of Ly6G staining (% 

neutrophil-positive area/plaque area, right) (n=6 each group, p=0.032). E. Representative 

photographs of neutrophil elastase (NE) (brown-red) staining in the aortic sinus of ApoE -/- 

and CD146 -/-/ApoE -/- male mice after 24 weeks of Western diet (left) and quantitative 

analysis of NE staining (% NE-positive area/plaque area, right) (n=6 each group, p=0.041). 

Plaques labeled with only corresponding secondary antibodies were used as controls. The 

data are shown as the mean±SEM, * p<0.05, ** p<0.01. 

 

Figure 2. CD146 deficiency triggers neutrophilia and upregulation of RANTES  

A. Representative examples of circulating neutrophil labeling (left) and quantification of their 

numbers (right) (n=6 each group, p=0.002). B. Representative examples of circulating 

monocyte labeling and quantification of their numbers (left). Relative levels of Ly6C low and 

Ly6C high monocytes (% of circulating levels) (right) (n=6 each group). C. Circulating 

RANTES was quantified in plasma collected from ApoE-/- and CD146 -/-/ ApoE-/- male mice 
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after 24 weeks of Western diet (n=6 each group, p=0.02). D. Correlation of plasmatic 

RANTES with the percentage of neutrophils in plaques (n=6 each group, p=0.02). E. 

Representative photographs of DAPI (blue), RANTES-FITC (green) staining in the aortic 

sinus of ApoE -/- and CD146 -/-/ApoE -/- male mice (left) and quantitative analysis of staining 

(% RANTES-positive area/plaque area, right) (n=5 each group, p=0.05). F. Representative 

photographs of DAPI (blue), MOMA-2 (red) and RANTES (green) staining in the aortic sinus 

of ApoE -/- and CD146 -/-/ApoE -/- male mice (n=5 each group) (left) (Leica, DMi18, 20X) 

and degree of RANTES/MOMA-2 colocalization (right). The data are shown as the 

mean±SEM, * p<0.05, ** p<0.01. All mice were fed a Western diet. 

 

Figure 3. CD146-mediated RANTES regulation is dependent on p38-MAPK activation 

A. RANTES production by ApoE-/- and CD146 -/-/ ApoE-/- bone-marrow derived 

macrophages (BMDM) after 7 days of culture (n=4 each group, p=0.026) was detected by 

ELISA. B. Cultured BMDM from ApoE-/- and CD146 -/-/ ApoE-/- mice were lyzed. The p38-

MAPK and VEGFR-2 phosphorylations were detected by Western blotting (left). 

Quantification of the p38 and VEGFR-2 activation were determined by measuring the band 

density ratios of phosphorylated proteins/total proteins (right) (n=4 each group, p=0.029). C. 

RANTES production by BMDM cultured with VEGFR-2 inhibitor Sunitinib or p38-MAPK 

inhibitor SB203580 (n=4 each group). D. Representative photographs of p38 staining 

(brown) of aortic sinus from male mice after 24 weeks of Western diet (left) and quantification 

(right) (n=6 each group, p=0.004) (Leica, DMI8, 5X). The data are shown as the mean±SEM, 

* p<0.05. 

 

Figure 4. Administration of RANTES receptor antagonist abolishes the increased 

neutrophil recruitment in CD146 null mice during atherosclerosis and decreases 

plaque size 

A. Representative Oil red O-stained aortae from male mice after 24 weeks of Western diet 

treated with Maraviroc (50 mg/kg, daily from 12 weeks to 24 weeks of Western diet) or 
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vehicle (corn oil) (left) and quantification of the en face lesion area (right) (n=4 each group, 

p=0.029) (Leica, DMI8, 5X). B. Representative photographs of Oil Red O staining of the 

aortic sinus of ApoE -/- and CD146 -/-/ApoE -/- male mice (left) and quantification (right) (n=4 

each group, p=0.029) (Leica, DMI8, 10X). C. Representative photographs of Ly6G staining in 

the aortic sinus of ApoE -/- and CD146 -/-/ApoE -/- male mice showing neutrophil 

accumulation within the lesions (left) and quantitative analysis of Ly6G staining (% neutrophil 

positive area/plaque area, right) (n=4 each group, p=0.029). D. Representative examples of 

circulating neutrophil labeling (left) and quantification of their numbers (right) (n=4 each 

group, p=0.029). The data are shown as the mean±SEM, * p<0.05. 

ACCEPTED MANUSCRIPT



V
er

si
on

 p
re

pr
in

t

Comment citer ce document :
Blin, M., Bachelier, R., Fallague, K., Moussouni, K., Aurrand-Lions, M., Fernandez, S.,

Guillet, B., Robert, S., Foucault-Bertaud, A., Bardin, N., Blot-Chabaud, M., Dignat-George, F.,
Leroyer, AS (2019). CD146 deficiency promotes plaque formation in a mouse model of atherosclerosis by

enhancing RANTES secretion and leukocyte recruitment. Journal of Molecular and Cellular
Cardiology, 130, 76-87. , DOI : 10.1016/j.yjmcc.2019.03.017

Figure 1



V
er

si
on

 p
re

pr
in

t

Comment citer ce document :
Blin, M., Bachelier, R., Fallague, K., Moussouni, K., Aurrand-Lions, M., Fernandez, S.,

Guillet, B., Robert, S., Foucault-Bertaud, A., Bardin, N., Blot-Chabaud, M., Dignat-George, F.,
Leroyer, AS (2019). CD146 deficiency promotes plaque formation in a mouse model of atherosclerosis by

enhancing RANTES secretion and leukocyte recruitment. Journal of Molecular and Cellular
Cardiology, 130, 76-87. , DOI : 10.1016/j.yjmcc.2019.03.017

Figure 2



V
er

si
on

 p
re

pr
in

t

Comment citer ce document :
Blin, M., Bachelier, R., Fallague, K., Moussouni, K., Aurrand-Lions, M., Fernandez, S.,

Guillet, B., Robert, S., Foucault-Bertaud, A., Bardin, N., Blot-Chabaud, M., Dignat-George, F.,
Leroyer, AS (2019). CD146 deficiency promotes plaque formation in a mouse model of atherosclerosis by

enhancing RANTES secretion and leukocyte recruitment. Journal of Molecular and Cellular
Cardiology, 130, 76-87. , DOI : 10.1016/j.yjmcc.2019.03.017

Figure 3



V
er

si
on

 p
re

pr
in

t

Comment citer ce document :
Blin, M., Bachelier, R., Fallague, K., Moussouni, K., Aurrand-Lions, M., Fernandez, S.,

Guillet, B., Robert, S., Foucault-Bertaud, A., Bardin, N., Blot-Chabaud, M., Dignat-George, F.,
Leroyer, AS (2019). CD146 deficiency promotes plaque formation in a mouse model of atherosclerosis by

enhancing RANTES secretion and leukocyte recruitment. Journal of Molecular and Cellular
Cardiology, 130, 76-87. , DOI : 10.1016/j.yjmcc.2019.03.017

Figure 4


