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INTRODUCTION  
 

Atherosclerosis (AS) is a chronic vascular inflammatory 

disease affected by multiple factors [1]. Lipids 

deposited on the wall of inflammatory damaged vessels, 

and with the infiltration of inflammatory cells, 

atherosclerotic plaques are gradually formed [2]. Radio-

tracers that target atherosclerotic plaque inflammation 

are helpful for imaging detection for the evaluation of 

patients [3]. Plaque rupture and content release lead to 

the formation of arterial thrombus, resulting in 

malignant clinical events such as myocardial infarction, 

coronary heart disease and ischemic stroke [4]. 

 

Vascular smooth muscle cells (VSMCs) are the main cell 

and highly differentiated cells that make up the vascular 

wall tissue. The proliferation, migration and senescence of 

VSMCS affect the formation and development of AS. In 

the process of AS formation, medial VSMCS proliferate 

massively under the stimulation of inflammatory factors 

and chemokines, and migrate from media to intima, 

synthesize collagen and other extracellular stroma, and 

transform lipids into foam cells, resulting in thickening of 

vascular wall, increase of foam cells and formation of 

lipid plaques on vascular wall [5, 6]. 

 

Chemokine ligand 19 (CCL19) is a vital chemokine, 

which performs a series of biological functions 

including chemotaxis by binding to chemokine receptor 

7 (CCR7) [7]. Akhavanpoor M et al. [8] have reported 

that the expression of CCL19 and CCL21 in 

atherosclerotic lesions increased and may represent a 
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ABSTRACT 
 

Atherosclerosis (AS) is a chronic inflammatory disease that mainly involves the large and middle arteries, but 
the specific mechanism is not precise. Chemokine ligand 19 (CCL19) has been reported highly expressed in 
peripheral blood of patients with atherosclerosis, but its role lacks explicit data. By ELISA assay and 
immunohistochemical (IHC) analysis, we found that the CCL19 was significantly up-regulated in AS. Therefore, 
we tried to clarify whether CCL19 expression was related to the progression of AS. QRT-PCR and western blot 
demonstrated that overexpression of CCL19 promoted the secretion of inflammatory factors and the deposition 
of the extracellular matrix, and facilitated the proliferation and migration of VSMCS. Besides, knockdown of 
CCL19 reduced the inflammation, collagen secretion, proliferation and migration of VSMCS induced by PGDF-
BB. The results of database analysis, chromatin immunoprecipitation (ChIP) and luciferase assay showed that 
interferon regulatory factor 1 (IRF-1) activated the expression of CCL19 at the transcriptional level. Importantly, 
silencing IRF-1 inhibited atherosclerosis in high-fat-fed mice, inhibited the proliferation and migration of 
VSMCS, and down-regulated the expression of CCL19. Summing up, the results demonstrated that IRF-1 
contributed to the pathological phenotype of VSMCs during atherogenesis by increasing CCL19 transcription. 
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potent immunoregulatory treatment approach. In intimal 

medullary cells, reverse transendothelial migration 

dependent on CCR7 and CCL19 protect normal arterial 

intima during atherosclerosis [9]. However, the effect of 

CCL19 on VSMCS has not been reported. 

 

Interferon regulatory factor 1 (IRF-1) was the first 

identified and the most deeply explored transcriptional 

regulator of the IRF family. It was initially regarded as 

a transcriptional regulator of IFN-Ŭ/ɓ and played an 

important role in congenital and acquired immune 

responses [10], which exerts anti-tumor effect by 

activating apoptosis signal pathway [11]. Du M et al. 

have demonstrated that silencing IRF-1 alleviate 

atherosclerosis in mice by regulating lipid metabolism 

and foam cell formation, and suggest that IRF-1 

activation is a risk factor for the occurrence and 

development of atherosclerosis [12]. 

 

The purpose of this study is to clarify the role of CCL19 

in extracellular matrix (ECM) accumulation, 

proliferation, migration and inflammation of vascular 

smooth muscle, and to further explore the mechanism of 

IRF-1 and the transcriptional regulation on CCL19 

during AS formation. 

 

RESULTS 
 

CCL19 is upregulation in AS 

 

The serum level of CCL19 in peripheral blood of AS 

patients was higher than that of healthy controls by 

ELISA (Figure 1A). The mRNA level of CCL19 in the 

descending aorta of ApoE-/- mice was detected by qRT-

PCR. It was found that the CCL19 mRNA level of AS 

mice was higher than normal feeding group (Figure 1B). 

The protein level of CCL19 was higher in AS mice artery 

detected by western blot and Immunohistochemical 

staining (Figure 1C, 1D). The abnormal proliferation of 

VSMCs is one of the important reasons for the occurrence 

and development of AS. Platelet-derived growth factor 

(PDGF) plays an essential role in cardiovascular disease, 

which can lead to chronic inflammatory remodeling and 

atherosclerosis. By detecting different concentrations of 

recombinant PDGF factor at 48h, we found that 10ng/mL 

PDGF-BB could significantly induce the high expression 

of CCL19 in VSMCS cells (Figure 1E), At the same time 

48h had a more apparent stimulating effect on CCL19 

(Figure 1F). 

 

CCL19 functionally promotes VSMCS inflammation, 

collagen deposition, proliferation and migration 

 

In order to determine the effect of CCL19 on VSMCS, 

we constructed a CCL19 overexpression plasmid and 

verified the overexpression efficiency of the plasmid 

(Figure 2A). QRT-PCR results certified that forced 

expression of CCL19 promoted the secretion of 

inflammatory factors in VSMCS cells, including IL-1 Ŭ, 

IL-1 ɓ, TNF- Ŭ and IL-6 (Figure 2Bï2E). The 

extracellular matrix levels such as Collagen1 and 

Collagen3 and osteopontin (OPN) were also increased 

(Figure 2Fï2H). Western blot results showed that 

overexpression of CCL19 could significantly increase 

the protein expression of Collagen1 and IL-6 (Figure 

2I). Excessive proliferation and migration of VSMCS is 

also a major pathological phenomenon in the process of 

atherosclerosis. We found that CCL19 can promote the 

migration (Figure 2J) and proliferation (Figure 2K) of 

VSMCS. 

 

Silencing CCL19 protects against the pathological 

phenotype of VSMCS induced by PDGF-BB 
 

Furthermore, we constructed a short hairpin RNA for 

silencing CCL19 and verified the silencing efficiency of 

the plasmid (Figure 3A). RT-PCR results showed that 

sh-CCL19 inhibited the secretion of IL-1 Ŭ, IL-1 ɓ, 

TNF- Ŭ and IL-6 induced by PDGF-BB in VSMCS 

(Figure 3Bï3E). The levels Collagen1 and Collagen3 

and osteopontin OPN was also decreased (Figure 3Fï

3H). Western blot results showed that sh-CCL19 

significantly reduced the protein expression of 

Collagen1 and IL-6 (Figure 3I). We found that sh-

CCL19 could weaken the ability of migration and 

proliferation of VSMCS (Figure 3J, 3K). These results 

suggested that the high expression of CCL19 in the 

atherosclerosis may be a blood biomarker for predicting 

AS, and the high expression of CCL19 could promote 

the progression of AS. 

 

CCL19 is the direct target of IRF-1 in VSMCS 

abnormal lesions 
 

Through JASPAR datasets (http://jaspar.genereg.net) 

analysis, we found that IRF-1 may be a transcriptional 

factor that regulated CCL19, and predicted the potential 

motif in the promoter region of IRF-1 binding gene 

(Figure 4A). Database analysis showed that IRF-1 had 

two possible binding sites in the CCL19 promoter 

region (Figure 4B). To determine the regulatory 

relationship between IRF-1 and CCL19, the 

combination of IRF-1 and CCL19 promoter region was 

detected by ChIP. Compared with non-specific IgG, the 

binding of IRF-1 antibody to CCL19 promoter region 

was significantly increased (Figure 4C). The results 

show that IRF-1 can directly regulate the expression of 

CCL19 by binding to the promoter region of CCL19. 

Next we cloned wild-type or mutated CCL19 promoter 

into luciferase reporter plasmids. The reporter gene and 

plasmids of EV and IRF-1 were co-transfected into 

VSMCS. Luciferase assay showed that IRF-1 binds to
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Figure 1. CCL19 expression in AS. (A) Detection of CCL19 expression in peripheral blood of patients by ELISA.n=32. (B) qRT-PCR analysis of 
CCL19 mRNA levels normalized to GAPDH in AS mice aorta and normal aorta tissues. n=10. (C) CCL19 protein levels in the AS or normal mice 
aorta tissues was performed by western blot. n=4. (D) Representative images of IHC of CCL19 in AS model mice aorta tissues and normal 
aorta tissues. Bar=50 µm. The effect of different concentrations (E) or different duration (F) of PDGF-BB on the expression of CCL19 was 
detected by qRT-PCR. n=5. *P<0.05; **P<0.01; ***P<0.001. 

 

 
 

Figure 2. Effects of CCL19 on VSMCS inflammation, ECM deposition, proliferation and migration. (A) Detection of overexpression 
efficiency of CCL19 plasmid was measured by qRT-PCR. The inflammatory cytokine IL1-Ŭ (B), IL-1ɓ (C), TNF-Ŭ (D), IL-6 (E) and the deposition of 
ECM such as collagen1 (F), collagen3 (G) and OPN (H) were detected by qRT-PCR.n=5 (I) Western blot showed the expression of proteins 
collagen1 and IL-6. n=4. Migration (J) and proliferation (K) of VSMCS after overexpressing CCL19. n=6. EV: Empty vector. *P<0.05; **P<0.01.  
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the CCL19 (Figure 4D). The results of RT-PCR showed 

that the overexpression of IRF-1 promoted the mRNA 

level of CCL19 (Figure 4E). These results demonstrated 

that IRF-1 activates CCL19 by binding to the region of 

CCL19 promoter. The expression of IRF-1 in peripheral 

plasma of patients was detected by ELISA, and the level 

of IRF-1 was increased (Figure 4F). Pearson correlation 

analysis showed a positive correlation between IRF-1 and 

CCL19 in the blood of AS patients (Figure 4G), further 

explaining the regulatory relationship between them. 

 

 
 

Figure 3. Effects of silencing CCL19 on VSMCS. Detection of silencing efficiency of sh-CCL19 plasmid was detected by qRT-
PCR. (A) Knockdown of CCL19 inhibited mRNA level of IL1-Ŭ (B), IL-1ɓ (C), TNF-Ŭ (D), IL-6 (E) and collagen1 (F), collagen3 (G) and OPN (H) 
induced by PDGF-BB.n=5 (I) Western blot show collagen1 and IL-6 protein expression. n = 4. Migration (J) and proliferation (K) of VSMCS after 
silencing CCL19. n = 6. *P<0.05; **P<0.01. 
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Overexpression of IRF-1 promotes VSMCS 

pathological phenotype by activating CCL19 

 

In order to explore the effect of IRF-1 on VSMCS and 

its regulation on CCL19, an IRF-1 overexpression 

plasmid was constructed (Figure 5A). Overexpression 

of IRF-1 increased the expression of inflammation-

related factors IL-1 Ŭ, IL-1 ɓ, TNF- Ŭ and IL-6, while 

the expression of inflammatory cytokines was inhibited 

by transfection of sh-CCL19 (Figure 5Bï5E). Silencing 

CCL19 also reduced the expression of extracellular 

matrix induced by IRF-1 (Figure 5Fï5H). As shown by 

the protein results, overexpression of IRF-1 can 

significantly increase the protein expression of 

Collagen1 and IL-6 (Figure 5I). Wound healing and 

EdU showed that silencing CCL19 could reverse the 

migration and proliferation of VSMCS induced by 

overexpression of IRF-1 (Figure 5J, 5K). 

 

Loss of IRF-1 attenuates AS through modulating 

CCL19 in vivo and in vitro 

 

Next, in order to verify the therapeutic effect of silent 

IRF-1 on atherosclerotic mice, we injected AAV-sh-

IRF-1 into the model mice through tail vein. After four 

weeks of intervention, the aorta of mice was taken for 

detection. The protein results showed that silencing 

IRF-1 reduced the expression of IL-6, Collagen1 and 

CCL19 in high-fat-fed mice (Figure 6A). The results of 

immunohistochemistry showed that IRF-1 was highly 

expressed in the arteries of AS model mice, while 

AAV -sh-IRF-1 significantly silenced the expression of 

 

 
 

Figure 4. IRF-1 transcriptionally activated CCL19 expression in VSMCS. (A) Predictive motif of IRF-1 binding to gene promoter. (B) 
The schematic diagram of sequence complementarity between the IRF-1 and CCL19 predicted on JASPAR datasets. (C) Chromatin 
immunoprecipitation (ChIP) assay revealed an association between IRF-1 and CCL19 in VSMCS; IgG served as a negative control; n = 3. (D) 
cells were transfected mut-CCL19/CCL19 with the presence or absence of IRF-1, luciferase activity was measured by dual-luciferase reporter 
assay system. n=5. (E) qRT-PCR detected CCL19 mRNA level after overexpression of IRF-1. n=5. (F) Detection of IRF-1 expression in peripheral 
blood of patients by ELISA. n=32. (G) Pearson correlation analysis showed a positive correlation between IRF-1 and CCL19 in peripheral blood. 
R=0.3933, P<0.01. *P<0.05; **P<0.01. 


