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T cell co-stimulator inducible co-stimulatory (ICOS) exerts 
potential anti-atherosclerotic roles through downregulation of 
vascular smooth muscle phagocytosis and proliferation
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Background: Atherosclerosis (AS) is a chronic inflammatory disease. The role of the immune system in the 
etiology of the disease, particularly T cells, has been widely studied and is well established. T cell activation 
directly regulates co-signaling molecules present in immune synapses. Targeting one or several of these co-
signaling molecules can inhibit T cell-mediated inflammation and delay or reduce AS. In recent years, this 
strategy has increasingly become a research focus. As such, we explored the role and therapeutic potential of 
the T cell co-stimulatory molecule inducible co-stimulatory (ICOS) in AS.
Methods: We compared the expression of ICOS in early AS lesions occurring in ApoE-deficient (ApoE-KO) 
rats fed a fat-diet and wild type (WT) rats fed the same diet. Eight-week old ApoE-KO and WT rats [ApoE-
KO(0) and WT(0)] were fed a high-fat diet for 16 weeks [ApoE-KO(16) and WT(16)]. ICOS expression 
in aortic tissues was analyzed by quantitative real-time PCR, western blot, and confocal microscopy. The 
effect of ICOS overexpression in a transfected human T cell line on the phagocytosis and proliferation of co-
cultured human aortic smooth muscle cells (HASMCs) was studied in vitro. 
Results: Compared with WT(0), ApoE-KO(0), and WT(16) rats, ICOS expression in ApoE-KO(16) rats 
was significantly down-regulated both at the mRNA and protein levels. In vitro experiments indicated that 
ICOS overexpression reduces phagocytosis and proliferation by HASMCs, and may therefore produce an 
anti-atherosclerotic effect. 
Conclusions: The immune synaptic co-signaling molecule ICOS has an anti-atherosclerotic effect through 
inhibition of HASMC phagocytosis and proliferation, and can be used to delay plaque formation during the 
early stages of AS.
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Introduction

Atherosclerosis (AS) is a chronic inflammatory disease 
affecting the arterial walls. Identifying the molecular and 
cellular pathways that promote or inhibit inflammation 

of the arterial wall is the first step towards targeted 

immunotherapy for AS (1-3). Under normal conditions, 

low-density lipoproteins (LDL) circulate in the lumen. 

However, during hypertension, diabetes, and other 
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conditions which cause vascular endothelial damage, LDL 
enters the vascular endothelium and is oxidized to oxLDL. 
As an endogenous antigen, oxLDL stimulates endothelial 
cells to produce pro-inflammatory factors, causing 
monocytes/macrophages, dendritic cells, neutrophils, T 
and B lymphocytes and other inflammatory cell infiltration 
(4-6). Inflammation and immune cell activation are 
important factors for the occurrence and development 
of AS (6,7). Monocytes and T lymphocytes are the first 
immune cells recruited to the endothelium. Once in the 
endothelium, monocytes differentiate into macrophages 
that produce oxygen free radicals and enzyme proteins, 
ingest lipoproteins through scavenger receptors, and initiate 
innate responses. Macrophages, endothelial cells, vascular 
smooth muscle cells (SMCs) and other antigen-presenting 
cells (APCs) then process antigens present in the plaque, 
and activate adaptive T lymphocytes (1,8-13). With the 
occurrence of oxidation, macrophages and vascular SMCs 
phagocytose oxLDL to form foam cells. Upon apoptosis, 
foam cells release free oxLDL and form a lipid core. This 
attracts SMCs that proliferate in situ and form a fibrous 

cap covering the lipid core to form plaques (14-16). Thus, 
the main pathological changes and plaque formation in AS 
result from complex processes involving damage, adhesion, 
phagocytosis, and proliferation of vascular endothelial cells 
and SMCs, accompanied by the infiltration of large numbers 
of inflammatory cells such as monocytes/macrophages and 
T lymphocytes (Figure 1).

In recent years, the role of immune cells and molecules 
in the occurrence and development of AS has attracted 
increasing attention. A large number of studies have shown 
that T cells play an important role in AS (8,12,14,16). 
T cell activation requires two signals: firstly, an antigen-
specific signal, triggered by the recognition of peptide-
MHC complexes (p-MHC) on the surface of APCs by 
T cell receptors (TCR); and a second co-stimulatory 
signal, delivered by accessory surface molecules present 
in the immune synapses formed at the interface of T 
cell/APC interaction (17,18). Therefore, regulating co-
signaling molecules on the T cell surface may change the 
intermolecular interactions between T cells and APCs, 
including monocytes, macrophages, endothelial cells, and 

Figure 1 Involvement of immune cells during the formation of atherosclerosis. Following vascular endothelial damage caused by high-risk 
factors, low-density lipoprotein (LDL), normally circulating in the blood, enters the vascular endothelium and oxidizes to oxLDL. OxLDL 
induces endothelial cells to produce pro-inflammatory factors that attract peripheral monocytes/macrophages, dendritic cells, granulocytes, 
and T and B lymphocytes which infiltrate the forming plaque. Monocytes/macrophages and T lymphocytes are first activated in the 
endothelium and initiate innate responses. This activation leads to antigen-presenting cell maturation that, in turn, triggers T lymphocytes 
and initiates adaptive responses. Macrophages and smooth muscle cells engulf oxLDL to form foam cells, and then release oxLDL to form a 
lipid core following apoptosis. Smooth muscle cells migrate and proliferate to cover the lipid core and form plaques.
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SMCs, at the surface of the blood vessel walls. Studying the 
role of co-stimulatory molecules in the context of AS may 
therefore reveal a new perspective on atherosclerogenesis 
and provide potential targets for immunotherapy.

Immune synapses are special structures formed at the site 
of cell-cell contact during the interaction between APCs 
and T cells. The central area of the contact zone contains 
the TCR/p-MHC complex, surrounded by a large number 
of accessory molecules (Figures 1,2) (19-21). Among these 
accessory molecules are the co-stimulatory molecules, a 
class of transmembrane glycoproteins expressed by T cells, 
and their ligands on the APCs. These molecules stabilize 
the TCR/antigen p-MHC complexes recognition and 
provide auxiliary signals necessary for complete activation 
of the T cells, thereby promoting activation, proliferation, 
and differentiation (22,23). In the absence of this second 
signal, the T cells are not activated and become anergic. 
To date, a variety of co-stimulatory molecules have been 
identified and belong to 4 protein families: the B7-CD28 
family, the tumor necrosis factor (TNF)-TNFR family, the 
TIM family, and the less studied family of CD2-SLAM 

proteins (Figure 2) (18,23-25). Each family contains multiple 
members, and our present study focuses on the inducible 
co-stimulatory (ICOS) protein belonging to the CD28 
family (23,26-29). Herein, we investigated the potential 
anti-atherosclerosis effect of ICOS overexpression in T cells 
on and plaque formation through a series of in vitro and in 
vivo experiments. ApoE-deficient (KO) rats and cells model 
were used to analyze whether ICOS could inhibit AS lesions 
and plaque formation during the early stages of AS and then 
elucidate the underlying mechanism. The ApoE-KO rat 
model was used as a classic model of atherosclerosis.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-7342).

Methods

Animals and diet

ApoE-deficient (KO) rats on a Sprague-Dawley (SD) 
background were purchased and raised at the East China 
Normal University animal house. Wild type (WT) rats 

Figure 2 T cell activation and co-signaling molecules associated with atherosclerosis. T cell activation requires two signals: firstly, a signal 
resulting from T cell receptor (TCR) recognition of the cognate peptide-MHC complex (p-MHC) on the surface of antigen-presenting cells 
(APC); and a second signal from co-stimulatory molecules, which are potentially antagonized by co-inhibitory molecules. Co-stimulatory 
molecules belong to 4 families of proteins: the B7-CD28 family, TNF-TNFR family, TIM family and CD2-SLAM family.
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were raised along with the ApoE-KO rats. Eight-week-
old male WT or ApoE-KO rats were fed a Western high-
fat diet containing 40% of calories from fat, 43% from 
carbohydrates, and 17% from proteins (D12079B, research 
diets) for 16 weeks, with the WT and ApoE-KO rats 
feeding with normal diet as the control. The experiments 
were approved by the Animal Ethics Committee of East 
China Normal University (Permit number: M20150505), in 
compliance with the guidelines of Ethics Committee of East 
China Normal University for the care and use of animals.

Assessment of early AS

The rats were divided into two groups with each group 
consisting of 5 animals. They were fed a western style 
high-fat diet for 16 weeks, and their body weight was 
monitored weekly. After 16 weeks, the sera were collected 
and tested for total cholesterol (TC), triglycerides (TG), 
LDL cholesterol (LDL-C), and high-density lipoprotein 
cholesterol (HDL-C). The entire aorta was dissected and 
stained with oil red O (Sigma, O0625) to assess the degree 
of AS. During high-fat feeding, the weight of the rats 
was recorded once a week to analyze their growth curves. 
Before the analysis, the rats were fasted for 12 hours. Blood 
was withdrawn from the orbital vein, and the serum was 
separated by centrifugation at 3,500 rpm for 10 min at 4 ℃.  
The lipid content (TC, TG, LDL-C, and HDL-C) was 
analyzed with a AU680 automatic biochemical analyzer 
(Beckman Coulter, USA). The intact aorta of the rat was 
stripped, and the fat tissue around the blood vessel was 
removed with forceps as much as possible. The blood 
vessel was fixed for more than 24 hours, washed twice 
with PBS, and carefully cut longitudinally with dissecting 
scissors. The cut blood vessel was washed with tap water 
for 5 sec, immersed in 60% isopropanol for 3 sec, and 
stained in oil red O staining solution at 37 ℃ in the dark 
for 60 min. The blood vessel was then immersed in 60% 
isopropanol for differentiation, until only the fat plaques in 
the lumen appeared orange-red or bright red, and the other 
parts appeared nearly colorless. The differentiation was 
terminated by a wash with distilled water. The excess water 
was absorbed on a filter paper. The aorta was then spread 
onto a glass slide against a black background with a scale 
and imaged.

Real-time PCR

Total RNA was extracted from rat aortas with the RNeasy 

Fiber Tissue Mini Kit (QIAGEN, Item No. 74704), a 
special RNA extraction kit designed for high fiber tissues. 
The genomic DNA was digested and the RNA was reverse 
transcribed into cDNA with the PrimeScript™ RT Master 
Mix (Takara, cat: RR036A). All real-time PCR reactions 
were performed with the ABI 7500 PCR detection system 
(Applied Biosystems; Thermo Fisher Scientific, Inc., 
USA) using the TB Green® Premix Ex Taq™ II (Takara, 
cat: RR820A). The following primers were used: Rat 
GAPDH forward, ATGACTCTACCCACGGCAAG, and 
reverse, ACTGTGGTCATGAGCCCTTC; rat ICOS 
forward, CTACTTCTCGTGCGTCTT, and reverse, 
GCTTCCCTTGGTCTTG. The relative expression of 
Icos mRNA was calculated using the ΔΔCt method, and 
statistical analysis was performed using Prism7 (GraphPad 
Software, Inc., USA).

Western blot

The aorta was cut into small pieces, lysed in RIPA 
buffer, and homogenized with a glass homogenizer. 
The suspension was transferred to a 1.5 mL microtube 
and centrifuged at 12,000 g at 4 ℃ for 5 minutes. The 
supernatant was collected and analyzed by western blot. 
After transfer, the membrane was blocked with 5% BSA 
at room temperature for 1 hour, and incubated with the 
primary antibody (ICOS antibody: Biorbyt, orb314633) 
overnight. The membrane was washed 3 times with PBS 
and incubated with the secondary antibody (horse radish 
peroxidase-(HRP)-conjugated goat anti-rabbit IgG (H+L); 
Invitrogen, 65-6120) for 1 hour at room temperature. The 
staining was revealed by incubating the membrane with 
the Chemiluminescent HRP Substrate (Millipore). Protein 
bands were detected by a ChemiDocTM MP Imaging 
System (BIO-RAD).

Confocal microscopy

Rat aortas were fixed with 4% PFA, embedded in 
paraffin, and cut into 4 µm slices. The tissue sections were 
deparaffinized and rinsed in water. After antigen retrieval 
and blocking in BSA solution, sections were incubated 
with the primary anti-ICOS antibody (Abcam, ab175401) 
then the secondary antibody (Alexa Fluor® 488-conjugated 
polyclonal goat anti-Rabbit IgG-H&L; Abcam, ab150077). 
Control slides were prepared according to the same 
procedure but without the primary antibody. The nuclei 
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were counterstained with DAPI. Sections were mounted 
with a medium containing an anti-fluorescence quencher, 
and images were captured with a confocal microscope 
(LSM800, Zeiss, Oberkochen, Germany).

Overexpression of ICOS in cell lines

Lentiviral packaging technology was used to construct 
a Jurkat T cell line with stable overexpression of ICOS. 
The lentiviral packaging kit was purchased from Shanghai 
Genechem Co., Ltd. T cells were seeded in a 24-well 
plate at a density of 105 cells/ml. The amount of virus and 
HiTransG P infection solution added to the culture was 
calculated according to the cell multiplicity of infection 
(MOI) and virus titer. The cells were centrifuged at 
1,000 g for 60 min and cultured at 37 ℃ for 12–16 hours. 
Subsequently, the medium was changed and the cells were 
further expanded. At 72 hours after infection, 3 µg/mL  
of puromycin was added for selection. The infection 
rate measured by flow cytometry reached 97%. The 
concentration of puromycin was then reduced by half for 
further expansion. After selection, the stable overexpressing 
lines were confirmed by qPCR, western blot, and flow 
cytometry. The following primers were used: human 
GAPDH forward, GAGGTTTTGAGCGTTGAGGT, 
and reverse, GCAGGCTGTTGTCCGTCTTA; human 
ICOS forward, TGCAGCCTTTGTTGTAGTCTGC, 
and reverse, AGGGTCACATCTGTGAGTCTAG. The 
following antibodies were used: recombinant anti-GAPDH 
antibody (Abcam, ab181602), anti-ICOS antibody (Biorbyt, 
orb314633), HRP-conjugated goat anti-rabbit IgG (H+L) 
antibody (Invitrogen, 65-6120), and PE-conjugated mouse 
anti-human CD278 (BD, 557802). The data were analyzed 
with Prism7 and FlowJo7.6.

Cell cultures

Jurkat T cells CBP60520 and human aortic smooth 
muscle cells HASMC60982 were used herein. T cells were 
cultured with RPMI 1640 medium containing 10% FBS, 
whereas HASMCs were cultured with a dedicated HASMC 
complete medium. For co-culture, the 2 cell lines were 
grown in a 1:1 mix of these 2 media. For T cell/SMC co-
culture, HASMCs were cultured in T75 cell flasks and 
passaged once, then seeded into 24-well plates (104/mL) and 
cultured for 24 hours. After adhesion, the HASMC medium 
was substituted by the mixed medium and supplemented 

with 150 µg/mL of oxLDL (Invitrogen, L34357) for further 
expansion. After 24 hours, 104 ICOS-overexpressing T 
cells were added for 48 hours of co-culture. The ability of 
HASMCs to phagocytose oxLDL was assessed by oil red 
O staining. Mock control T cells were transfected with an 
empty lentiviral vector. For the HASMCs proliferation 
experiment, cells were split into 24-well plates (2×104/mL) 
containing HASMC medium to allow adherence to the 
wall, and then changed to mixed medium and co-cultured 
with ICOS-overexpressing T cells or mock control T cells 
(2×104) for 72 hours. Proliferation was assessed by CCK-8 
staining.

Phagocytosis assay with oil red O staining

After 48 hours of T cell/HASMC co-culture, the medium 
and non-adherent cells were removed. HASMCs were 
washed 3 times with PBS and fixed with 4% formaldehyde 
for 30 minutes at 37 ℃. Subsequently, the cells were stained 
with filtered oil red O solution at room temperature for  
30 minutes, soaked in 60% isopropyl alcohol for 5–10 sec, 
and washed 3 times with PBS. Mayer hematoxylin was 
added for nuclear counterstain. The cells were observed and 
imaged under a light microscope.

Assessment of proliferation by CCK-8 staining

After 72 hours of T cell/HASMC co-culture, non-adherent 
T cells were removed, and 500 mL of mixed medium plus 
50 mL of CCK-8 solution were added to the adherent 
HASMCs (Dojindo, Kumamoto, Japan). Cells were 
incubated for 1–4 hours, and absorbance of the culture was 
read at 450 nm (A450) using a microplate reader (Thermo, 
VarioskanTM LUX). Wells from co-cultures with mock T 
cells served as a reference and wells with medium only were 
added as blank controls. The survival rate was calculated 
using the formula: (A450 of co-culture well – A450 of blank 
well) / (A450 of mock control well – A450 of blank well) × 
100%.

Statistical analysis

All experiments were repeated at least 2 or 3 times. 
Statistical differences between experimental groups 
were assessed using a t-test, and P<0.05 was considered 
statistically significant. Statistical analysis was performed 
using Prism7.
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Results

Monitoring of weight and serum lipids in WT and ApoE-
KO rats fed a high-fat diet

To study the role of ICOS in early AS in vivo, we used an 
ApoE-KO rat model that develops AS when fed a high-
fat diet. Eight-week old ApoE-KO and control WT male 
rats were fed a high-fat diet and monitored for body weight 
changes. During this regimen, the body weight of the 
ApoE-KO rats (n=5) increased slightly more compared 
to WT rats (n=5), although this difference did not reach 
statistical significance (Figure 3A). 

Next, we randomly selected 3–5 rats from each group 
and tested the levels of 4 blood lipids to characterize 
the increase of hyperlipidemia, a condition linked to 
cardiovascular risks, during the high-fat diet regimen. 
Compared to the ApoE-KO(0) and WT(0) control groups, 
blood TG, HDL-C, and LDL-C levels were increased in 
both ApoE-KO(16) and WT(16) rats fed a high-fat diet 
(Figure 3B,C,D). There were no significant differences 
between the ApoE-KO(16) and WT(16) groups for these 

3 lipids. In contrast, while there was no increase in TC 
in WT(16) compared to WT(0) rats, the level of TC was 
significantly increased in ApoE-KO(16) compared to 
ApoE-KO(0) rats (Figure 3E). Of note, the basal levels of 
TC, HDL-C, and LDL-C were slightly higher in ApoE-
KO(0) than in WT(0) rats. In summary, ApoE-KO rats that 
received a high-fat diet for 16 weeks had increased levels 
of blood TC, and in particular, increased TG, LDL-C, 
and HDL-C. Therefore, these rats had obvious blood lipid 
metabolism disorders and hyperlipidemia, both of which are 
inducers of early AS.

Phenotypic characterization of AS by aortic oil red O 
staining

To assess the formation of AS in correlation with 
hyperlipidemia, we dissected the aortas of rats from the 
different experimental groups and stained them with oil 
red O. No obvious plaques were found in the aortas of 
WT(0) and ApoE-KO(0) rats fed a normal diet (Figure 4A).  
After being fed a high-fat diet for 16 weeks, oil red O 

Figure 3 Monitoring of body weight and serum lipids in ApoE-knockout (KO) and wild type (WT) rats fed a high-fat diet. Eight-week 
old ApoE-KO and WT rats were fed a high-fat diet for 16 weeks. (A) Body weight was monitored during the course of the high-fat diet 
regimen. Levels of serum lipids levels, including (B) triglycerides (TG), (C) high-density lipoprotein (HDL), (D) low-density lipoprotein 
(LDL), and (E) total cholesterol (TC)were compared in control 8-week old ApoE-KO and WT rats fed a normal diet (ApoE-KO(0) and 
WT(0), respectively), and in ApoE-KO and WT rats after 16 weeks under a high-fat diet [ApoE-KO(16) and WT(16), respectively]. *, 
P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001.
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staining showed that the aortas of ApoE-KO(16) rats had 
obvious lipid deposition. AS was obvious at the bifurcation 
of the 3 vessels of the aortic arch and the lower part of 
the abdominal aorta. However, there was no obvious 
plaque bulge, which is characteristic of the early stage of 
AS vascular disease, or fatty streak stage (Figure 4A). In 
contrast, there was almost no lipid deposition in the aortic 
intima of WT(16) rats, and the lesions in ApoE-KO(16) 
aortas were significantly increased compared with the 
WT(16) control group (Figure 4A). In addition, the oil red 
O staining showed that the plaque surface of the aortic root 
cross section from the ApoE-KO(16) rats had an obvious 
plaque bulge and a small amount of lipid deposition, 
compared with aortas from the other 3 groups (see arrows 
in Figure 4B). Thus, Western high-fat diets in ApoE-KO 
rats aggravates the formation and development of AS.

Decreased expression of Icos mRNA in ApoE-KO rats

To evaluate the potential involvement of ICOS in the 
development of AS, we compared the expression of 
Icos mRNA in the aortic tissues of WT(16) and ApoE-
KO(16) rats with that of WT(0) and ApoE-KO(0) rats. We 

found that the expression of Icos mRNA was significantly 
decreased upon a high-fat diet regimen, especially in the 
aortic tissues of ApoE-KO(16) rats (Figure 5). Thus, the 
development of AS correlates with the down-regulation of 
Icos mRNA, suggesting that ICOS may play a protective 
anti-atherosclerotic role. Interestingly, even before being 
fed a high-fat diet, ApoE-KO(0) rats had reduced expression 
of Icos mRNA compared to WT(0) rats, suggesting that 
the down-regulation of Icos may be directly related to 
ApoE deletion. However, this speculation requires further 
investigation. 

Reduced expression of ICOS protein in ApoE-KO rats

To verify if the decrease in Icos  mRNA during the 
development of AS translated at the protein level, we 
compared the level of ICOS protein in aortas from WT(0), 
ApoE-KO(0), WT(16), and ApoE-KO(16) rats by western 
blot. Compared with WT(0) and ApoE-KO(0) rats, the 
aortic level of ICOS was significantly reduced in WT(16) 
and ApoE-KO(16) rats, with a more pronounced down-
regulation in ApoE-KO(16) rats (Figure 6A). These results 
mirrored the expression levels of Icos mRNA. The reduction 

Figure 4 Phenotypic characterization of atherosclerosis by aortic oil red O staining. (A) Images of aortas dissected from WT(0), ApoE-
KO(0), WT(16), and ApoE-KO(16) rats and stained with oil red O to identify lipid deposition. (B) Cross section histology of aortic roots; 
the arrow indicates lesions in an ApoE-KO(16) aorta with an obvious plaque bulge and lipid deposition. Oil red O stained images at 100× 
magnifications. 
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of ICOS in WT(16) and ApoE-KO(16) aortas compared to 
WT(0) and ApoE-KO(0) aortas was further confirmed by 
immunofluorescence imaged with confocal microscopy. As 
compared with WT(16) aortas, the expression of ICOS in 
ApoE-KO(16) aortas was significantly decreased (Figure 6B).  
Thus, the expression of ICOS protein decreases during 
AS development, implying that the reduction of ICOS 
molecules favors the occurrence of AS, and that ICOS may 
play a protective anti-atherosclerotic effect. 

Establishment of an in vitro system to test the effect of 
ICOS overexpression 

Because the downregulation of ICOS correlated with the 
occurrence of AS, we sought to test the effect of ICOS 
overexpression in a human T cell line (Jurkat) co-cultured 
with HASMCs. We constructed a lentiviral vector driving 
the expression of ICOS, and successfully transfected the T 
cells (transfection rate >97%). Analysis with qPCR showed 
that Icos mRNA levels in cultures transfected with the 
lentivirus containing the Icos sequence (ICOS-lentivirus 
group) were significantly higher than the cells transfected 
with the empty vector (control-lentivirus group) (Figure 7A).  
This overexpression was confirmed at the protein level 
by western blot (Figure 7B). In addition, flow cytometry 
directly detected the expression of ICOS protein on the cell 

surface, and showed that the percentage of cells expressing 
ICOS protein after transfection with the Icos vector was 
significantly higher than that in cells transfected with 
the mock vector (Figure 7C). These results indicated the 
successful establishment of a T cell line overexpressing 
ICOS protein stably.

ICOS-overexpressing T cells inhibit phagocytosis and 
proliferation by aortic SMCs

It is well known that phagocytosis and proliferation 
by SMCs are important pathological processes during 
plaque formation. In relation to the capacity of SMCs 
to phagocytose oxLDL, we tested the effect of ICOS-
overexpressing T cells on the phagocytic ability of 
HASMCs. After co-culturing ICOS-overexpressing T cells 
or control T cells with HASMCs, the phagocytic capacity 
of HASMCs was assessed by oil red O staining. Compared 
with the control T cell co-culture, there were significantly 
fewer phagocytic vesicles with the ICOS-overexpressing T 
cell co-culture, indicating a reduced phagocytic ability of 
the HASMCs (Figure 8A). In the same way, we measured 
the effect of ICOS-overexpressing T cells on HASMC 
proliferation using the CCK-8 assay. Similar to the effects 
on phagocytosis, the proliferation of HASMCs co-cultured 
with ICOS-overexpressing T cells was reduced compared 
to the proliferation of HASMCs co-cultured with control T 
cells (Figure 8B). These results suggest that ICOS may exert 
an anti-atherosclerotic effect by limiting the phagocytosis 
and proliferation by SMCs during plaque formation.

Discussion

With the great success of immunotherapy in the field 
of cancer, the role of the immune system in disease 
development and progression is receiving increasing 
attention (30-33). In recent years, the importance of T 
cells in AS has been extensively studied and confirmed. 
Different T cell subsets have different pro- or anti-
inflammatory functions. Th1 cells mainly promote 
inflammatory responses, which sometimes have damaging 
effects, particularly in the context of AS. The implications 
of Th2 cells are more ambiguous, as they have been 
involved in AS resistance, but at times have also shown 
a slight atherosclerogenic effect. By contrast, regulatory 
T cells reduce the formation of AS and play a protective 
role (34-39). The co-stimulatory molecules involved in 
immune synapses between T cells and APCs can regulate 

Figure 5 Relative expression of Icos mRNA in aortic tissues 
assessed by RT-qPCR. Relative expression of Icos mRNA in the 
aortic tissues of rats fed a normal [WT(0) and ApoE-KO(0)] or a 
high-fat diet for 16 weeks [WT(16) and ApoE-KO(16)], as assessed 
by RT-qPCR and normalized according to Gapdh mRNA levels. 
Data output and statistical analysis was completed in Prism7. ****, 
P<0.0001.
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Figure 6 Comparison of ICOS protein levels in aortic tissues from healthy and atherosclerotic rats. (A) Protein extracts were prepared from 
the aortas of rats fed a normal [WT(0) and ApoE-KO(0)] or a high-fat diet for 16 weeks [WT(16) and ApoE-KO(16)]. ICOS protein level 
was quantified by western blot. (B) Fluorescence confocal microscopy images showing ICOS protein (green) in aortas of WT(0), ApoE-
KO(0), WT(16), and ApoE-KO(16) rats; nuclei were counterstained with DAPI. ICOS was revealed with a primary rabbit anti-rat ICOS 
antibody and a secondary Alexa488-conjugated goat anti-rabbit antibody, and control slides (CN) were stained without the primary anti-
ICOS antibody. Fluorescence confocal microscopy images at 63× magnifications. 

Figure 7 Establishment of a stable ICOS-overexpressing human Jurkat T cell line. (A) qPCR analysis showing Icos mRNA levels in Jurkat 
cells transfected with an ICOS expression vector [ICOS-lentivirus(+)], or an empty control vector [Control(−)]. (B) Western blot and (C) 
flow cytometry results showing ICOS protein in ICOS-lentivirus(+) and control vector [Control(−)] T cells. ****, P<0.0001.
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the function and differentiation of T cells, and affect the 
development of AS in the blood vessel walls. A variety of 
co-signal molecules related to AS have been discovered, 
including co-stimulatory and co-inhibitory molecules 
(18,23). In this study, we investigated a new way to influence 
the occurrence and development of AS by modulating the 
expression of one of these co-stimulatory molecules—the 
ICOS protein.

We found that the expression of ICOS in the aortic 
tissues of ApoE-KO rats was down-regulated during the 
formation of AS plaques, indicating that the lack of ICOS 
increased AS burden. Therefore, we hypothesized that 

ICOS may be a protective molecule with anti-atherosclerotic 
effects, and we set out to elucidate through which biological 
mechanisms it may operate using in vitro experiments. First, 
lentivirus packaging technology was successfully used to 
construct a T cell line overexpressing ICOS. According to 
immunological processes involved in AS, we established a 
co-culture assay to test the effect of ICOS overexpression in 
T cells on HASMC phagocytic capacity and proliferation. 
As a result of overexpressing ICOS in T cells, the ability 
of HASMCs to phagocytose oxLDL was weakened, 
indicating a potential anti- atherosclerotic effect of ICOS. 
Overexpression of ICOS also inhibited the proliferation 

Figure 8 Inhibition of phagocytosis and proliferation in HASMCs mediated by ICOS-overexpression of T cells. (A) HASMCs were stained 
with oil red O after co-culture with T cells overexpressing ICOS [ICOS-lentivirus(+)] or control T cells transfected with empty vector 
[Control(−)]. Oil red O stained images at 400× magnifications. (B) Results summary of the CCK-8 assay performed on HASMCs after co-
culture with T cells overexpressing ICOS [ICOS-lentivirus(+)] or control T cells transfected with an empty vector [Control(−)] to measure 
cell proliferation. The statistical analysis was conducted in Prism7. ****, P<0.0001. HASMCs, human aortic smooth cells.
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of HASMCs. This experiment in vitro further supports the 
hypothesis of a protective role of ICOS as suggested by 
the data obtained in the ApoE-KO rat model of AS. The 
finding that ICOS may have an anti-atherosclerotic effect 
by reducing the phagocytosis capacity and proliferation of 
vascular SMCs provides a new biological function for this 
protein, suggesting a possibility of being a potential drug 
candidate for AS treatment. However, direct evidence of 
a protective role of ICOS against AS should be further 
verified by studying the development of AS in ApoE/ICOS-
double knockout mice.

Compared with targeting inhibitory molecules to 
reduce T cell activation, blocking stimulatory molecules 
to reduce T cell activity in AS seems a safer strategy, with 
higher clinical prospects. However, in AS treatment, the 
balance between effector and regulatory T cell responses 
is an important factor to consider (37,40-44). Blocking 
stimulatory molecules could damage the differentiation 
and function of both effector and regulatory T cells, thus 
representing a double-edged sword. In our study, although 
ICOS is a T cell co-stimulatory molecule, its reduction 
correlated with increased AS. This finding suggests that a 
lack of ICOS may affect more regulatory T cell functions 
than impair damaging effector T cells. Therefore, it is 
possible that the number and function of regulatory T cells 
is enhanced by the up-regulation of ICOS, which may exert 
an anti-atherosclerotic effect by counterbalancing effector 
T cells.

In conclusion, our results suggest that ICOS may 
play an anti-atherosclerotic role in the early stage of AS 
development by inhibiting the phagocytosis capacity and 
proliferation of SMCs. Targeting ICOS to regulate T cell 
activation may affect plaque formation and delay or reverse 
the occurrence and development of AS. However, the role 
of ICOS in AS development and the underlying mechanism 
need further investigation.
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