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1. Introduction

Coronary heart disease (CHD) is a common 
cardiovascular disease that is the leading cause of 
global morbidity and mortality1, 2). Atheroscl erosis is 
the major cause of CHD, and its risk factors include 
traditional factors, such as hypertension, hyperlipidemia, 

diabetes, obesity, and smoking as well as non-
traditional factors such as physical inactivity, 
psychological distress, somnipathy, and air 
pollution3-5). As a chronic and complicated procedure, 
atherosclerosis is traditionally considered to be 
induced by lipid accumulation, endothelial 
dysfunction, inflammatory infiltration, and 
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matched normal controls were enrolled. All patients 
were diagnosed using imaging examinations. 
Peripheral blood samples were acquired, and 
peripheral blood mononuclear cells (PBMCs) were 
isolated to detect the Th1/Th2/Th17 cell percentage 
using a Human Th1/Th2/Th17 Phenotyping Kit (BD 
Biosciences (Franklin Lakes, New Jersey, USA). Serum 
samples were used to assess the levels of JKAP, TNF-
α, IL-6, IFN-γ, IL-4, and IL-17A using an enzyme-
linked immunosorbent assay (ELISA) (Sangon 
Biotech, Shanghai, China). 

Written informed consent was obtained from all 
participants. The study protocol was in accordance 
with the Declaration of Helsinki and was approved by 
the Ethics Committee. Another 15 CHD patients 
were enrolled, and their PBMCs and serum were 
collected to detect the JKAP mRNA relative 
expression in CD4＋ T cells and serum JKAP levels.

2.2. Human Naïve CD4＋ T-Cell Isolation and 
Adenovirus Transfection

A human naïve CD4＋ T-cell isolation kit 
(Miltenyi, Bergisch Gladbach, Germany) was used to 
isolate naïve CD4＋ T cells from the PBMCs of five 
CHD patients and three normal controls, according 
to the kit’s instructions. In brief, PBMCs were isolated 
using density gradient medium (Solarbio, Beijing, 
China) for 10 min (800×g). We then incubated the 
PBMCs with naive CD4＋ T Cell Biotin-Antibody 
Cocktail II at 4℃ for 5 min. The PBMCs were then 
incubated with naïve CD4＋ T cell MicroBead 
Cocktail II for 10 min at 4℃. Finally, PBMCs were 
applied to a column in a magnetic field, and the cells 
that passed through the column (representing enriched 
naïve CD4＋ T cells). Subsequently, the cells were 
subjected to T-cell culture in expansion medium 
(Takara, Tokyo, Japan). JKAP-overexpressing 
adenovirus (Ad-JKAP), JKAP-knockdown adenovirus 
(Ad-shJKAP), or control adenovirus (Scramble) 
(Genepharma, Shanghai, China) was then transfected 
into these cells according to the manufacturer’s 
instructions. The transfected naïve CD4＋ T cells were 
harvested after 48 h of incubation, followed by reverse 
transcription-quantitative polymerase chain reaction 
(RT-qPCR) and Western blotting.

2.3. Th1/Th2/Th17 Cell Polarization
Naïve human CD4＋ T-cell isolated from CHD 

patients and normal controls were polarized as 
described previously28, 29). In brief, transfected cells 
were seeded in 24-well plates at a density of 1×105 
cells/well and stimulated under different conditions. 
Specifically, Th1 polarization was performed with 
IL-12 (10 ng/mL; Sigma, Santa Fe, New Mexico, 

calcification or plaque formulation, etc6-8). 
Recently, the involvement of immunoinflammatory 

mechanisms in atherosclerosis has attracted increasing 
attentions9). For instance, macrophages harboring 
innate immune memory facilitate the atherosclerotic 
process by elevating the secretion of inflammatory 
cytokines, cholesterol deposition, and vascular smooth 
muscle cell dysfunction10, 11) Macrophage-targeted 
therapy has been proposed as an option for 
atherosclerosis treatment 12). Interestingly, T cell 
subsets are also closely involved in the pathogenesis of 
atherosclerosis by stimulating immunity, producing 
inflammatory cytokines, accumulating lipoproteins, 
and inducing plaques, especially CD4＋ T cells and 
CD8＋ T cells13-15). Among CD4＋ T cells, T-helper 
(Th) 1 and 17 cells act as proatherogenic roles by 
interacting with macrophages, dendritic cells, and 
endothelial cells via various cytokines; however, Th2 
cells have an anti-atherogenic role, although the 
f indings  concerning these  deta i l s  remain 
controversial16-18). Encouragingly, a few recent studies 
have also shed light on the possibility of targeting Th1 
or Th17 cells for atherosclerosis therapy19, 20).

JNK pathw ay-associated phosphatase (JKAP), 
also known as dual-specificity phosphatase 22 
(DUSP22), is a JNK activator that exerts multiple 
biological functions, including T-cell-mediated 
immunity, Th cell polarization, and inflammation21-23). 
For instance, it has been proposed that JKAP 
dephosphorylates the tyrosine394 residue of Lck to 
suppress the T-cell receptor (TCR) signaling pathway, 
thus inhibiting immunity and inflammation 21). 
Another interesting study revealed that JKAP 
knockdown in CD4＋ T cells from patients with 
inflammatory bowel disease induced the polarization 
of Th1 and Th17 cells23). Clinically, several studies 
have indicated that JKAP is associated with Th cell 
polarization and inflammation levels in various 
diseases, such as autoimmune, vascular ischemic, and 
geriatric diseases24-27). 

Given the above information, it is hypothesized 
that JKAP may be involved in the atherosclerosis 
process by regulating Th cell polarization and 
inflammation; however, related data have not been 
reported. Therefore, the current study investigated the 
effect of JKAP on Th cell polarization, inflammation, 
and atherosclerotic progression both in vitro and in 
vivo, as well as its interaction with the ERK and NF-κ
B pathways.

2. Methods

2.1. Patients and Samples
Thirty patients with CHD and 30 age-and sex-
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with 1X BD IMagTM buffer incubated with anti-
mouse CD4 Magnetic Particles at 4℃ for 30 min. 
The tube was then placed on a Cell Separation 
Magnet for 6 min, followed by aspiration and 
discarding of the supernatant. Finally, the cells were 
washed and collected in phosphate-buffered saline 
(PBS) with a tube on the Cell Separation Magne. 
Spleen and lymph node (inguinal and axillary) 
samples were collected to determine the Th1/Th2/
Th17 cell percentage by flow cytometry. 

The Animal Care and Use Committee approved 
the animal experimental protocols.

2.6. Histology and Immunohistochemistry (IHC) 
Staining

Whole-aorta samples were fixed with 4% 
polyformaldehyde and stained using Oil Red O 
staining solution (Beyotime, Shanghai, China) 
according to the kit’s protocol. Aortic root sam ples 
were fixed, embedded, and cut into 4 µm-thick 
sections. For evaluation of tissue morphology, the 
sections were stained with H&E staining solution 
(Beyotime). A Picrosirius red staining kit (Beyotime) 
was used to detect collagen fibers. For IHC staining, 
sections were incubated with primary antibodies, 
secondary antibodies, and DAB staining solution 
(Beyotime). Sections were observed under a light 
microscope (Olympus, Tokyo, Japan). Images were 
analyzed using the ImageJ software program (NIH, 
Bethesda, Maryland, USA). Regarding nonspecific 
positivity, a negative control was set, and evaluations 
were made.

2.7. Flow Cytometry
A Human  o r  Mouse  Th1/Th2/Th17 

Phenotyping Kit (BD Biosciences) was used to 
dete rmine Th cell percentages. Single-cell suspensions 
from the spleen and lymph nodes were prepared as in 
a previous study32). In brief, cells were incubated with 
Fc-receptor block (BD Biosciences) for 20 min at 4℃ 
and subsequently stained with specific antibodies for 
0.5 h at 4℃. For flow cytometry of PBMCs or naïve 
CD4＋ T cells, cells were stimulated with phorbol 
myristic acetate (PMA; 1 µM; Beyotime), ionomycin 
(5 µM; Sigma), and BD GolgiStop (1 µL/mL; BD 
Biosciences) for 4 h before collection and stained with 
specific antibodies for 0.5 h at 4℃. FACSCanto II 
(BD Biosciences) was used to detect the samples, and 
the FlowJo 7.6 software program (FlowJo, Ashland, 
Kentuck y, USA) was used for data analyses.

2.8. ELISAs
The levels of JKAP, total cholesterol (TC), low-

density lipoprotein cholesterol (LDL-C), total 

USA) and anti–IL-4 (1:200; Affinity, Liyang, China), 
Th 2 polarization was conducted using IL-4 (5 ng/mL; 
Sigma) and anti–IFN-γ (1:200; Affinity), and Th17 
polarization was accomplis hed with TGF-β (10 ng/
mL; Sigma), IL-23 (10 ng/mL; Sigma), IL-1β (10 ng/
mL; Sigma), IL-6 (10 ng/mL; Sigma), anti–IFN-γ 
(1:200) and anti–IL-4 (1:200). After stimulation for 
three days, the cells and supernatants were separately 
analyzed by flow cytometry and ELISAs.

2.4. PD98059 and BAY-11-7082 Treatment
Human naïve CD4＋ T cells isolated from CHD 

patients were seeded in a 24-well plate at a density of 
1×105 cells/well, following transfection with 
Ad-shJKAP or scrambled adenovirus as indicated. 
PD98059 (MEK/ERK inhibitor, 20 µM; Sigma)30) 
and BAY-11-7082 (NF-κB inhibitor, 10 µM; Sigma)31) 
were added. Western blot assays were performed after 
48 h. Th1/Th17 polarization assays were performed in 
the presence of PD98059 or BAY-11-7082. Cells and 
supernatants were isolated separately for flow 
cytometry and ELISAs after three days of incubation.

2.5. Animals
Conditional JKAP ablation mice (JKAPfl/flCD4Cre) 

were created with a CRE recombinase-based system 
by crossbreeding JKAPfl/fl mice with CD4Cre mice. 
JKAPfl/fl littermates were used as the controls. 
Subsequently, JKAPfl/flCD4Cre and JKAPfl/fl mice were 
backcrossed with Apoe－/－ transgenic C57BL/6 mice. For 
atherosclerosis experiments, 8-week-old JKAPfl/flCD4Cre 
mice (n=6) and JKAPfl/fl mice (n=6) were fed a high-
fat diet for 12 weeks. Normal C57BL/6 mice (n=6) 
fed a regular diet were used as the normal wild-type 
(WT) group. The mice were anesthetized by isoflurane 
inhalation (1.5-2%) and euthanized by cervical 
dislocation. PBMC samples were collected, and a 
CD4＋ T-cell isolation kit (BD Biosciences) was used 
to isolate CD4＋ and CD4－ cells for the assessment of 
JKAP expression by RT-qPCR and Western blotting. 
Serum samples were used for ELISA detection. Aorta 
samples were collected for RT-qPCR, histological 
analyses, and immunohistochemical staining. CD4＋ T 
cells in the lesions of the aortic root were isolated 
using a CD4＋ T-cell isolation kit (BD Biosciences) 
and used for Western blot assays. The details of CD4＋ 
T cell isolation were as follows: first, the plaque was 
minced with a surgical razor blade and digested with 
enzyme mix (400 U/mL Collagenase I [MCE, 
Shanghai, China], 60 U/mL DNase I [MCE], 10 U/
mL Collagenase XI [Sigma], and 60 U/mL 
hyaluronidase [Yeasen, Shanghai, China]) at 37℃ for 
40 min, and the cell suspension was filtered through a 
70-µm strainer. Subsequently, the cells were washed 
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one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test (parametric), or 
Kruskal-Wallis test followed by Dunn’s multiple 
comparisons test (nonparametric). A P value ＜0.05 
was considered to indicate significance.

3. Results

3.1. Clinical Implications of JKAP in CHD 
Patients

JKAP was reduced in CHD patients compared 
to controls (P＜0.001) (Fig. 1A) but negatively 
correlated with the degree of stenosis, as reflected by 
the Gensini score (P=0.019), and the degree of 
inflammation, as reflected by the CRP level (P=0.012) 
(Fig. 1B-C). Regarding the correlation of JKAP with 
Th cells, a negative correlation was found for JKAP 
with Th1 cells (P=0.022) and Th17 cells (P=0.042); 
however, it was not correlated with Th2 cells 
(Fig. 1D-F). Regarding their secreted cytokines, JKAP 
had a negative correlation with IFN-γ (P=0.033) and 
a correlating trend with IL-17A (P=0.069) but not 
IL-4 (Fig. 1G-I). The correlation of JKAP with 
inflammatory cytokines was investigated, which 
revealed that JKAP was negatively correlated with 
TNF-α (P=0.005) and a trend with IL-6 (P=0.070) 
(Fig. 1J-K). In addition, serum JKAP levels were 
positively correlated with the relative JKAP expression 
in CD4＋ T cells in CHD patients (P=0.036) 
(Supplementary Fig. 1).

3.2. The Effect of JKAP on CHD Th1 and Th17 
Cell Polarization

Naïve CD4＋ T cells were acquired from CHD 
patients and modified with JKAP. The data showed 
that Ad-JKAP elevated (P＜0.001) and Ad-shJKAP 
reduced the JKAP mRNA level in naïve CD4＋ T cells 
(P＜0.05) (Fig. 2A), which was confirmed by JKAP 
blotting and then was modified accordingly (both P＜
0.05) (Fig. 2B-C). Thus, JKAP modification was 
considered to have been successful in these cells.

JKAP-modified CHD-naïve CD4＋ T cells were 
then polarized toward Th1/2/17 and evaluated by 
flow cytometry (Fig. 2D). Ad-JKAP inhibited CD4＋
IFN-γ＋ cells and CD4＋IL17A＋ cells (both P＜0.05) 
but did not affect CD4＋IL4＋ cells; conversely, 
Ad-shJKAP  enhanced CD4＋IFN-γ＋ cells and CD4＋
IL17A＋ cells (both P＜0.05) but showed no effect on 
CD4＋IL4＋ cells (Fig. 2E). Simultaneously, specific 
cytokines released by Th1/2/17 cells were detected in 
the supernatant of JKAP-modified naïve CD4＋ T cells 
to further verify the above data. Ad-JKAP reduced 
IFN-γ (P＜0.05) and IL-17A (P＜0.05) levels but not 
IL-4 levels, while Ad-shJKAP increased IFN-γ (P＜

triglyceride (TG), TNF-α, IL-6, IFN-γ, IL-4, and 
IL-17A in the serum or cell supernatants were 
measured using commercial kits (Sangon, Solarbio, or 
EIAab [Shanghai, China]) according to the 
manufacturer’s instructions. In brief, the samples were 
incubated in a microplate that had been precoated 
with specific antibodies. Subsequently, the sampl es 
were incubated with a biotin-conjugated antibody, 
HRP-conjugated streptavidin, and a chromogenic 
substrate. Finally, a microplate reader (Thermo Fisher, 
Waltham, Massachusetts, USA) was used to measure 
absorbance  (OD) at 450 nm.

2.9. RT-qPCR
Total RNA from the indicated cells and tissues 

was purified using TRIzol (Invitrogen, Waltham, 
Massachusetts, USA) and quantified using a 
NanoDrop (Thermo Fisher). RT-qPCR was performed 
using a cDNA synthesis kit (Beyotime) and PCR Mix 
(Beyotime). The relative expression of JKAP, IFNG, 
IL4, and IL17A was normalized to that of GAPDH 
using the 2－ΔΔCt method: 2－{[Ct (interested gene of treated group)－ Ct 

(GAPDH of treated group)]－[Ct (interested gene of control group)－Ct (GAPDH of 

control group)]}. Primers used are listed in Supplementary 
Table 1.

2.10. Western Blotting
Total protein was extracted using RIPA buffer 

(Sigma) and quantified using a BCA kit (Beyotime). 
Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in the 
presence of 10% precast gels (Beyotime) and then 
transferred onto polyvinylidene difluoride membranes 
(Beyotime). After blocking with 5% BSA solution for 
1 h at 37℃, the membranes were subsequently 
incubated with primary antibodies for 1 h at 37℃ and 
secondary antibodies for 1 h at 37℃. The blots were 
then visualized using an ECL kit (Yeason, Shanghai, 
Chin a). The antibodies used are listed in 
Supplementary Table 2.

2.11. Statistical Analyses
GraphPad Prism (GraphPad Software Inc., San 

Diego, California, USA) was used for statistical 
analyses and graphs. The correlation of the JKAP level 
with clinical characteristics was calculated using 
Spearman’s rank correlation test. The normality and 
equal variances of data was checked by Shapito-Wilk 
test and Brown-Forsythe test, respectively. The 
parametric test was conducted when data were 
normally distributed with equal variances; otherwise, 
the nonparametric test was performed. The 
comparison was analyzed using an unpaired t-test 
(parametric), Mann-Whitney test (nonparametric), 
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cells and IFN-γ levels (both P＜0.05) but did not 
influence CD4＋IL4＋ cells, CD4＋IL17A＋ cells, IL-4 
levels, or IL-17A levels (Supplementary Fig. 2D-E).

3.3. The Effect of JKAP on the ERK and NF-κB 
Pathways in CHD Naïve CD4＋ T Cells

Next, Western blotting was conducted on JKAP-
modified CHD-naïve CD4＋ T cells to detect the 
phosphorylation of ERK, p38, and IκBα (Fig. 3A). 
Quantification revealed that Ad-JKAP suppressed 
ERK, p38, and IκBα phosphorylation (all P＜0.05), 

0.05) levels but not IL-17A or IL-4 levels (Fig. 2F).
Interestingly, the effect of JKAP modification on 

age-matched control CD4＋ T cell differentiation was 
investigated. The JKAP expression was upregulated by 
Ad-JKAP but downregulated by Ad-shJKAP, 
indicating transfection success (Supplementary 
Fig. 2A-C). Ad-JKAP decreased the numbers of CD4＋
IFN-γ＋ and CD4＋IL17A＋ cells and IFN-γ levels (all 
P＜0.05), but did not affect CD4＋IL4＋ cells, IL-4 
levels, or IL-17A levels (Supplementary Fig. 2D-E). 
Ad-shJKAP increased the numbers of CD4＋IFN-γ＋ 

Fig. 1. Clinical implication of JKAP in CHD
The comparison of JKAP levels between patients with CHD (n=30) and those without CHD (n=30) (A); the correlation of JKAP levels 
with the Gensini Score (B), CRP (C), Th1 cells (D), Th2 cells (E), Th17 cells (F), IFN-γ (G), IL-4 (H), IL-17A (I), TNF-α (J), and IL-6 (K) 
in CHD patients (n=30). The upper and bottom line represent the 3/4 and 1/4 quartiles of JKAP in graph A, respectively; the middle line 
represents the median value of JKAP in graph A.
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Fig. 2. The effect of JKAP on Th cell polarization from CHD naïve CD4＋ T cells
The comparison of the JKAP mRNA expression (n=3) (A) and protein expression (n=3) (B, C); the comparison of Th1 cells, Th2 cells and 
Th17 cells (n=3) (D, E); the comparison of IFN-γ, IL-4 and IL-17A (F) after transfection (n=3). NS: not significant; ＊ P＜0.05; ＊＊: P＜
0.01; ＊＊＊ P＜0.001. The bars represent the mean values, and error bars represent the standard deviations.

Fig. 3.  The effect of JKAP on the ERK, 
p38, and NF-κB pathways in 
CHD naïve CD4＋ T cells

The detection of ERK, p38, and IκBα and 
their phosphorylated proteins by Western 
blotting after transfection (n=3) (A); the 
comparison of the phosphorylation levels of 
ERK (B), p38 (C), and IκBα (D) after 
transfection (n=3). NS: not significant; ＊: P
＜0.05; ＊＊: P＜0.01. The bars represent the 
mean values, and error bars represent the 
standard deviations.
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mice than in control mice (P＜0.05) (Supplementary 
Fig. 5A). TC (P＜0.05) and LDL-C (P＜0.05) were 
higher in JKAPfl/flCD4Cre mice than in control mice, 
whereas TG only showed a tendency to be higher in 
JKAPfl/flCD4Cre mice than in control mice, but the 
difference was not statistically significant (P=0.061) 
(Supplementary Fig. 5B-D).

Subsequently, an atherosclerosis model was 
constructed in JKAPfl/flCD4Cre and control mice. The 
aorta samples of these mice were stained with Oil Red 
O to indicate atherosclerotic lesions (Fig. 5A), which 
showed that the atherosclerotic lesion area was larger 
in JKAPfl/flCD4Cre mice than in the control mice (P＜
0.01) (Fig. 5B). Hematoxylin-Eosin (H&E) staining, 
picrosirius red staining, and IHC staining were 
conducted in the aortic root samples (Fig. 5C), which 
showed that the area of atherosclerotic lesions (P＜
0.05) (Fig. 5D) and collagen fiber content in the 
lesion (P＜0.01) (Fig. 5E) were both increased in 
JKAPfl/flCD4Cre mice compared to control mice; 
however, the JKAP＋ area was reduced in the lesion of 
JKAPfl/flCD4Cre mice compared to control mice (P＜
0.05) (Fig. 5F). In addition, the CD68＋ area was 
increased (P＜0.05), indicating a higher level of 
macrophage infiltration in JKAPfl/flCD4Cre mice than 
in control mice (Fig. 5G), and the α-SMA＋ area 
showed a tendency to increase but was not statistically 
significant (P=0.078), suggesting a higher level of 
endothelial hyperplasia in JKAPfl/flCD4Cre mice than 
in control mice (Fig. 5H).

3.6. The Effect of Conditional JKAP Ablation in 
CD4＋ T Cells on Th1 and Th17 Polarization in 
Atherosclerotic Mice

The spleens and lymph nodes of the mice were 
acquired for Th cell detection. In the spleen, CD4＋
IFN-γ＋ (P＜0.01) and CD4＋IL-17A＋ (P＜0.05) cells 
were higher, while CD4＋IL-4＋ cells remained 
unchanged in JKAPfl/flCD4Cre mice compared to 
control mice (Fig. 6A-B). However, in the lymph 
nodes, a similar trend in the above cell percentages 
was found between the two groups (Fig. 6C-D). 
Furthermore, in the serum, IFN-γ was increased (P＜
0.05), and IL-17A showed an increasing tendency but 
did not reach statistical significance (P=0.150), 
whereas IL-4 levels did not differ between JKAPfl/flCD4Cre 
mice and control mice (Fig. 6E). In the aorta, IFN-γ 
(P＜0.01) and IL-17A (P＜0.05) mRNA levels were 
elevated, but IL-4 mRNA levels were not markedly 
different between JKAPfl/flCD4Cre mice and control 
mice (Fig. 6F).

whereas Ad-shJKAP elevated ERK and IκBα 
phosphorylation (both P＜0.05) but did not affect 
p38 phosphorylation (P＞0.05) (Fig. 3B-D). 
Therefore, the ERK and NF-κB pathways were 
selected for further evaluations.

3.4. Involvement of the ERK and NF-κB pathways 
in JKAP’s regulation of CHD Th cell polarization

Two chemical inhibitors of ERK (PD98059) and 
NF-κB (BAY-11-7082) were separately administered 
to Ad-shJKAP-affected CHD-naïve CD4＋ T cells. A 
Western blot analysis (Fig. 4A) revealed that neither 
PD98059 nor BAY-11-7082 affected the JKAP 
expression (Fig. 4B). In addition, PD98059 
suppressed ERK phosphorylation and attenuated the 
effect of Ad-shJKAP on ERK phosphorylation (both P
＜0.01) (Fig. 4C). At the same time, BAY-11-7082 
repressed IκBα phosphorylation and impaired 
Ad-shJKAP’s effect on IκBα phosphorylation (both P
＜0.01) (Fig. 4D).

Subsequently, Th cell polarization was assessed in 
Ad-shJKAP-affected CHD-naïve CD4＋ T cells, with 
or without PD98059 and BAY-11-7082, followed by 
flow cytometry (Fig. 4E). Interestingly, it was observed 
that PD98059 not only directly reduced CD4＋IFN-γ＋ 
cells and supernatant IFN-γ levels but also weakened 
the effect of Ad-shJKAP on the above indices (all P＜
0.05); however, PD98059 had little effect on CD4＋
IL17A＋ cells and supernatant IL17A levels (Fig. 4F-I). 
Furthermore, BAY-11-7082 decreased CD4＋IFN-γ＋ 
cells, CD4＋IL17A＋ cells, supernatant IFN-γ levels, 
and IL17A levels and attenuated the impact of 
Ad-shJKAP on these indices (all P＜0.05) (Fig. 4F-I)

3.5. The Effect of Conditional JKAP Ablation in 
CD4＋ T Cells on Atherosclerosis Progression in 
Atherosclerotic Mice

After the construction of the atherosclerotic 
mouse model, blood JKAP levels were decreased in 
model mice compared to WT mice (P＜0.05) 
(Supplementary Fig. 3A). Furthermore, in blood 
CD4＋ T cells, JKAP expression was lower but p-ERK, 
p-p38, and p-IκBα expression was higher in model 
mice than in WT mice (all P＜0.05) (Supplementary 
Fig. 3B-C).

Next, conditional JKAP ablation mice (JKAPfl/flCD4Cre) 
were generated. RT-qPCR revealed that the JKAP 
mRNA expression was reduced in CD4＋ T cells of 
JKAPfl/flCD4Cre mice vs. control mice (P＜0.001), 
while the JKAP mRNA expression in CD4－ T cells 
showed no change between these two groups 
(Supplementary Fig. 4A); Western blot assays also 
showed a similar trend (Supplementary Fig.4B-C). In 
addition, serum JKAP levels were lower in JKAPfl/flCD4Cre 
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Fig. 4. The effect of ERK and NF-κB inhibitors on JKAP regulation of CHD Th cell polarization
The detection of JKAP, p-ERK, ERK, p-IκBα and IκBα by Western blot in JKAP-modulated cells with or without PD98059/BAY-11-7082 
treatment (n=3) (A); comparison of JKAP (B), p-ERK/ERK (C) and p-IκBα/IκBα (D) in JKAP-modulated cells with or without 
PD98059/BAY-11-7082 treatment (n=3); Th1 and Th17 cell detection by flow cytometry in JKAP-modulated cells with or without 
PD98059/BAY-11-7082 treatment (n=3) (E); the comparison of Th1 cells (F), Th17 cells (G), IFN-γ (H) and IL-17A (I) in JKAP-
modulated cells with or without PD98059/BAY-11-7082 treatment (n=3). NS: not significant; ＊: P＜0.05; ＊＊: P＜0.01. The bars represent 
the mean values, and error bars represent the standard deviations.
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proportion was relatively low, while the other five 
inflammatory cytokines were mainly secreted by 
macrophages or lymphocytes, and some were 
expressed in endothelial cells and smooth muscle cells. 
The number of CD4＋ cells was elevated in JKAPfl/flCD4Cre

mice compared to control mice (P＜0.05) (Fig. 7B). 
Meanwhile, proinflammatory cytokine-positive areas, 

3.7. The Effect of Conditional JKAP Ablation in 
CD4＋ T Cells on CD4＋ T Cell Infiltration and 
Inflammation in Atherosclerotic Mice

The levels of CD4＋ T-cell infiltration and 
inflammatory cytokines in the aorta root samples of 
the mice were evaluated by an IHC assay (Fig. 7A). 
CD4 was mainly expressed on T cells; therefore, the 

Fig. 5. Atherosclerotic lesions in JKAPfl/flCD4Cre mice
The detection of atherosclerosis lesions in the aorta by Oil Red O staining (n=6) (A); the comparison of lesion area of total aorta (n=6) (B); 
H&E staining, picrosirius red staining and IHC assay in the aorta root (n=6) (C); the comparison of lesion area of aorta root area (n=6) (D); 
the comparison of picrosirius red area (E) JKAP＋ area (F), CD68＋ area (G) and α-SMA＋ area (H) of total lesion area (n=6). NS: not 
significant; ＊: P＜0.05; ＊＊: P＜0.01. The bars represent the mean values, and error bars represent the standard deviations.
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endothelial cells, smooth muscle cells, and 
lymphocytes,  and some were expressed in 
macrophages and foam cells. The data showed that the 
p-ERK＋ (Fig. 8B) and p-p38＋ (Fig. 8C) areas were 
increased (both P＜0.05), and the p-IκBα＋ area 
showed a predominant elevation (P＜0.01) (Fig. 8D)
in JKAPfl/flCD4Cre mice compared with control mice. 
CD4＋ T cells in the  lesions were then separated using 
flow cytometry, and the expression of p-ERK, p-p38, 
and  p- IκBα was  de tec t ed .  As  shown in 
Supplementary Fig. 6A-B, p-ERK and p-p38 
expression was higher in JKAPfl/flCD4Cre mice than in 
JKAPfl/fl mice (both P＜0.05), but p-IkBα exhibited a 
tendency to be higher (but not statistically significant) 

including TNF-α＋ and IL-6＋ areas, were both 
increased in JKAPfl/flCD4Cre mice compared to control 
mice (both P＜0.05) (Fig. 7C-D). In addition, the 
IFN-γ＋ and IL-17A＋ areas were increased (both P＜
0.05), while the IL-4＋ area remained similar 
(Fig. 7E-G) in JKAPfl/flCD4Cre mice compared to 
control mice. 

3.8. The Effect of Conditional JKAP Ablation in 
CD4＋ T Cells on the ERK and NF-κB Pathways in 
Aortic Root Lesions in Atherosclerotic Mice

Phosphorylation of ERK, p38, and IκBα was 
also examined in the aorta root samples of the mice by 
IHC (Fig. 8A). The proteins were mainly expressed in 

Fig. 6. Th cells in JKAPfl/flCD4Cre mice
The comparison of Th1, Th2 and Th17 cells in the spleen (n=6) (A, B) and in the lymph node (n=6) (C, D); the comparison of IFN-γ, 
IL-4 and IL-17A in the serum (n=6) (E) and in the aorta (n=6) (F). NS: not significant; ＊: P＜0.05; ＊＊: P＜0.01. The bars represent the 
mean values, and error bars represent the standard deviations.
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Fig. 7. CD4＋ cells and inflammatory cytokines in JKAPfl/flCD4Cre mice
The detection of CD4＋ cells and inflammatory cytokines in the aorta by an IHC assay (n=6) (A); the comparison of CD4＋ cells of total cells 
in the plaque (n=6) (B); the comparison of TNF-α＋ area (C), IL-6＋ area (D), IFN-γ＋ area (E), IL-4＋ area (F) and IL-17A＋ area (G) of total 
lesion area (n=6). NS: not significant; ＊: P＜0.05; ＊＊: P＜0.01. The bars represent the mean values, and error bars represent the standard deviations.

Fig. 8.  ERK, p38, and NF-κB pathways in JKAPfl/fl 

CD4Cre mice
The detection of the phosphorylation levels of ERK, p38, 
and IκBα in the aorta by IHC assay (n=6) (A); the 
comparison of the phosphorylation levels in the ERK＋
area (B), p38＋ area (C), and IκBα＋ area (D) of the total 
lesion area (n=6). NS: not significant; ＊: P＜0.05; ＊＊: P
＜0.01. The bars represent the mean values, and error bars 
represent the standard deviations.
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JKAP modulation had no notable effect on Th2 cell 
polarization among CHD-naïve CD4＋ T cells. The 
Th1-, Th2-, and Th17-specific cytokines detected by 
an ELISA also confirmed these findings. One possible 
explanation may be that JKAP overexpression might 
suppress TCR signaling, thus inhibiting the polarization 
of Th1 and Th17 cells in CHD patients21, 23) In 
addition, a previous study reported that JKAP is not 
correlated with Th2 cells40), which is partly in line 
with our findings that JKAP does not affect Th2 cell 
polarization.

TCR signaling is a fundamental pathway that 
regulates multiple cellular functions of T cells, such as 
cell proliferation, polarization, migration, cytokine 
generation, and apoptosis, which is consistent with 
several vital pathways, such as the MEK/ERK 
pathway, p38/MAPK pathway, and NF-κB 
pathway41). According to previous studies, JKAP 
modulates Lck to suppress TCR signaling and thus 
participates in immunity and inflammation21, 23). 
Therefore, the current study further explored whether 
or not JKAP regulates the polarization of Th cells 
through the ERK, p38, and NF-κB pathways. A 
Western blot analysis showed that JKAP negatively 
regulates the ERK and NF-κB pathways in CHD 
CD4＋ T cells. By using chemical inhibitors of these 
pathways separately, it was confirmed that the ERK 
pathway is essential for JKAP regulation of Th1 
polarization and that the NF -κB pathway is essential 
for JKAP regulation of Th1 and Th17 polarization.

The current study also conducted CD4＋ T cell 
conditional JKAP ablation in atherosclerotic mice. 
Compared with conventional knockout, conditional 
JKAP ablation was able to better verify the effect of 
CD4＋ T-cell JKAP on atherosclerosis and CHD 
progression, which is one of the highlights of this 
study. 

The in vivo experiments revealed several 
interesting findings. First, the atherosclerotic lesion 
area was increased by conditional CD4＋ T-cell JKAP 
ablation, and collagen fiber, macrophage infiltration, 
and endothelial hyperplasia were elevated by CD4＋ 
T-cell conditional JKAP ablation, which are hallmarks 
of atherosclerosis42-44). However, the JKAP＋ area in the 
aortic root was reduced in the conditional JKAP-
ablated mice. We deduced that CD4＋ T-cell 
infiltration was higher in conditional JKAP ablation 
mice than control mice, because these mice presented 
more severe atherosclerotic symptoms45); however, 
JKAP was knocked out in CD4＋ T cells. Thus, the 
aortic root of JKAPfl/flCD4Cre mice might have a lower 
level of JKAP. Second, an elevation in Th1 and Th17 
cells was observed in the secondary lymph organs, 
spleen, and lymph nodes of JKAPfl/flCD4Cre mice, 

in JKAPfl/flCD4Cre mice than in JKAPfl/fl mice 
(P=0.136).

4. Discussion

CD4＋ T cells are critically involved in 
atherosclerosis and CHD. Clinically, it has been 
proposed that the proportion of Th17 cells and the 
Th17/Th1 ratio are elevated in patients with CHD 
compared to healthy subjects33). Other studies have 
indicated that dysregulated CD4＋ T cells with 
different phenotypes, including insufficient CD31-
expressing, IL10＋, and apolipoprotein B-specific CD4＋ 
T cells, are observed in CHD patients34-36). From a 
laboratory perspective, an interesting study revealed 
that Th17 cell infiltration is observed from the early 
stage to the late stage of atherosclerosis, and 
neutralization of IL-17A hampers atherosclerosis 
progression in Apoe－/－ mice fed a high-fat diet37), and 
inhibition of CD4＋ T-cell polarization lowers the 
progression of atherosclerosis 38). Furthermore, 
homocysteine-activated CD4＋ T cells increase 
pyruvate kinase muscle isozyme 2, a critical rate-
limiting enzyme of glycolysis, thus accelerating 
atherosclerosis 39). As mentioned earlier, JKAP 
modulates CD4＋ T-cell polarization through TCR 
signaling pathways, implying that JKAP might 
participate in the progression of atherosclerosis and 
CHD. In the current study, data from 30 CHD 
patients and 30 controls revealed that a decrease in 
JKAP was observed in CHD patients; meanwhile, in 
CHD patients, JKAP was negatively correlated with 
the degree of stenosis, inflammation, and Th1 and 
Th17 cells. One possible explanation for these 
findings is that a low JKAP expression can promote 
Th1 and Th17 cell polarization, which further 
accelerates the CHD pathogenesis and progression 
and induces inflammation21, 22). Regarding the source 
of JKAP in the blood, we considered that it might 
have resulted from lymphocyte and spleen flow. We 
referred to The Human Protein Atlas database (www.
proteinatlas.org) and observed that various cells in the 
peripheral blood could produce JKAP, including T 
cells, B cells, granulocytes, and monocytes. In 
addition, we suspected that the reduced blood 
concentration of JKAP might result from increased 
immune-response activation and inflammation spread, 
especially TCR signaling-related effects.

To further verify this hypothesis, naïve CD4＋ T 
cells were sampled from patients with CHD, and 
JKAP was modulated in these cells. According to the 
flow cytometry data, JKAP overexpression suppressed 
Th1 and Th17 cell polarization, whereas JKAP 
knockdown exerted the opposite effect; however, 
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Supplementary Fig. 1.  The correlation between serum JKAP level and JKAP relative expression in CD4＋ T cells in CHD patients

 Supplementary Table 1. Primer sequences

Gene Forward primer (5’->3’) Reverse primer (5’->3’)

JKAP GCCAGGCCTATGTTGGAGGGAGTT TGTATGCGATCACCAGTGTCAC
IFNG AGACAATCAGGCCATCAGCA CAACAGCTGGTGGACCACTC
IL4 GGTCACAGGAGAAGGGACGCC TGCGAAGCACCTTGGAAGCCC
IL17A CAACAGCTGGTGGACCACTC CAACAGCTGGTGGACCACTC
GAPDH GAGTCCACTGGCGTCTTCAC ATCTTGAGGCTGTTGTCATACTTCT

 Supplementary Table 2. Antibodies information of western blot and  immunohistochemistry used in this study

Antibody Company Dilution (western blot / 
immunohistochemistry)

Anti-JKAP antibody Abcam (USA) 1:1000/1:200
Anti-ERK antibody Affinity (China) 1:1000
Anti-p-ERK antibody Affinity (China) 1:1000/1:200
Anti-p38 antibody Affinity (China) 1:1000/-
Anti-p-p38 antibody Affinity (China) 1:1000/1:200
Anti-JNK antibody Affinity (China) 1:1000/-
Anti-p-JNK antibody Affinity (China) 1:1000/1:200
Anti-IκBα antibody Affinity (China) 1:1000/-
Anti-p-IκBα antibody Affinity (China) 1:1000/1:200
Anti-CD68 antibody Santa Cruz (USA) -/1:100
Anti-α-SMA antibody Abcam (USA) -/1:200
Anti-CD4 antibody Santa Cruz (USA) -/1:100
Anti-TNF-α antibody Affinity (China) -/1:200
Anti-IL-6 antibody Affinity (China) -/1:200
Anti-IFN-γ antibody Affinity (China) -/1:200
Anti-IL-4 antibody Affinity (China) -/1:200
Anti-IL-17A antibody Affinity (China) -/1:200
Anti-GAPDH antibody Abcam (USA) 1:5000/-
  Goat Anti-Rabbit IgG HRP Abcam (USA) 1:10000/1:1000
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Supplementary Fig. 2. The effect of JKAP modification on Th cell polarization from normal control naïve CD4＋ T cells
The comparison of JKAP mRNA expression (n=3) (A) and protein expression (n=3) (B, C); the comparison of Th1 cells, Th2 cells and 
Th17 cells (n=3) (D); the comparison of IFN-γ, IL-4 and IL-17A levels (n=3) (E) after transfection in normal control naïve CD4＋ T cells. 
NS: not significant; ＊ P＜0.05; ＊＊: P＜0.01; ＊＊＊ P＜0.001. The bars represent the mean values, and error bars represent the standard 
deviations.
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Supplementary Fig. 3. JKAP, p-ERK, p-p38 and p-IκBα in atherosclerotic mice (Model) and normal mice (WT)
The serum JKAP level in Model mice and WT mice (n=6) (A), expressions of JKAP, p-ERK, p-p38 and p-IκBα in CD4＋ T cells from blood 
samples between Model mice and WT mice (n=6) (B-C). ＊ P＜0.05. The bars represent the mean values, and error bars represent the 
standard deviations.

Supplementary Fig. 4. Verification of JKAPfl/flCD4Cre mouse construction
The comparison of JKAP mRNA expression (A) and protein expression (C, D) in CD4＋ T cells (n=6) and CD4－ T cells (n=6). NS: not 
significant; ＊＊＊: P＜0.001. The bars represent the mean values, and error bars represent the standard deviations. 
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Supplementary Fig. 5. Blood JKAP, TC, LDL-C and TG in JKAPfl/flCD4Cre mice
The comparison of the serum JKAP level (n=6) (A), serum TC level (n=6) (B), serum LDL-C level (n=6) (C), and serum TG level (n=6) 
(D) between the JKAPfl/flCD4Cre and JKAPfl/fl mouse groups. NS: not significant; ＊ P＜0.05. The bars represent the mean values, and error 
bars represent the standard deviations.

Supplementary Fig. 6. p-ERK, p-p38 and p-IκBα in CD4＋ T cells from atherosclerotic lesions
Western blot images of p-ERK (n=6), p-p38 (n=6) and p-IκBα (n=6) in CD4＋ T cells from atherosclerotic lesion between the JKAPfl/fl 

CD4Cre and JKAPfl/fl mouse groups (A), and the comparison of corresponding quantifications (B). NS: not significant; ＊: P＜0.05. The bars 
represent the mean values, and error bars represent the standard deviations.
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