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Abstract 

 

Objective: Interleukin-17A (IL-17A), an inflammatory cytokine, has been implicated 

in atherosclerosis, in which inflammatory cells within atherosclerotic plaques express 

IL-17A. However, its role in the development of atheroscelrosis remains to be 

controversial. Methods and Results: To directly examine the role of IL-17A in 

atherosclerosis, we generated apolipoprotein E (ApoE)/IL-17A double-deficient 

(ApoE
-/-

IL-17A
-/-

) mice. Mice were fed with high-fat diet (HFD) for either 8 or 16 

weeks, both starting at ages of 6-8 weeks. We found that splenic CD4
+ 

T cells 

produced high amounts of IL-17A in ApoE
-/-

 mice after HFD feeding for 8 weeks. 

Atherosclerosis was significantly accelerated in HFD-fed ApoE
-/-

IL-17A
-/-

 mice 

compared with ApoE
-/-

 mice. Splenic CD4
+ 

T cells of ApoE
-/-

IL-17A
-/- 

mice after HFD 

feeding for 8 weeks, but not for 16 weeks exhibited increased IFN- and decreased 

IL-5 production. Importantly, formation of vulnerable plaque as evidenced by reduced 

numbers of vascular smooth muscle cells and reduced type I collagen deposition in 

the plaque was detected in ApoE
-/-

IL-17A
-/- 

mice after HFD feeding for 8 weeks. 

Conclusions: These results suggest that IL-17A regulates the early phase of 

atherosclerosis development after HFD feeding and plaque stability, at least partly if 

not all by modulating IFN- and IL-5 production from CD4
+ 

T cells. 
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Introduction 

 

Atherosclerosis is characterized by chronic inflammation of vessel walls and is 

initiated by infiltration of monocytes and activated T cells into activated endothelium, 

followed by their migration into the intima and subsequent lipid accumulation within 

macrophages. Soluble mediators, such as inflammatory cytokines, produced by 

activated T cells also affect the development of atherosclerosis
1
. CD4

+
 T cells are the 

predominant T-cell subset in atherosclerotic lesions in apolipoprotein E-deficient 

(ApoE
-/-

)
 
and low density lipoprotein (LDL) receptor-deficient (LDLR

-/-
) mice

2
. Upon 

activation, CD4
+
 T cells differentiate into different T helper (Th) cell subsets with 

different cytokine profiles and distinct effector functions
3
. Historically, CD4

+
 T cells 

have been divided into Th1 and Th2 cells on the basis of the cytokines they produce. 

A third subset of interleukin-17A (IL-17A)-producing CD4
+
 T, called Th17 cells, has 

been discovered
4
. Murine IL-17A is a 21-kDa glycoprotein

5
 that is produced not only 

by CD4
+
 T cells, but also by CD8

+
 T cells, δ T cells, neutrophils, and monocytes

6
.  

IL-17A induces the production of cytokines (e.g., IL-6, granulocyte 

colony-stimulating factor, and granulocyte-macrophage colony-stimulating factor), 

chemokines (e.g., CXCL1, CXCL5, IL-8, CCL2, and CCL7), and matrix 

metalloproteinases (e.g., MMP-1, MMP-3, and MMP-13) from fibroblasts, 
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endothelial cells, and epithelial cells. This suggests that IL-17A plays an important 

role in inflammatory processes
6
. In addition, Th17 cells play a central role in the 

development of autoimmune diseases, such as experimental autoimmune 

encephalomyelitis and collagen-induced arthritis, which have been previously 

believed to be Th1 cell-mediated diseases
7, 8

. 

With regard to atherosclerosis, several previous papers reported the critical role of 

interferon gamma (IFN-). IFN- expression has been detected within human 

atherosclerotic lesions
9
 and IFN--deficient mice exhibit attenuated atherosclerosis, 

whereas injections of recombinant IFN- increase lesion size
10, 11

. Furthermore, Eid et 

al. reported the presence of both IL-17A and IFN- in clinical specimens of coronary 

atherosclerosis and the presence of IL-17A/IFN- dual-producing T cells within 

coronary plaques
12

. However, recent studies using atherosclerotic mouse models have 

indicated the crucial, but controversial role of IL-17A in the progression of 

atherosclerosis. Some researchers suggest that IL-17A promotes atherosclerotic 

plaque formation
13-17

, or inhibition of IL-17A signaling does not alter lesion 

development in Th1-biased C57BL/6 ApoE
-/-

 and LDLR
-/-

 mice with already low 

levels of IL-17A production
18

, whereas others suggest that IL-17A suppresses the 

development of atherosclerosis
19, 20

. Since it is still not clear why these studies found 

contradictory experimental results, we addressed whether IL-17A plays a role in 
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atherosclerosis by using mice which completely lack IL-17A (IL-17A-deficient 

(IL-17A
-/-

) mice) by crossing them with ApoE-deficient mice, which is the most 

common mice model for human atherosclerotic disease
21, 22

. In this study, we 

determined whether and how IL-17A deficiency affects atherosclerotic plaque 

formation and discussed how our data can be incorporated into the previous 

controversial roles of IL-17A on atherosclerosis formation. It has been shown that 

premenopausal women have a significantly lower risk of developing atherosclerosis 

than age-matched men
23

 and estrogen has anti-atherogenic role in animal models
24

. 

Therefore, we focused on male mice. 
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Materials and Methods 

 

Expanded materials and methods are available in the supplemental
 
files (available 

online at http://atvb.ahajournals.org). 

 

Mice and induction of atherosclerosis 

All animal protocols were approved by the committee on animal experimentation of 

Hokkaido University. IL-17A-deficient mice used in this study were created as 

described previously
25

. C57BL/6 ApoE-deficient male mice (ApoE
-/-

) (backcrossed 10 

times; The Jackson Laboratory, Bar Harbor, ME) were bred with IL-17A-deficient 

(IL-17A
-/-

) female mice on a C57BL/6 background (backcrossed 10 times). IL-17A 

wild-type (WT) and IL-17A-deficient mice among ApoE-deficient mice were 

designated as ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

, respectively. Male ApoE
-/-

 and 

ApoE
-/-

IL-17A-/- mice were weaned at 6-8 weeks of age and fed an atherogenic 

high-fat diet (HFD) (0.15% cholesterol and 21% milk fat, 57BD; TestDiet, Richmond, 

USA) ad libitum for 8 or 16 weeks. Other ApoE
-/-

 mice at ages of 6-8 weeks were fed 

with HFD for 12 weeks in the absence or presence of recombinant mouse IL-17 

(eBioscience) (2 g/mouse, twice per week). 
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Statistical analysis 

Results are expressed as mean (SEM). Statistical significance between groups was 

estimated using Student’s t-test; p < 0.05 was considered statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 10 

Results 

 

IL-17A deficiency accelerated atherosclerotic plaque formation in ApoE
-/-

 mice 

Starting at ages of 6 or 8 weeks, male ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice were fed 

with HFD for 8 or 16 weeks and analyzed at ages of 14-16 or 22-24 weeks. Mean 

body weight (BW) was not significantly different between ApoE
-/-

 and 

ApoE
-/-

IL-17A
-/-

 mice before and after HFD feeding (BW, before diet, ApoE
-/-

 = 20.2

±0.2g, ApoE
-/-

IL-17A
-/-

 = 20.1±0.2g, 8 weeks after diet; ApoE
-/-

 = 27.7±0.7g, 

ApoE
-/-

IL-17A
-/-

 = 29.6±0.9g, 16 weeks after diet; ApoE
-/-

 = 31.4±0.7g, 

ApoE
-/-

IL-17A
-/-

 = 33.2±0.6g). The development of atherosclerosis in the entire aorta 

was carefully analyzed. Representative macroscopic findings in ApoE
-/-

 and 

ApoE
-/-

IL-17A
-/-

 mice are shown in Fig. 1; the acceleration of lesion formation 

(red-stained areas) is evident in ApoE
-/-

IL-17A
-/-

 mice compared with ApoE
-/-

 mice at 

8 or 16 weeks after HFD feeding (Fig. 1A and 1B, respectively). Individual data 

points are plotted by genotype in Fig. 1C. 

Before HFD feeding, there was no obvious plaque formation in both ApoE
-/- 

and 

ApoE
-/-

IL-17A
-/-

 mice at ages of 6 or 8 weeks (Fig. 1C, day 0). Importantly, however, 

ApoE
-/-

IL-17A
-/-

 mice had significantly larger atherosclerotic lesions than ApoE
-/-

 

mice at both 8 and 16 weeks after HFD feeding, demonstrating that complete absence 
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of IL-17A in atherogenic prone mice, ApoE
-/- 

further promotes the development of 

HFD-induced atherosclerosis. It should be noted that there was a tendency of slight 

increase of plaque area in ApoE
-/-

IL-17A
-/-

 mice compared with ApoE
-/-

 mice at 16 

weeks after normal chow diet feeding, however, there was no statistically significant 

difference between two groups (Supplemental Fig. I). 

 

IL-17A deficiency did not significantly affect lipid metabolism in ApoE
-/-

 and 

ApoE
-/-

IL-17A
-/-

 mice 

Lipid metabolism critically influences the complex processes of atherosclerosis 
26, 27

. 

Total-, HDL-, LDL-cholesterol and triglycerides levels were determined in ApoE
-/-

 

and ApoE
-/-

IL-17A
-/-

 mice before as well as at both 8 and 16 weeks after HFD feeding, 

to examine whether any of these factors were altered by the IL-17A genotype. 

Although the HFD significantly increased all cholesterol and triglycerides levels in 

ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice, the IL-17A genotype had no significant effect on 

any cholesterol and triglycerides levels in ApoE
-/-

 mice before and even after HFD 

feeding (Fig. 2). These data indicate that the exacerbation in atherosclerotic lesions 

observed in ApoE
-/-

IL-17A
-/-

 mice is not attributable to the alterations in serum lipid 

metabolism. 
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Effect of IL-17A deficiency on the nature of atherosclerotic plaque in the aortic 

sections of ApoE
-/-

 mice 

To determine how IL-17A affects the nature of plaques, we investigated 

atherosclerotic plaques in the aortic root sections of mice fed with HFD for 8 weeks. 

Consistent with the data from en face method (Fig. 1), we found that IL-17A 

deficiency enhanced atherosclerotic plaque formation as defined by oil red O staining, 

in the aortic root sections of ApoE
-/-

 mice (Fig. 3A). We also found that in not only 

aortic roots, but also abdominal aorta, atherosclerosis was prominent in 

ApoE
-/-

IL-17A
-/-

 mice at 8 weeks after HFD feeding (Supplemental Fig. II). In 

addition, MOMA-2-positive macrophage infiltration was greater in ApoE
-/-

IL-17A
-/-

 

mice than ApoE
-/-

 mice (Fig. 3B). More importantly, the -SMA
+ 

vascular smooth 

muscle cell (VSMC) number was significantly reduced at fibrous cap in 

ApoE
-/-

IL-17A
-/-

 mice compared to ApoE
-/-

 mice (Fig. 3C). Furthermore, type I 

collagen-positive area was also decreased in ApoE
-/-

IL-17A
-/-

 mice compared to 

ApoE
-/-

 mice (Supplemental Fig. III). These data demonstrate that IL-17A deficiency 

leads to the formation of atherosclerotic lesion that are composed of abundant 

macrophage, fewer -SMA
+
VSMC at fibrous cap, and lesser type I collagen 

deposition, suggesting that plaques formed in the absence of IL-17A are vulnerable 

atherosclerotic plaque. 
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Increased IFN- production and decreased IL-5 production in ApoE
-/-

IL-17A
-/-

 

mice 

Next, to assess the immunological profile of ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice, 

splenic CD4
+
 T cells were harvested from ApoE

-/-
 and ApoE

-/-
IL-17A

-/-
 mice before, 8 

and 16 weeks after HFD feeding and cultured with PMA and ionomycin in vitro. 

Culture supernatants were collected and cytokine production was examined by ELISA. 

High amounts of IL-17A were detected in ApoE
-/-

 mice 8 and 16 weeks after, but not 

before HFD feeding (Fig. 4A). Nevertheless, IL-17A was never detected in 

supernatants derived from ApoE
-/-

IL-17A
-/-

 mice before and after HFD feeding (data 

not shown). IFN- levels were higher in supernatants of the splenic CD4
+
 T cells from 

ApoE
-/-

IL-17A
-/-

 mice than those from ApoE
-/-

 mice at 8, but not 16 weeks after HFD 

feeding (Fig. 4B). Supernatants from splenic CD4
+ 

T cells of ApoE
-/-

 mice after HFD 

feeding for 8 and 16 weeks showed elevated concentrations of IL-5 compared with 

those before HFD feeding, however, IL-5 production was significantly reduced in 

ApoE
-/-

IL-17A
-/-

 mice after HFD feeding for 8 and 16 weeks compared with ApoE
-/-

 

mice (Fig. 4C). Consistently, flow cytometry analysis showed that the number of 

IFN- positive splenic CD4
+
 T cells was greater in HFD-fed ApoE

-/-
IL-17A

-/- 
mice 

than that in HFD-fed ApoE
-/- 

mice 8 weeks after HFD feeding (Fig. 4D and E). It 

should be noted that IFN- is important in the development of atherosclerosis, 



 14 

whereas IL-5 has an atheroprotective role
28, 29

. On the other hand, IL-17A deficiency 

did not significantly affect IL-4, IL-6, IL-10, and IL-17C production in ApoE
-/-

 mice 

(Supplemental Fig. IV). Therefore, these results suggest that IL-17A deficiency might 

modulate cytokines balance in the lymphoid tissue and induces a pro-atherogenic 

immunological response, thereby leading to the augmented atherosclerosis in 

HFD-fed ApoE
-/- 

IL-17A
-/-

 mice. 

 

Reduced production of MDA-LDL-specific IgG1 antibodies in sera of 

ApoE
-/-

IL-17A
-/-

 mice 

We first assessed the levels of Ig subclasses in serum of mice before and after HFD 

feeding for 8 weeks. The rationale for doing this experiment is follows; a signature 

Th1 cytokine, IFN- promotes the development of arteriosclerosis and Th1 cells favor 

IgG2a production, while Th2 cells induce IgG1 synthesis 
30

. There was no significant 

difference in the production of total IgG, IgG1, IgG2a, or IgM between HFD-fed 

ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice (data not shown). We next assessed levels of 

MDA-LDL-specific antibodies, as they are likely to be some of the most prevalent 

presumptive autoantigens present in atherogenic mice model
31

. There is no significant 

difference in any subclasses of anti-MDA-LDL antibodies between ApoE
-/-

 and 

ApoE
-/-

IL-17A
-/-

 mice before HFD feeding (Fig. 5 and Supplementary Fig. V).  
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ApoE
-/-

IL-17A
-/-

 mice produced significantly lesser amounts of IgG1 class of 

anti-MDA-LDL antibody compared to ApoE
-/-

mice after HFD feeding for 8 weeks, 

but not for 16 weeks (Fig. 5). However, IgG2a class of anti-MDA-LDL antibody did 

not differ between two groups (Supplementary Fig. V), indicating that the absence of 

IL-17A does not simply affect the balance between Th1 and Th2. 

 

IL-17A treatment led to attenuated atherosclerosis plaque formation in ApoE
-/-

 

and ApoE
-/-

IL-17A
-/-

 mice 

The results above suggest that IL-17A plays a protective role against the development 

of atherosclerosis. Therefore, we studied whether exogenous IL-17A prevents 

atherosclerotic plaque formation. Administration of IL-17A twice a week during HFD 

feeding led to a significant elevation of circulating IL-17A levels (data not shown).  

We analyzed ApoE
-/- 

mice fed with the HFD for 12 weeks starting at ages of 8 weeks, 

treated with either IL-17A or mouse albumin/PBS during HFD feeding twice a week. 

Indeed, treatment with IL-17A resulted in attenuated atherosclerosis plaque formation 

in HFD-fed ApoE
-/- 

mice (Fig. 6A). We also tested whether exogenous IL-17A, 

starting at ages of 5 weeks reduces the development of atherosclerosis in 

ApoE
-/-

IL-17A
-/-

 mice fed with the HFD for 10 weeks and found that IL-17A 

significantly reduced atherosclerotic plaque area in ApoE
-/-

IL-17A
-/-

 mice (Fig. 6B). 
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These results suggest that IL-17A plays a protective role against the development of 

atherosclerosis in this setting and that manipulation of IL-17A may be a therapeutic 

approach for the progression of atherosclerosis.
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Discussion 

 

Atherosclerosis is characterized as a chronic inflammatory process of vessel walls and 

CD4
+
 T cells are predominant in both human and murine atherosclerotic lesions

9, 32
. 

Depletion of CD4
+
 T or CD4 deficiency reduces fatty streak development in C57BL/6 

mice fed with an atherogenic diet
33

. It has been shown that Th1 cell-derived IFN- or 

IL-12 is proatherogenic 
10, 11, 34

. However, IL-17A-producing Th17 cells are also 

involved in the development of atherosclerosis; IL-17A is increased in the plasma of 

unstable angina and acute myocardial infarction patients
35

 and IL-17A/IFN- 

dual-producing T cells are present within coronary plaques
12

. In addition, IL-17A 

induces MMP-9 production from macrophages, which is related to vulnerable 

plaque
36, 37

 . However, recently conflicting roles of IL-17A on arteriosclerosis have 

been reported. 

In contrary to our results, numbers of papers independently supported the notion 

that IL-17A is proatherogenic. Firstly, transfer of IL-17 signaling deficient bone 

marrow (BM) cells into atherosclerosis prone mice led to the significant reduction of 

atherosclerosis at aortic root, indicating that IL-17-signaling in BM-derived cells 

promotes the process of atherosclerosis
13

. Interestingly, plaque stability was 

unchanged. In their system, IL-17-signaling is lacking only in BM cells, while in our 
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system IL-17 signaling is lacking in both BM cells and vascular smooth muscle cells 

(VSMC). It is possible that VSMC in their system was able to respond to IL-17 and 

thus, these cells might produce MMPs, which might explain the unchanged plaque 

stability between mice that receive IL-17R
-/-

BM and IL-17R
+
BM cells. In our model, 

plaque became unstable in ApoE
-/-

IL-17A
-/-

 mice, indicating that the stimulation of 

VSMC by IL-17A may play a critical role in plaque stability. Secondly, ApoE
-/- 

mice, 

starting at age of 8 weeks were fed with a normal chow diet for 12 weeks with 

anti-IL-17A antibody once a week and were analyzed at the age of 20 weeks
14

.  

Inhibition of IL-17A reduced atherosclerotic lesion area and induced stability of 

plaque. The basis for the discrepancy between their and our data is currently not 

known, however, blockade of IL-17A function is not complete in previous study
14

, 

whereas in our study IL-17A is completely absent due to deletion of IL-17A gene. 

This may be reflected by the unchanged proportion of CD4
+
IFN-

 +
 Th1 cells against 

CD3
+
T cells between anti-IL-17A antibody treated and non-treated groups in previous 

report. In our case, we found the significant increase of CD4
+
IFN-

 +
 Th1 cells and 

IFN- production in ApoE
-/-

IL-17A
-/-

 mice 8 weeks after HFD feeding (Fig. 4B, D, 

and E), consistent with the idea that IFN- is important in atherogenesis 
38

. Thirdly, 

ApoE
-/-

mice fed with HFD for 15 weeks exhibited increased Th17 cells when 

examined at age of 21 weeks
15

. The adenovirus-mediated blocking of IL-17 receptor 
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A (IL-17RA)-signaling reduced atherosclerosis and accumulation of macrophages at 

plaque. Importantly, IFN- levels did not differ between control and IL-17RA treated 

ApoE
-/- 

mice
15

 and it is possible that the adenovirus-mediated blocking of 

IL-17RA-signaling may not be complete and this may explain the discrepancy 

between our and their results. In another report, ApoE
-/-

 mice were fed with HFD for 

10 weeks, starting at age of 8 weeks and these mice were further treated with 

anti-IL-17A antibody for 4 weeks or recombinant IL-17A for 5 weeks, which resulted 

in the attenuation or exacerbation of atherosclerosis, respectively
16

. Exogenous 

IL-17A also promoted atherosclerotic lesions with instability of plaque
16

. Effects of 

IL-17A on atherosclerosis development was entirely opposite to what we found in this 

study. One possible explanation for this discrepancy may be the age of mice used and 

the timing of treatment intervention. It has been known that atherosclerosis process 

starts in childhood
39

. Thus under our experimental model, effect of IL-17A was tested 

during early stage of atherosclerosis development. While they examined the effect of 

IL-17A after atherosclerosis was already established or later phase of atherosclerosis 

development. 

On the other hand, similar to what we found, there are reports that IL-17A is a 

protective against atherosclerosis. Firstly, Taleb et al. demonstrated that when 

SOCS3-deficient T cells with increased IL-17A production and reduced IFN- 
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production were given to HFD-fed LDLR
-/-

 mice, the development of atherosclerotic 

plaque areas was significantly limited
19

. This cytokine profile reminded our finding 

that level of IL-17A and IFN- was inversely related in CD4
+ 

T cells of HFD-fed 

ApoE
-/-

 mice. Importantly, normal mouse aorta, VSMC of LDLR
-/-

 that had received 

SOCS3-deficient T cells and VSMC in human arteriosclerosis expressed IL-17A. 

Along with progression of atherosclerosis, the IL-17A staining seems to be rapidly 

lost in VSMC, suggesting that vascular expression of IL-17A is associated with 

plaque stability. Similarly, HFD-fed ApoE
-/-

IL-17A
-/-

 mice, which completely lacks 

IL-17A in VSMC led to the formation of unstable plaque in our model (Fig.3). 

Therefore, IL-17A produced by not only T cells, but also vascular walls should be 

taken into consideration for the physiological and pathological role of IL-17A during 

development of arteriosclerosis. Secondly, CD20 antibody-mediated B-cell depletion 

in ApoE
-/-

 and LDLR
-/-

 mice led to skewing of T cell differentiation, more specifically 

toward Th17 cell differentiation, thus resulting in higher IL-17A and lesser IFN- 

production, and attenuated atherosclerosis
20

. Atherosclerotic lesions in IFN--or 

IFN-R-deficient mice were reduced, whereas IFN--treated ApoE
-/-

 mice showed 

enhanced atherosclerotic plaque areas
11, 40, 41

, suggesting that IFN- has 

pro-atherogenic functions. In addition, IFN- produced vulnerable atherosclerotic 

plaque by inhibiting VSMC proliferation or collagen production
41, 42

. Therefore, it is 
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reasonable to speculate that IL-17A deficiency led to the increased IFN-production 

in splenic CD4
+
 T cells, thereby facilitating the atherosclerotic plaque formation in 

HFD-fed ApoE
-/-

 mice. In fact, we observed that MOMA-2
+ 

macrophages were 

increased and -SMA
+
VSMC were decreased in ApoE

-/-
IL-17A

-/-
 mice compared to 

ApoE
-/-

 mice, supporting the idea that the increased production of IFN-is 

responsible for exacerbation of atherosclerosis and instability of atherosclerotic 

plaque in ApoE
-/-

IL-17A
-/-

 mice. 

In addition, we also found that IL-5 and anti-MDA-LDL IgG1 production was 

decreased in HFD-fed ApoE
-/-

IL-17A
-/- 

mice. Of note, anti-MDA-LDL antibody was 

reported to be anti-atherogenic in some studies
43

. In another report, IL-33 treatment 

reduced atherosclerotic plaque formation in ApoE
-/-

 mice
44

. In that study, IL-33 

promoted the production of IL-5 and anti-ox-LDL antibody and diminishing IFN- 

production
44

 and played an anti-atherogenic role via production of IL-5. Therefore, it 

is possible that the impaired production of IL-5 led to the decreased anti-MDA-LDL 

IgG1 production, thus accelerating atherosclerosis in HFD-fed ApoE
-/-

IL-17A
-/- 

mice
45, 

46
. However, production of IL-4 by splenic CD4

+
 T cells did not differ significantly 

between ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice after HFD feeding in our model. Thus, our 

data indicate that the presence or absence of IL-17A does not simply favor the 

generation of Th2 cytokines in general. 
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During preparation of this manuscript, an important report using ApoE
-/-

IL-17A
-/-

 

mice, which we also used in our study, was published
47

. They found that IL-17A did 

not influence atherosclerotic plaque development, however did influence some 

aspects of vascular inflammation and thus plaque stability
47

. They found no change in 

the extracellular matrix components in vascular walls by conventional 

Russell-Movat-pentachrome staining between ApoE
-/-

IL-17A
-/-

 and ApoE
-/-

 after HFD 

feeding
47

. However, we found that type I collagen deposition (Supplemental Fig. III) 

and -SMA
+
VSMC (Fig. 3C) were decreased in plaque in the absence of IL-17A by 

using specific antibodies. They also found that ApoE
-/-

IL-17A
-/-

 mice were resistant to 

HFD-induced weight gain
47

. We found that both ApoE
-/-

IL-17A
-/-

 and ApoE
-/-

 mice 

gained weight similarly after HFD feeding. Consistent with our data, Gao et al. 

reported that ApoE
-/-

 mice gained significant weight after HFD feeding regardless of 

neutralization of IL-17A or addition of recombinant IL-17A
16

. The reason for this 

discrepancy between our data and their data
47

 using the same ApoE
-/-

IL-17A
-/-

 mice
 
is 

currently not known, however, we started feeding mice with HFD at earlier time 

compared to their treatment protocol
47

. Our data in which clear up-regulation of IFN-, 

reduction of IL-5, reduction of anti-MDA-LDL IgG1, increased accumulation of 

macrophage and reduced appearance of -SMA
+
VSMC at fibrous cap of plaque are 

evident at HFD feeding for 8 weeks, indicating the possibility that IL-17A and thus 
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IFN- and IL-5 may play a role in early stage of atherosclerosis formation and once 

atherosclerosis was established, its progression or deterioration is not critically 

affected by IFN-. 

In summary, IL-17A deficiency led to the formation of the unstable atherosclerotic 

plaque in HFD-fed ApoE
-/-

 mice. These outcomes might be attributable to increased 

IFN- and decreased IL-5 productions in splenocytes and decreased IgG1 antibody 

against MDA-LDL in sera. Moreover, treatment with IL-17A attenuated 

atherosclerosis progression in HFD-fed ApoE
-/-

 mice. However, it should be reminded 

that the role of IL-17A in the development and nature (instability) of arteriosclerosis 

may be considerably influenced by multiple factors, such as cytokine profile (IFN- 

and IL-5), level of IL-17A (partial inhibition versus complete absence), 

IL-17A-signaling in VSMC and stage of atherosclerosis development. Therefore, the 

role of IL-17A on atherosclerosis development needs further investigation. 
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Figure Legends 

 

Figure 1. IL-17A deficiency accelerates atherosclerotic plaque formation in 

ApoE
-/-

 mice 

Representative macroscopic image of aortae stained with oil red O in ApoE
-/-

 and 

ApoE
-/-

IL-17A
-/-

 mice 8 weeks (A) and 16 weeks (B) after HFD feeding. Scale bars 

indicate 10 mm. C, Quantitative analysis of oil red O-stained aortae. Horizontal bars 

indicate mean values. ApoE
-/-

 : day 0 (n = 5), 8 weeks (8w; n = 23), 16 weeks (16w; n 

= 34), ApoE
-/-

IL-17A
-/-

 : day 0 (n = 5), 8 weeks (n = 22), 16 weeks (n = 24). **p < 

0.005. ***p < 0.0005. N.S., not significantly different. 

 

Figure 2. IL-17A deficiency did not significantly affect lipid metabolism in 

ApoE
-/-

 mice 

To determine the effect of IL-17A deficiency on the level of serum cholesterol, we 

determined the concentrations of total cholesterol (A), triglycerides (B), HDL 

cholesterol (C), and LDL cholesterol in ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice before (day 

0) and after HFD feeding (8 or 16 weeks). Day 0 and 8-week ApoE
-/- 

(n = 13), day 0 

and 8-week ApoE
-/-

IL-17A
-/-

 (n = 16), 16-week ApoE
-/-

 (n = 16-19), 16-week 
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ApoE
-/-

IL-17A
-/-

 (n = 18-22). Open bars indicate ApoE
-/-

 mice. Closed bars indicate 

ApoE
-/-

IL-17A
-/-

 mice. *p < 0.05. ***p < 0.0005. N.S., not significantly different. 

 

Figure 3. Effect of IL-17A deficiency on the nature of atherosclerotic plaque in 

aortic root sections in ApoE
-/-

 mice 

A, Representative microphotographs of aortic root sections stained with oil red O in 

ApoE
-/- 

(n= 11) and ApoE
-/-

IL-17A
-/-

 (n= 16) mice after 8 weeks of HFD feeding. 

Red-stained areas indicate lipid-rich plaque. Scale bars indicate 300 m. Quantitative 

analysis of data was shown in right panel. B, Representative microphotographs of the 

aortic root sections stained with MOMA-2 in ApoE
-/-

 (n= 11) and ApoE
-/-

IL-17A
-/-

 (n= 

15) mice after 8 weeks of HFD feeding. Scale bars in upper panels indicate 300 m 

and in lower panels indicate 50 m. C, Representative microphotographs of aortic 

root sections stained with -SMA in ApoE
-/-

 (n= 11) and ApoE
-/-

IL-17A
-/-

 (n= 16) 

mice after 8 weeks of HFD feeding. Arrows indicate -SMA positive areas. Scale bars 

in upper panels indicate 300 m and in under panels indicate 50 m. A, B and C, 

sections were counterstained with hematoxylin. Statistical evaluation of data shown in 

A, B and C were shown in right panels. *p < 0.05. 
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Figure 4. IFN- production was increased and IL-5 production was decreased in 

ApoE
-/-

IL-17A
-/-

 mice 

Quantitative analysis of IL-17A (A), IFN- (B) and IL-5 (C) production in the 

supernatants of splenic CD4-positive T cells from ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice 

before (n= 4-6 per each group ) and after 8 (n= 17-22 per each group) and 16 (n= 

17-27 per each group) weeks of HFD feeding. Splenic CD4
+
 T cells were cultured in 

vitro with PMA and ionomycin; culture supernatants were examined by ELISA. D, 

Representative examples of intracellular IFN- and IL-17A staining of isolated 

splenocytes from ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice fed the HFD for 8 weeks. Plots 

are gated on CD3
+ 

and CD4
+
 cells. E, Ratio of the number of IFN--positive cells to 

the total number of splenic CD3
+
 and CD4

+
 T cells. Horizontal bars indicate mean 

values. ApoE
-/-

 (n= 14), ApoE
-/-

IL-17A
-/-

 (n= 22). *p < 0.05. **p < 0.005. ***p < 

0.0005. N.S., not significantly different. 

 

Figure 5. Production of MDA-LDL-specific IgG1 antibodies was suppressed in 

the sera of ApoE
-/-

IL-17A
-/-

 mice 

We examined the humoral response to IL-17A deficiency by quantifying 

MDA-LDL-specific antibody titers in sera. Quantitative analysis of the levels of 

MDA-LDL-specific antibodies, IgG1 in ApoE
-/-

 (n= 21) and ApoE
-/-

IL-17A
-/-

 (n= 35) 
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mice before and after 8 or 16 weeks of HFD feeding. *p < 0.05. **p < 0.005. ***p < 

0.0005. 

 

Figure 6. IL-17A treatment attenuated atherosclerosis plaque formation in 

ApoE
-/-

 and ApoE
-/-

IL-17A
-/-

 mice 

A, We determined whether exogenous IL-17A prevents atherosclerotic plaque 

formation. We treated ApoE
-/- 

mice with recombinant mouse IL-17A (2 g/mouse) 

diluted in PBS containing 0.05% mouse albumin or PBS containing 0.05% mouse 

albumin (albumin/PBS) twice a week during 12 weeks of HFD feeding. 

Representative macroscopic images of oil red O-stained aortae in ApoE
-/-

 mice treated 

with (n= 8) or without (n= 10) IL-17A and quantitative analysis of oil red O-stained 

aortae. B, Additionally, we treated ApoE
-/-

IL-17A
-/- 

mice with recombinant mouse 

IL-17A (2 g/mouse) or albumin/PBS twice a week during 10 weeks of HFD feeding. 

Representative macroscopic images of oil red O-stained aortae in ApoE
-/-

 mice treated 

with (n= 9) or without (n= 7) IL-17A and quantitative analysis of oil red O-stained 

aortae. Scale bars indicate 10 mm. Horizontal bars indicate mean values. *p < 0.05. 

 

 

 



 28 

Acknowledgments 

We thank Ms Chiemi Kimura and Orie Yamamori (Hokkaido University) for excellent
 

technical assistance. 

 

Sources of funding
 
 

This study was supported by grant-in-aids from the Ministry of Education, Culture, 

Science, Sports, and Technology of Japan (21390113(B)) and by The Uehara 

Memorial Foundation to Toshimitsu Uede. 

  

Disclosures
 
 

None.
 
 

 

 

 

 

 

 

 

 



 29 

References 

 

1. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating the 

biology of atherosclerosis. Nature. 2011;473:317-325 

2. Zhou X. Cd4+ t cells in atherosclerosis. Biomed Pharmacother. 

2003;57:287-291 

3. Zhu J, Yamane H, Paul WE. Differentiation of effector cd4 t cell populations 

(*). Annu Rev Immunol. 2010;28:445-489 

4. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: An 

effector cd4 t cell lineage with regulatory t cell ties. Immunity. 

2006;24:677-688 

5. Rouvier E, Luciani MF, Mattei MG, Denizot F, Golstein P. Ctla-8, cloned from 

an activated t cell, bearing au-rich messenger rna instability sequences, and 

homologous to a herpesvirus saimiri gene. J Immunol. 1993;150:5445-5456 

6. Iwakura Y, Nakae S, Saijo S, Ishigame H. The roles of il-17a in inflammatory 

immune responses and host defense against pathogens. Immunol Rev. 

2008;226:57-79 

7. Nakae S, Nambu A, Sudo K, Iwakura Y. Suppression of immune induction of 

collagen-induced arthritis in il-17-deficient mice. J Immunol. 



 30 

2003;171:6173-6177 

8. Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, Sudo K, 

Iwakura Y. Il-17 plays an important role in the development of experimental 

autoimmune encephalomyelitis. J Immunol. 2006;177:566-573 

9. Frostegard J, Ulfgren AK, Nyberg P, Hedin U, Swedenborg J, Andersson U, 

Hansson GK. Cytokine expression in advanced human atherosclerotic plaques: 

Dominance of pro-inflammatory (th1) and macrophage-stimulating cytokines. 

Atherosclerosis. 1999;145:33-43 

10. Robertson AK, Hansson GK. T cells in atherogenesis: For better or for worse? 

Arterioscler Thromb Vasc Biol. 2006;26:2421-2432 

11. Whitman SC, Ravisankar P, Elam H, Daugherty A. Exogenous 

interferon-gamma enhances atherosclerosis in apolipoprotein e-/- mice. Am J 

Pathol. 2000;157:1819-1824 

12. Eid RE, Rao DA, Zhou J, Lo SF, Ranjbaran H, Gallo A, Sokol SI, Pfau S, 

Pober JS, Tellides G. Interleukin-17 and interferon-gamma are produced 

concomitantly by human coronary artery-infiltrating t cells and act 

synergistically on vascular smooth muscle cells. Circulation. 

2009;119:1424-1432 

13. van Es T, van Puijvelde GH, Ramos OH, Segers FM, Joosten LA, van den 



 31 

Berg WB, Michon IM, de Vos P, van Berkel TJ, Kuiper J. Attenuated 

atherosclerosis upon il-17r signaling disruption in ldlr deficient mice. Biochem 

Biophys Res Commun. 2009;388:261-265 

14. Erbel C, Chen L, Bea F, Wangler S, Celik S, Lasitschka F, Wang Y, Bockler D, 

Katus HA, Dengler TJ. Inhibition of il-17a attenuates atherosclerotic lesion 

development in apoe-deficient mice. J Immunol. 2009;183:8167-8175 

15. Smith E, Prasad KM, Butcher M, Dobrian A, Kolls JK, Ley K, Galkina E. 

Blockade of interleukin-17a results in reduced atherosclerosis in 

apolipoprotein e-deficient mice. Circulation. 2010;121:1746-1755 

16. Gao Q, Jiang Y, Ma T, Zhu F, Gao F, Zhang P, Guo C, Wang Q, Wang X, Ma C, 

Zhang Y, Chen W, Zhang L. A critical function of th17 proinflammatory cells 

in the development of atherosclerotic plaque in mice. J Immunol. 

2010;185:5820-5827 

17. Chen S, Shimada K, Zhang W, Huang G, Crother TR, Arditi M. Il-17a is 

proatherogenic in high-fat diet-induced and chlamydia pneumoniae 

infection-accelerated atherosclerosis in mice. J Immunol. 2010;185:5619-5627 

18. Cheng X, Taleb S, Wang J, Tang TT, Chen J, Gao XL, Yao R, Xie JJ, Yu X, 

Xia N, Yan XX, Nie SF, Liao MY, Cheng Y, Mallat Z, Liao YH. Inhibition of 

il-17a in atherosclerosis. Atherosclerosis. 2011;215:471-474 



 32 

19. Taleb S, Romain M, Ramkhelawon B, Uyttenhove C, Pasterkamp G, Herbin O, 

Esposito B, Perez N, Yasukawa H, Van Snick J, Yoshimura A, Tedgui A, 

Mallat Z. Loss of socs3 expression in t cells reveals a regulatory role for 

interleukin-17 in atherosclerosis. J Exp Med. 2009;206:2067-2077 

20. Ait-Oufella H, Herbin O, Bouaziz JD, Binder CJ, Uyttenhove C, Laurans L, 

Taleb S, Van Vre E, Esposito B, Vilar J, Sirvent J, Van Snick J, Tedgui A, 

Tedder TF, Mallat Z. B cell depletion reduces the development of 

atherosclerosis in mice. J Exp Med. 2010;207:1579-1587 

21. Breslow JL. Mouse models of atherosclerosis. Science. 1996;272:685-688 

22. Coleman R, Hayek T, Keidar S, Aviram M. A mouse model for human 

atherosclerosis: Long-term histopathological study of lesion development in 

the aortic arch of apolipoprotein e-deficient (e0) mice. Acta Histochem. 

2006;108:415-424 

23. Thomas CM, Smart EJ. Gender as a regulator of atherosclerosis in murine 

models. Curr Drug Targets. 2007;8:1172-1180 

24. Elhage R, Arnal JF, Pieraggi MT, Duverger N, Fievet C, Faye JC, Bayard F. 17 

beta-estradiol prevents fatty streak formation in apolipoprotein e-deficient 

mice. Arterioscler Thromb Vasc Biol. 1997;17:2679-2684 

25. Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I, Sekikawa K, 



 33 

Asano M, Iwakura Y. Antigen-specific t cell sensitization is impaired in 

il-17-deficient mice, causing suppression of allergic cellular and humoral 

responses. Immunity. 2002;17:375-387 

26. Lusis AJ. Atherosclerosis. Nature. 2000;407:233-241 

27. Lusis AJ, Mar R, Pajukanta P. Genetics of atherosclerosis. Annu Rev Genomics 

Hum Genet. 2004;5:189-218 

28. Binder CJ, Hartvigsen K, Chang MK, Miller M, Broide D, Palinski W, Curtiss 

LK, Corr M, Witztum JL. Il-5 links adaptive and natural immunity specific for 

epitopes of oxidized ldl and protects from atherosclerosis. J Clin Invest. 

2004;114:427-437 

29. Daugherty A, Rateri DL, King VL. Il-5 links adaptive and natural immunity in 

reducing atherosclerotic disease. J Clin Invest. 2004;114:317-319 

30. DeKruyff RH, Rizzo LV, Umetsu DT. Induction of immunoglobulin synthesis 

by cd4+ t cell clones. Semin Immunol. 1993;5:421-430 

31. Binder CJ, Chang MK, Shaw PX, Miller YI, Hartvigsen K, Dewan A, Witztum 

JL. Innate and acquired immunity in atherogenesis. Nat Med. 

2002;8:1218-1226 

32. Roselaar SE, Kakkanathu PX, Daugherty A. Lymphocyte populations in 

atherosclerotic lesions of apoe -/- and ldl receptor -/- mice. Decreasing density 



 34 

with disease progression. Arterioscler Thromb Vasc Biol. 1996;16:1013-1018 

33. Huber SA, Sakkinen P, David C, Newell MK, Tracy RP. T helper-cell 

phenotype regulates atherosclerosis in mice under conditions of mild 

hypercholesterolemia. Circulation. 2001;103:2610-2616 

34. Lee TS, Yen HC, Pan CC, Chau LY. The role of interleukin 12 in the 

development of atherosclerosis in apoe-deficient mice. Arterioscler Thromb 

Vasc Biol. 1999;19:734-742 

35. Cheng X, Yu X, Ding YJ, Fu QQ, Xie JJ, Tang TT, Yao R, Chen Y, Liao YH. 

The th17/treg imbalance in patients with acute coronary syndrome. Clin 

Immunol. 2008;127:89-97 

36. Jovanovic DV, Martel-Pelletier J, Di Battista JA, Mineau F, Jolicoeur FC, 

Benderdour M, Pelletier JP. Stimulation of 92-kd gelatinase (matrix 

metalloproteinase 9) production by interleukin-17 in human 

monocyte/macrophages: A possible role in rheumatoid arthritis. Arthritis 

Rheum. 2000;43:1134-1144 

37. Ram M, Sherer Y, Shoenfeld Y. Matrix metalloproteinase-9 and autoimmune 

diseases. J Clin Immunol. 2006;26:299-307 

38. McLaren JE, Ramji DP. Interferon gamma: A master regulator of 

atherosclerosis. Cytokine Growth Factor Rev. 2009;20:125-135 



 35 

39. Oliveira FL, Patin RV, Escrivao MA. Atherosclerosis prevention and treatment 

in children and adolescents. Expert Rev Cardiovasc Ther. 2010;8:513-528 

40. Buono C, Come CE, Stavrakis G, Maguire GF, Connelly PW, Lichtman AH. 

Influence of interferon-gamma on the extent and phenotype of diet-induced 

atherosclerosis in the ldlr-deficient mouse. Arterioscler Thromb Vasc Biol. 

2003;23:454-460 

41. Gupta S, Pablo AM, Jiang X, Wang N, Tall AR, Schindler C. Ifn-gamma 

potentiates atherosclerosis in apoe knock-out mice. J Clin Invest. 

1997;99:2752-2761 

42. Hansson GK, Libby P. The immune response in atherosclerosis: A 

double-edged sword. Nat Rev Immunol. 2006;6:508-519 

43. George J, Afek A, Gilburd B, Levkovitz H, Shaish A, Goldberg I, Kopolovic Y, 

Wick G, Shoenfeld Y, Harats D. Hyperimmunization of apo-e-deficient mice 

with homologous malondialdehyde low-density lipoprotein suppresses early 

atherogenesis. Atherosclerosis. 1998;138:147-152 

44. Miller AM, Xu D, Asquith DL, Denby L, Li Y, Sattar N, Baker AH, McInnes 

IB, Liew FY. Il-33 reduces the development of atherosclerosis. J Exp Med. 

2008;205:339-346 

45. Zhou X, Caligiuri G, Hamsten A, Lefvert AK, Hansson GK. Ldl immunization 



 36 

induces t-cell-dependent antibody formation and protection against 

atherosclerosis. Arterioscler Thromb Vasc Biol. 2001;21:108-114 

46. Schiopu A, Bengtsson J, Soderberg I, Janciauskiene S, Lindgren S, Ares MP, 

Shah PK, Carlsson R, Nilsson J, Fredrikson GN. Recombinant human 

antibodies against aldehyde-modified apolipoprotein b-100 peptide sequences 

inhibit atherosclerosis. Circulation. 2004;110:2047-2052 

47. Madhur MS, Funt SA, Li L, Vinh A, Chen W, Lob HE, Iwakura Y, Blinder Y, 

Rahman A, Quyyumi AA, Harrison DG. Role of interleukin 17 in 

inflammation, atherosclerosis, and vascular function in apolipoprotein 

e-deficient mice. Arterioscler Thromb Vasc Biol. 2011;31:1565-1572 

 

 
 



B A 

C 

Figure 1 

ApoE-/- ApoE-/-IL-17A-/- ApoE-/- ApoE-/-IL-17A-/- 

0 

10 

20 

30 

40 

50 

60 

70 

80 

p
la

q
u

e
 a

re
a

 (
%

) 

HFD 16w HFD 8w day 0 

N.S. 
*** ** 

*** *** 



Figure 2 

day 0 HFD 8w HFD 16w 

0 

500 

1000 

1500 

2000 *** N.S. 

N.S. 

*** N.S. 

to
ta

l 
c
h

o
le

s
te

ro
l 

(m
g

/d
l)

 

tr
ig

ly
c
e

ri
d
e

 

(m
g

/d
l)

 

day 0 HFD 8w HFD 16w 

*** N.S. 

N.S. 

* N.S. 

0 

50 

100 

150 

200 

H
D

L
 c

h
o

le
s
te

ro
l 

(m
g

/d
l)

 

day 0 HFD 8w HFD 16w 

*** N.S. 

N.S. 

*** N.S. 

0 

100 

200 

300 

400 

500 

L
D

L
 c

h
o

le
s
te

ro
l 

(m
g

/d
l)

 

day 0 HFD 8w HFD 16w 

*** N.S. 

N.S. 

*** N.S. 

0 

200 

400 

600 

800 

1000 

1200 

A B 

C D 

ApoE-/- 

ApoE-/-IL-17A-/- 

ApoE-/- 

ApoE-/-IL-17A-/- 

ApoE-/- 

ApoE-/-IL-17A-/- 

ApoE-/- 

ApoE-/-IL-17A-/- 



Figure 3 

  0 

20000 

* 

40000 

60000 

100000 

120000 

80000 

o
il
 r

e
d

 O
-p

o
s
it
iv

e
 a

re
a

 

  
(m

m
2
) 

10 

  0 

20 

30 

40 

M
O

M
A

-2
-p

o
s
it
iv

e
 a

re
a

 

(%
) 

* 

2.0 

1.0 

3.0 

  0 

4.0 

5.0 * 

a
-S

M
A

-p
o

s
it
iv

e
 a

re
a

 

(%
) 

o
il
 r

e
d

 O
 

ApoE-/- ApoE-/-IL-17A-/- 
a

-S
M

A
 

M
O

M
A

-2
 

A 

B 

C 

ApoE-/- ApoE-/-IL-17A-/- 

ApoE-/- ApoE-/-IL-17A-/- 



Figure 4 

A B 

C 

E 

day 0 HFD 16w HFD 8w 

* 
N.S. 

0 

1000 

2000 

3000 

4000 

5000 

6000 
IL

-1
7

A
 (

p
g

/m
l)

 

0 

20 

40 

60 

80 

100 

120 

140 

IF
N

-g
 (

n
g

/m
l)

 

day 0 HFD 16w HFD 8w 

* 
N.S. 

* 

0 

500 

1000 

1500 

2000 

2500 

IL
-5

 (
p

g
/m

l)
 

day 0 HFD 16w HFD 8w 

* *** 
* 

** 

N.S. D 

*** 
IF

N
-g

 p
o

s
it
iv

e
 C

D
4

+
 T

 c
e

ll
 

/C
D

4
+
 T

 c
e

ll
 (

%
) 

0 
2 
4 
6 
8 

10 
12 

14 
16 

18 
20 

* 



Figure 5 

*** * 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

a
n

ti
-M

D
A

-L
D

L
 I
g

G
1
 

p=0.306 
** 

day 0 HFD 8w HFD 16w 



A 

B 

Figure 6 

control IL-17A i.p. 

ApoE-/- 

control IL-17A i.p. 

ApoE-/-IL-17A-/- 

0 

5 

10 

15 

20 

25 

p
la

q
u

e
 a

re
a

 (
%

) 

ApoE-/- 

* 

0 

5 

10 

15 

20 

25 

p
la

q
u

e
 a

re
a

 (
%

) 

ApoE-/-IL-17A-/- 

* 


