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Abstract: Interleukin (IL)-17A plays a role in the develop-
ment of atherosclerotic plaques; however, the mechanism
remains unclear. In this study, apolipoprotein E-deficient
(ApoE–/–) mice were fed a high-fat diet to induce athero-
sclerosis, followed by the treatment with exogenous
recombinant IL-17A or the neutralizing antibody to con-
firm the impact of IL-17A on the established atherosclerotic
plaques. We found that both the stimulation of IL-17A
and blockage of endogenous IL-17 via antibody did not
affect the size of the established plaques. However, IL-17A
significantly increased the vulnerability of plaques charac-
terized by the accumulation of lipids and T cells with a
concurrent decrease in the number of smooth muscle cells.
In addition, the blockage by IL-17 neutralizing antibody
attenuated plaque vulnerability. Furthermore, we found
that although IL-17A did not affect the efferocytosis of
macrophages to apoptotic cells, it promoted the apoptosis
of macrophages in the presence of oxidized low-density
lipoprotein in vitro. Also, IL-17A upregulated chemokines
MCP-1 and CXCL-10 expression in the plaques. Our data
indicated that IL-17A controlled both SMC and macrophage
accumulation and the apoptosis within the plaque, which
may further weaken the aorta wall. This study suggests that
IL-17A may be a potential therapeutic target for cardiovas-
cular diseases.
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1 Introduction

Atherosclerosis is the main underlying cause of various
cardiovascular and cerebrovascular diseases, typically
starting with an inflammatory process. Even though inflam-
mation is a direct result of the human body’s natural
healingmechanisms, chronic inflammation has been linked
to certain diseases such as heart disease or stroke and may
also lead to autoimmune disorders, such as rheumatoid
arthritis and lupus. Atherosclerosis is a disease of chronic
inflammation characterized by a dysfunctional interplay
between the immune apparatus and lipids in blood vessels.
Immune cells and nonimmune cells drive plaque inflamma-
tion through the complex crosstalk of a large number of
inflammatory mediators. The vulnerability of the plaque
very much depends on the size and leukocytes as well
as multiple cytokine-triggering environments. However,
compared to the size, the vulnerability of atherosclerotic
plaques ismore important in pathogenicity [1]. The vulner-
ability of the plaques may go deeper on the increased ratio
of large lipid necrotic core and inflammatory factors, fewer
smooth muscle cells (SMCs), and thinner fibrous caps
[2,3]. These vulnerable plaques are more likely to rupture,
causing sudden atherothrombosis and vessel occlusion.
Numerous cytokines play a vital role in the development
of atherosclerosis, increasing plaque vulnerability [4,5].

Interleukin (IL)-17 is a well-studied pro-inflammatory
cytokine in various chronic inflammatory diseases [6].
The IL-17 family has six members, labeled IL-17A-F, of
which IL-17A is the most studied isoform and is involved
in atherosclerosis [7]. However, the precise role of IL-17 in
atherogenesis and plaque stability remains unknown
[8–11]. The use of various inhibition techniques, such
as neutralization of IL-17 with antibody, creating a genetic
deficiency of IL-17, or blocking of IL-17R, has shown vari-
able results [12,13]. Thus, further studies are needed to
explore the role of IL-17A in atherosclerosis to evaluate a
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potential therapeutic strategy targeting IL-17, even though
IL-17A is involved in host defense against bacterial infections
at themucosa and involved in autoimmunity diseases.Matrix
metalloproteinases (MMPs) from macrophages frequently
trigger IL-17A and subsequently upregulate a number of
inflammatory factors, some of the adhesion molecules, and
increase tendency of apoptosis [11].

Here, we investigated the role of IL-17A in athero-
sclerotic plaques. With IL-17 and its anti-IL-17 antibody,
the possible therapeutic effects are explored to see if IL-17
reduces plaque vulnerability or affects the plaque size.
We also detect if IL-17A increases macrophage apoptosis
in the presence of oxidized low-density lipoprotein (LDL)
or recruits more macrophages into plaques and observe
the efferocytosis in plaque sites.

2 Materials and methods

2.1 Animals

Male ApoE–/– and C57BL/6 mice were procured from the
Beijing University and maintained within the animal care
facility of Jining Medical University. Next, 8-week-old
mice were fed a high-fat diet (HFD, 0.25% cholesterol
and 15% cocoa butter) for 12 weeks to induce athero-
sclerotic plaques. During the last 4 weeks, the mice were
administered recombinant IL-17A (IL-17A, 2 μg/mouse,
PHC9171; Gibco, NY, USA) or rat anti-mouse IL-17/IL-17A
monoclonal neutralizing antibody (IL-17mAb, 50 μg/mouse,
MAB421; R&D Systems, Inc., MN, USA) once a week intra-
peritoneally. Phosphate-buffered saline (PBS) or rat IgG2A
(50 μg/mouse; R&D Systems Inc., MN, USA)was used as the
control or isotype control, respectively (n = 6/group). The
mice were humanely sacrificed for the analysis 1 week after
the last treatment.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.
The ethics and review board of Jining Medical University,
China approved all animal studies (approval number:
2019-FJ-002).

2.2 Measurement of metabolic parameters

Total plasma cholesterol (TCH), triglycerides (TG), and
high-density lipoprotein (HDL) were determined using
an automated enzymatic technique (7080; Hitachi, Ltd.,
Japan). LDL was detected with an automated chemically

modified technique (Roche Modular DPP System, Roche,
Switzerland).

2.3 Tissue preparation and staining

The mice were humanely sacrificed and perfused with
PBS through the left ventricle. For RNA isolation, the
thoracic and abdominal aorta were dissected and treated
with the TRIZOL reagent (Invitrogen, Carlsbad, CA, USA).
The heart tissues were embedded in the optimal cutting
temperature (OCT; Sakura Finetek, Torrance, CA, USA)
medium or fixed in a 4% paraformaldehyde solution
overnight and then embedded with paraffin. The aortic
root, a predilection site for the lesion development in
ApoE–/– mice, was serially sectioned from the embedded
hearts beginning with the first slide containing all three
valves. Serial cryosections of 6–10 µm or paraffin sections
of 2–6 µm were dissected longitudinally, and five sections
spaced 80 µm apart from each aorta root were stained
from each mouse. The cryosections from the aortic root
were stained with hematoxylin and eosin (H&E) to detect
the size of plaques or with Oil Red O (ORO) stain to detect
lipids in the lesions. The frozen sections or paraffin sections
were subjected to immunohistochemical staining using rat
antimouse macrophage Moma-2 (monocyte/macrophage
marker-2) (MCA519G, Bio-Rad Laboratories (Shanghai) Co.,
Ltd), rabbit antimouse alpha-smooth muscle actin (α-SMA)
(ab7817; Abcam Trading (Shanghai) Company Ltd.), and rat
antimouse CD (cluster of differentiation) 3 (MCA500GT; Bio-
Rad Laboratories (Shanghai) Co., Ltd) antibodies. The TUNEL
assay detected apoptosis using the in situ cell death detection
kit Fluorescein (Roche Diagnostics, Basel, Switzerland). Sirius
red staining was performed to detect the collagen levels, and
elastic fiber staining (Maxia-bio, Fuzhou, China) was used to
detect elastic fibers on paraffin sections. Images were captured
by Olympus microscope (IX71; Olympus Corporation, Tokyo,
Japan), and computer-assisted histomorphometry was used to
quantify the positive staining in the lesions (Image-Pro Plus;
Media Cybernetics, Bethesda, MD, USA). Finally, the percen-
tage of the stained area to the total lesion area (%) was calcu-
lated. The mean value was calculated from the corresponding
three to five consecutive sections from each mouse.

2.4 Flow cytometry

The primary macrophage was obtained by injecting sterile
6% soluble starch (1mL) into the mouse peritoneal cavities.
Three days after the injection, cells were isolated from the
peritoneal cavity by lavage with cold PBS, and 1 × 106 cells
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were resuspended in DMEM supplemented with 10% FBS
(PBS) and cultured in six-well cell culture plates for 12 h at
37°C in a 5% CO2 humidified incubator. Different concentra-
tions of rIL-17A and/or oxidized (ox)-LDL (YB-002; Yiyuan
Biotechnologies, Guangzhou, China) were added to the
DMEM based on different experimental conditions. Flow
cytometry was performed to detect the apoptosis of cells
stained with Annexin V-PI kit (Annexin V-FITC [fluores-
cein isothiocyanate] Apoptosis Detection KIT, Biouniquer,
China).

2.5 RNA isolation and quantitative real-
time PCR

Total RNA was isolated from the thoracic and abdominal
aorta using TRIzol reagent (15596-026; Invitrogen, Carlsbad,
CA, USA). DNase I was used to remove possible contami-
nated genomic DNA by 15min incubation at room tem-
perature, and DNase I was inactivated by adding 1 µL of
25mM EDTA and heat for 10min at 65°C. Reverse tran-
scription was performed with RT-PCR quick master mix
(PCR-311; TOYOBO, Japan) to obtain cDNA, and quantita-
tive real-time PCR was performed with Ultra SYBR master
mixture (CW0956; CW Bio, China) using CFX 96 Real-Time
Detection System (Bio-RAD, USA). The threshold cycle (Ct)
values, which represent the PCR cycle when a fluorescent
signal reaches the threshold, were measured according to
the setting of an autocalculated baseline threshold in Bio-
Rad CFX Manager software (Bio-Rad, USA). Relative gene
expression was calculated by normalizing to the amount of
mouse actin gene. The primer sequences and related para-
meters are presented in Table 1.

2.6 In vitro efferocytosis assays

Next, dexamethasone (25 mg/kg) was intraperitoneally
injected into 4-week-old C57BL/6 mice to induce the

apoptosis of mouse thymocytes. The mice were humanely
sacrificed 10 h later, and apoptotic thymocytes were isolated
and labeled using carboxyfluorescein succinimidyl ester
(CFSE; 21888; Sigma-Aldrich, MO, USA). Next, 5× apoptotic
thymocytes were added to macrophages obtained from C57
or ApoE–/– mice and stimulated in the absence or presence
of rIL-17A (25 ng/mL). After incubation at 37°C for 60min,
the noningested apoptotic cells were removed by washing
with ice-cold PBS. The macrophages were collected and
stained with FITC-conjugated F4/80 antibody (ab60343,
Abcam Trading (Shanghai) Company Ltd.). A flow cyto-
metry or fluorescent microscopy was used to detect effero-
cytosis. The index of efferocytosis was calculated as the
ratio of FITC+ CFSE+ cells to all gated cells.

2.7 Statistics

Statistical analysis was performed using GraphPad Prism
5.0 software (GraphPad Software, Inc.). Data were expressed
as mean ± standard deviation (SD). The unpaired t-tests
were performed to compare data from different groups. A
P-value of <0.05 was considered statistically significant.

3 Results

3.1 IL-17A does not influence the plasma
lipid profiles of ApoE–/– mice

Atherosclerosis-prone apolipoprotein E-deficient (Apoe−/−)
mice display poor lipoprotein clearance with subsequent
accumulation of cholesterol ester-enriched particles in the
blood, which promote the development of atherosclerotic
plaques. There was no significant difference in the body
weight and plasma lipid profile, including total cholesterol
(TCH), total triglycerides (TG), low-density lipoprotein choles-
terol (LDL), and high-density lipoprotein cholesterol (HDL)

Table 1: Details and sequences of primers used for RT-qPCR assays

Gene name Description Primer sequence (5′–3′) Amplicon
length (bp)

Tm RT-qPCR
efficiency (%)

CXCL-10 C-X-C motif ligand-10 F: CTTAACCACCATCTTCCCAA 152 82.1 98
R: GATGACACAAGTTCTTCCA

MCP-1 Monocyte chemoattractant
protein-1

F: CCTGCTGTTCACAGTTGCC 229 86.3 95
R: TGTCTGGACCCATTCCTTCT

CX3CL1 C-X3-C Motif chemokine ligand 1 F: ACAGACGCTTCTGTGCTGA 211 84.2 93
R: TCCAAAGCAAGGTCTTCCA

Beta-actin Reference gene F: GGGAAATCGTGCGTGACA 185 86.9 98
R: CAAGAAGGAAGGCTGGAAAA
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between the IL-17A group and the control group (Table 2).
This observation indicated that the exogenous IL-17A did
not influence lipid metabolism in ApoE–/– mice. Table 3
presents that the IL-17 monoclonal neutralizing antibody
(IL-17mAb) did not change the weight and lipid profile
compared with the isotype group, implying that the effect
of IL-17A or IL-17mAb on atherosclerotic plaques was not
attributed to the lipid metabolism.

3.2 IL-17A or IL-17mAb did not affect the size
of established atherosclerotic plaques
in ApoE–/– mice.

The ApoE–/– mice were fed with a HFD for 8 weeks to
induce atherosclerotic plaques, followed by the treatment
with recombinant IL-17A (2 μg/mouse) once a week for 4
weeks (IL-17A group). The control group received the
same volume of PBS following the same pattern. The
H&E staining showed that IL-17A did not affect the size
of the established plaques. Next, wemeasured the ratio of
total plaque area to aortic root cross-sectional area to
assess the fractional stenosis of vascular lumen and
found that IL-17A treatment did not change this para-
meter (Figure 1a). The same models were treated with
an anti-IL-17A monoclonal neutralizing antibody (IL-
17mAb group) to confirm the role of IL-17A in athero-
sclerosis. We found that IL-17mAb also did not change
the size and the fractional stenosis of established plaques
compared with the isotype control (Figure 1b).

3.3 IL-17A increased the vulnerability of the
established plaques

The vulnerability of plaques is more critical than the size
in the development of atherosclerosis-related diseases.
We tested the histomorphometry indexes related to the
vulnerability and found that IL-17A changed the compo-
sition of established plaques, characterized by the signif-
icant accumulation of lipids (Figure 2a) and the decrease
in SMC in the local lesions (Figure 2b). In addition, there
was a significant increase in the infiltration of CD3+ T
cells (Figure 2c) and the TUNEL+ apoptotic cells in
lesions of the IL-17A group compared with the control
group (Figure 2e). Although there was no difference in
the MOMA-2+ macrophage content (Figure 2d), collagen,
and elastic fibers (data not shown) between the IL-17A and
control group, it suggested that IL-17A treatment promoted
the vulnerability of the established plaques based on var-
ious indicators.

3.4 IL-17mAb attenuated the vulnerability of
atherosclerotic plaques in ApoE–/– mice

Next, the mouse models were treated with anti-IL-17A
monoclonal neutralizing antibody (IL-17mAb) to further
confirm the impact of IL-17A on atherosclerotic plaques
and evaluate for possible therapeutic approaches. We
found that IL-17mAb significantly decreased the content
of CD3+ T cells (Figure 3c) and TUNEL+ apoptotic cells

Table 2: Exogenous IL-17 treatment did not affect body weight and lipid profile

Weight (g) TG (mmol/L) TCH (mmol/L) LDL (mmol/L) HDL (mmol/L)

Control 30.62 ± 0.85 2.40 ± 0.36 25.34 ± 4.2 8.08 ± 1.12 6.61 ± 2.34
IL-17A 30.26 ± 0.78 1.97 ± 0.32 21.66 ± 4.8 10.88 ± 1.02 5.04 ± 0.89
P-value 0.76 0.40 0.60 0.11 0.55

The data are represented as mean ± SD. TG – total triglycerides; TCH – total cholesterol; LDL – low-density lipoprotein cholesterol;
HDL – high-density lipoprotein cholesterol.

Table 3: IL-17 mAb treatment did not affect body weight and lipid profile

Weight (g) TG (mmol/L) TCH (mmol/L) LDL (mmol/L) HDL (mmol/L)

Isotype 31.45 ± 0.63 2.46 ± 0.34 27.95 ± 1.29 9.69 ± 0.84 5.42 ± 0.60
IL-17mAb 31.45 ± 0.63 2.20 ± 0.42 24.35 ± 3.35 10.70 ± 0.91 5.39 ± 0.80
P-value 0.86 0.66 0.34 0.44 0.98

The data are given as mean ± SD. TG – total triglycerides; TCH – total cholesterol; LDL – low-density lipoprotein cholesterol; HDL – high-
density lipoprotein cholesterol.
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(Figure 3d) compared with the isotype control. IL-17mAb
also decreased the lipid levels (Figure 3a) and increased
the content of SMC (Figure 3b) although the difference
was not statistically significant. There was no change in

the collagen and elastic fiber content in the IL-17mAb
group compared with the isotype control group (data
not shown). Interestingly, we observed that IL-17mAb
markedly elevated the macrophage content in the local

Figure 1: IL-17A or IL-17mAb did not affect the size of atherosclerotic plaques in ApoE–/–mice. (a) H&E stain of aortic root sections shows the
atherosclerotic plaques from the control and IL-17A groups (20× magnification). The plaque area (µm2) represents the sum of all areas
occupied by plaques in every pathological section. Fractional stenosis (%) represents the ratio of total plaque area to the cross-sectional
area of the aortic root. (b) H&E stain of aortic root sections shows the size of atherosclerotic plaques from isotype control and IL-17mAb
groups (20× magnification). The plaque area (µm2) represents the sum of all areas occupied by plaques in every pathological section.
Fractional stenosis (%) represents the ratio of total plaque area to the cross-sectional area of the aortic root. Data are shown as mean ± SD,
scale bar = 100 µm, n = 6.
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Figure 2: IL-17A increased the vulnerability of the aortic wall in the established plaques in ApoE–/– mice by immunohistochemistry and
TUNEL analysis: microscopic image and histomorphometry value. (a) Lipids in the aortic wall via ORO stain; (b) SMCs of immunohistochem-
istry stain by α-SMA; (c) CD3+ T cells of immunohistochemistry stain; (d) macrophages of MOMA immunohistochemistry stain; and (e)
apoptosis of TUNEL stain from the control and IL-17A groups (40× magnification). The proportion of positive staining area to the total plaque
area (%) was calculated and plotted by comparison between groups. Data are shown as mean ± SD. Scale bar = 100 µm, n = 6, *P < 0.05.
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Figure 3: IL-17mAb attenuated the vulnerability of plaques in ApoE–/– mice by immunohistochemistry and TUNEL analysis: Microscopic
image and histomorphometry value. (a) Lipid via ORO stain; (b) SMCs of immunohistochemistry stain; (c) CD3+ T cells of immunohis-
tochemistry stain; (d) macrophages of MOMA immunohistochemistry stain from the isotype and IL-17mAb groups (40× magnification);
(e) apoptosis of TUNEL stain. The proportion of positive staining area to the total plaque area (%) was calculated and plotted by
comparison between groups. Data are shown as mean ± SD. Scale bar = 100 µm, n = 6, *P < 0.05; **P < 0.01.
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lesions (Figure 3e). In summary, we believe that the blockade
of IL-17A using neutralizing antibody can attenuate the vul-
nerability of atherosclerotic plaques.

3.5 IL-17A promoted both macrophage
apoptosis and macrophage chemokines

To explore the mechanism of IL-17A on atherosclerotic
plaques, we tested the effect of IL-17A on macrophages
in vitro and found that IL-17A increased the apoptosis of
macrophages in the presence of oxidized LDL (ox-LDL;
Figure 4a). In addition, we found that IL-17A increased

themRNA expression of macrophage chemokines, including
CXCL-10 and MCP-1, in the arterial wall (Figure 4b), which
implied that more macrophages were recruited into the pla-
ques. It suggested that more macrophages migrated to the
local lesions and died under the action of IL-17A, resulting
in the constant levels of macrophages in the IL-17A group
compared with the control group. This study further
showed that IL-17mAb treatment did not change the level
of chemokines compared with the isotype control group
(Figure 4b). It suggested that the increase in macrophages
in the IL-17mAb group (Figure 3e) can be attributed to a
probable protective effect of IL-17mAb on the death of
macrophages.

Figure 4: IL-17A promoted both macrophage apoptosis and macrophage chemokines. (a) IL-17A promoted the apoptosis of macrophages in
the presence of ox-LDL. Flow cytometry was used to detect the apoptosis of cells, which were stained using Annexin V-PI kit. Three
independent experiments were performed. *P < 0.05. (b) The expression of chemokine mRNAs in the thoracic and abdominal aorta between
different groups was quantified by RT-PCR analysis. *P < 0.05 and **P < 0.01.
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3.6 IL-17A did not affect the efferocytosis of
macrophages.

Efferocytosis is one fundamental function of macrophages
that is for the clearance of dying cells or debris; here, the
efferocytosis is mainly on apoptotic cells. It has been
reported that IL-17A affects the efferocytosis by macro-
phage phagocytosis of apoptotic cells [14]. Thus, we tested
the effect of IL-17A on the macrophage phagocytosis of
apoptotic cells by labeling C57. However, the flow cyto-
metry and fluorescence microscopy results showed that

IL-17A had no influence on the index of efferocytosis of
macrophages from either C57 or ApoE–/– mice (Figure 5).

4 Discussion

It is widely demonstrated that IL-17A induces macro-
phages in inflammatory sites, which play a scavenger
role, but more notably trigger the plaque and plaque
ruptures, clinic atherosclerotic lesions, or thrombosis.

Figure 5: IL-17A did not affect the efferocytosis of macrophages. (a) Flow cytometry was used to analyze the efferocytosis of macrophages
isolated from C57BL/6 J or ApoE–/– mice. (b) Fluorescent staining of the efferocytosis of macrophage isolated from C57BL/6 J mice. The
mouse apoptotic thymocytes were stained with CFSE, and the macrophage was stained with FITC-F4/80 antibodies. The index of effer-
ocytosis was calculated by comparing double-positive cells with total cells. The experiments were repeated six times. Scale of bar = 100 µm.
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This is probably one of the double effective mechanisms
in inflammation. At the site of plaque, one of the processes
is involved with lipoprotein ingestion and accumulation
giving rise to foam cells filled with different leukocytes, but
particularly macrophages. Accumulation of foam cells par-
ticularly contributes to plaque formation and rupture as
lipid storage increases. Clinical trials have demonstrated
that IL-17A has a stronger association with plaque vulner-
ability and cardiovascular diseases compared with other
cytokines [15–17]. This is particularly suggested by a recent
study that IL-17 did not contribute to the development of
early atherosclerosis [18]. Hereby, we investigated the
impact of IL-17A on the established plaques and found
that IL-17A did not affect the size but increased the vulner-
ability of plaques by decreasing the number of SMC and
increasing lipids, TUNEL+ apoptosis, and CD3+ T cells
through the analysis of histology, immunohistochemistry,
flow cytometry, and efferocytosis. These data confirmed
the impact of IL-17 on the vulnerability of plaques. How-
ever, IL-17A did not affect all parameters of atherosclerotic
plaques. We did not observe any changes in macrophages,
collagen, or elastic fibers in the IL-17A group compared
with the control group. Even though the differential ana-
lysis of the impact of IL-17 on atherosclerotic plaques
could be drawn by adopting different indexes, which could
partially explain the varying results from different studies.

In the present research, we found that IL-17A reduced
the plaque stability instead of changing the size of the
established plaques. This is because anti-IL-17A antibody
significantly reduced the content of CD3+ T cells and
apoptotic cells compared with the isotype control, which
suggested that the blockage of IL-17A could partially
attenuate the vulnerability of the established plaques.
This result was similar to some studies [19,20] and also
different from others [21]. Nonetheless, the application of
the IL-17A antibody did not significantly affect the size of
the plaques, implying that the interruption of IL-17A
might have a stronger impact on the vulnerability than
the size of the established plaques.

We investigated the effect of IL-17A on macrophages
to explore the mechanism of IL-17A on atherosclerotic
plaques. We found that IL-17A upregulated the apoptosis
of macrophages in the presence of ox-LDL. Meanwhile,
we found that IL-17A increased the mRNA levels of
macrophage chemokines, including CXCL-10 and MCP-1,
in the arterial wall, indicating that IL-17A recruited more
macrophages to the lesions, thus inducing their apop-
tosis. We tested the effect of IL-17A on the ability of
macrophages to clean up the apoptotic cells, namely,
efferocytosis, and found that IL-17A did not influence
the scavenging. The results of efferocytosis were dif-
ferent from the other studies [14], which were probably

Figure 6: A hypothetic signaling that IL-17A is associated with CXCL-10/MCP-1 in the participation for recruiting and activating macro-
phages, and triggers the growth and migration of SMCs, which gradually take on necrotic core and extracellular lipid gruels to form the
foam cell, a precursor of plaques. IL-17A signaling may increase the vulnerability of atherosclerotic plaques.
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due to the presence of different target cells selected for
phagocytosis analysis. Here, we applied apoptotic thymo-
cytes as target cells instead of aged neutrophils or latex
beads that were used in the study by Silverpil et al. [14].
It is reported that IL-17 also increased the apoptosis of
SMC [22], which may partly indicate the decrease in SMC
in the IL-17A group in this study. The increase in apoptotic
macrophages and SMC could induce secondary inflamma-
tion presented as increased CD3+ T cells. In addition,
the effect of increased chemokines, such as CXCL-10 and
MCP-1, recruited more T cells into local lesions [23–25]. In
the IL-17mAb group, we observed a marked elevation in
the number of macrophages, possibly resulting from the
protective role of IL-17mAb in macrophage deaths in the
presence of ox-LDL. The increased macrophages might
clean up more apoptosis cells in the IL-17mAb group,
which induced less secondary inflammation characterized
by decreased CD3+ T cells.

There are reports that IL-17A antibody has been suc-
cessfully used for psoriasis, an autoimmunity disease, but
related to CVD as well. Ixekizumab is a humanized IgG4 IL-
17A monoclonal antibody, and secukinumab is a fully
human IgG1 IL-17Amonoclonal antibody, both highly effec-
tive in treating patients with moderate-to-severe plaque
psoriasis in three phases of clinical trials [26]. IL-17A anti-
body also improved cardiovascular state for these patients;
however, not much data are available about the risk redu-
cing of atherosclerotic plaques yet. Interestingly, the IL-17A
inhibition of secukinumab and ixekizumab was recently
tentatively used in Covid-19 patients in China even though
the effectivity has not been fully evaluated [27].

In summary, despite the intrigue of the association of
chemokines with macrophages, we demonstrated that IL-
17A influenced the vulnerability instead of the size of the
established plaques of ApoE–/– mice. IL-17A increased
the apoptosis of macrophages instead of impacting the
efferocytosis of macrophages, which is a common cause
of plaques vulnerability. We proved that IL-17mAb partly
alleviated plaque vulnerability, mainly manifested in
reducing inflammation and apoptosis, providing a new
strategy for studying atherosclerosis (Figure 6).

Funding information: This research was funded by the
Doctoral Fund of Jining Medical University (grant no.
600353002), the Grants of Research Support Fund for Young
Teachers of Jining Medical University (JYFC2018KJ058), and
the Student’s Platform for Innovation and Entrepreneurship
Training Program (CX2020022).

Author contributions: L.S.: conceptualization, investigation,
methodology, writing themanuscript, project administration,

and supervision; B.W.: investigation, visualization, valida-
tion, data curation, review and editing the manuscript, and
finding acquisition; Y.Z.: data validation, data curation, and
resources; X.H.: resources and visualization investigation;
Y.S.: investigation, formal analysis, and funding; C.L.:
investigation; Y.J. and S.Y.: investigation and drafting
the manuscript. All authors have read and agreed on the
final manuscript.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: The datasets generated during
and/or analyzed during the current study are available
from the corresponding author on reasonable request.

References

[1] Bentzon JF, Otsuka F, Virmani R, Falk E. Mechanisms of plaque
formation and rupture. Circ Res. 2014;114:1852–66.

[2] Hafiane A. Vulnerable plaque, characteristics, detection, and
potential therapies. J Cardiovasc Dev Dis. 2019;6(3):26.

[3] Finn AV, Nakano M, Narula J, Kolodgie FD, Virmani R. Concept
of vulnerable/unstable plaque. Arterioscler Thromb Vasc Biol.
2010;30(7):1282–92.

[4] Lee S, Bartlett B, Dwivedi G. Adaptive immune responses in
human atherosclerosis. Int J Mol Sci. 2020;21:9322.

[5] Truong R, Thankam FG, Agrawal DK. Immunological mechan-
isms underlying sterile inflammation in the pathogenesis of
atherosclerosis: potential sites for intervention. Expert Rev
Clin Immunol. 2021;17(1):37–50.

[6] Beringer A, Noack M, Miossec P. IL-17 in chronic inflammation:
From discovery to targeting. Trends Mol Med.
2016;22(23):230–41.

[7] Nordlohne J, von Vietinghoff S. Interleukin 17A in athero-
sclerosis – regulation and pathophysiologic effector function.
Cytokine. 2019;122:154089.

[8] Allam G, Abdel-Moneim A, Gaber AM. The pleiotropic role of
interleukin-17 in atherosclerosis. Biomed Pharmacother.
2018;106:1412–8.

[9] Robert M, Miossec P. Effects of Interleukin 17 on the cardio-
vascular system. Autoimmun Rev. 2017;16:984–91.

[10] Taleb S, Romain M, Ramkhelawon B, Uyttenhove C,
Pasterkamp G, Herbin O, et al. Loss of SOCS3 expression in
T cells reveals a regulatory role for interleukin-17 in athero-
sclerosis. J Exp Med. 2009;206(10):2067–77.

[11] Akhavanpoor M, Akhavanpoor H, Gleissner CA, Wangler S,
Doesch AO, Katus HA, et al. The two faces of interleukin-17A in
atherosclerosis. Curr Drug Targets. 2017;18(7):863–73.

[12] Erbel C, Chen L, Bea F, Wangler S, Celik S, Lasitschka F, et al.
Inhibition of IL-17A attenuates atherosclerotic lesion
development in apoE-deficient mice. J Immunol.
2009;183:8167–75.

[13] Cheng X, Taleb S, Wang J, Tang TT, Chen J, Gao XL, et al.
Inhibition of IL-17A in atherosclerosis. Atherosclerosis.
2011;215(2):471–4.

1114  Bo Wang et al.



[14] Silverpil E, Glader P, Hansson M, Lindén A. Impact of inter-
leukin-17 on macrophage phagocytosis of apoptotic neutro-
phils and particles. Inflammation. 2011;34(1):1–9.

[15] Erbel C, Dengler TJ, Wangler S, Lasitschka F, Bea F,
Wambsganss N, et al. Expression of IL-17A in human athero-
sclerotic lesions is associated with increased inflammation
and plaque vulnerability. Basic Res Cardiol. 2011;106:125–34.

[16] de Boer OJ, van der Meer JJ, Teeling P, van der Loos CM,
Idu MM, van Maldegem F, et al. Differential expression of
interleukin-17 family cytokines in intact and complicated
human atherosclerotic plaques. J Pathol.
2010;220(4):499–508.

[17] Liu Z, Lu F, Pan H, Zhao Y, Wang S, Sun S, et al. Correlation of
peripheral Th17 cells and Th17-associated cytokines to the
severity of carotid artery plaque and its clinical implication.
Atherosclerosis. 2012;221(1):232–41.

[18] van Duijn J, de Jong MJM, Benne N, Leboux RJT, van Ooijen ME,
Kruit N, et al. Tc17 CD8+ T-cells accumulate in murine ather-
osclerotic lesions, but do not contribute to early athero-
sclerosis development. Cardiovasc Res. 2021;17(14):2755–66.

[19] Marovt M, Marko PB, Pirnat M, Ekart R. Effect of biologics
targeting interleukin-23/-17 axis on subclinical athero-
sclerosis: results of a pilot study. Clin Exp Dermatol.
2020;45(5):560–4.

[20] Liu N, Su D, Liu K, Liu B, Wang S, Zhang X. The effects of IL-17/
IL-17R inhibitors on atherosclerosis in psoriasis and psoriatic
arthritis. Medicine. 2021;100(6):e24549.

[21] Egeberg A, Wu JJ, Korman N, Solomon JA, Goldblum O, Zhao F,
et al. Ixekizumab treatment shows a neutral impact on cardi-
ovascular parameters in patients with moderate-to-severe
plaque psoriasis: results from UNCOVER-1, UNCOVER-2, and
UNCOVER-3. J Am Acad Dermatol. 2018;79(1):104–9.

[22] Ma T, Gao Q, Zhu F, Guo C, Wang Q, Gao F, et al. Th17 cells and
IL-17 are involved in the disruption of vulnerable plaques trig-
gered by short-term combination stimulation in apolipoprotein
E-knockout mice. Cell & Mol Immunology. 2013;10(4):338–48.

[23] Hynes GM, Hinks TSC. The role of interleukin-17 in asthma:
a protective response? ERJ Open Res. 2020;6(2):00364-2019.

[24] Mendoza VMM. Interleukin-17: A potential therapeutic target
in COVID-19. J Infect. 2020;81(2):e136–8.

[25] Orlov M, Wander PL, Morrell ED, Mikacenic C, Wurfel MM.
A case for targeting Th17 cells and IL-17A in SARS-CoV-2
infections. J Immunol. 2020;205(4):892–8.

[26] von Stebut E, Boehncke WH, Ghoreschi K, Gori T, Kaya Z,
Thaci D, et al. IL-17A in psoriasis and beyond: Cardiovascular
and metabolic implications. Front Immunol. 2020;10:3096.

[27] Zou Y, Meng Z. Literature overview of the IL-17 inhibition from
psoriasis to COVID-19. J Inflamm Res. 2021;14:5611–8.

Interleukin-17A influences the vulnerability  1115


	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Measurement of metabolic parameters
	2.3 Tissue preparation and staining
	2.4 Flow cytometry
	2.5 RNA isolation and quantitative real-time PCR
	2.6 In vitro efferocytosis assays
	2.7 Statistics

	3 Results
	3.1 IL-17A does not influence the plasma lipid profiles of ApoE-/- mice
	3.2 IL-17A or IL-17mAb did not affect the size of established atherosclerotic plaques in ApoE-/- mice.
	3.3 IL-17A increased the vulnerability of the established plaques
	3.4 IL-17mAb attenuated the vulnerability of atherosclerotic plaques in ApoE-/- mice
	3.5 IL-17A promoted both macrophage apoptosis and macrophage chemokines
	3.6 IL-17A did not affect the efferocytosis of macrophages.

	4 Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


