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1 | INTRODUCTION

Abstract

Chemokine C-C motif ligand 7 (CCL7), a member of CC chemokine subfamily, plays
pivotal roles in numerous inflammatory diseases. Hyper-activation of inflammation
is an important characteristic of abdominal aortic aneurysm (AAA). Therefore, in the
present study, we aimed to determine the effect of CCL7 on AAA formation. CCL7
abundance in aortic tissue and macrophage infiltration were both increased in angio-
tensin Il (Ang Il)-induced AAA mice. Ex vivo, CCL7 promoted macrophage polariza-
tion towards M1 phenotype. This effect was reversed by the blockage of CCR1, a
receptor of CCL7. CCL7 up-regulated JAK2/STAT1 protein level in macrophage, and
CCL7-induced M1 activation was suppressed by JAK2/STAT1 pathway inhibition. To
verify the effect of CCL7 on AAA in vivo, either CCL7-neutralizing antibody (CCL7-
nAb) or vehicles were intraperitoneally injected 24 hours prior to Ang Il infusion and
subsequently every three days for 4 weeks. CCL7-nAb administration significantly
attenuated Ang ll-induced luminal and external dilation as well as pathological re-
modelling. Immunostaining showed that CCL7-nAb administration significantly de-
creased aneurysmal macrophage infiltration. In conclusion, CCL7 contributed to Ang
Il-induced AAA by promoting M1 phenotype of macrophage through CCR1/JAK2/
STAT1 signalling pathway.
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Unfortunately, there are no effective drugs to prevent or reverse
the progression of the disease so far. Therefore, it is an urgent re-

Abdominal aortic aneurysm (AAA) is a chronic vascular disease
characterized by progressive and irreversible luminal dilation of the
abdominal aorta. It eventually results in aortic rupture without ap-
propriate clinical intervention which is of extremely high mortality.i*2

Most patients are asymptomatic until the aneurysms get ruptured.

quirement to understand the mechanisms and identify therapeutic
targets of AAA.

There has been compelling evidence that inflammation plays
a pivotal role in AAA. It is generally accepted that AAA is essen-
tially a chronic inflammatory disease. Endothelium damage is the
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initial step of AAA formation. Then, circulating monocytes infil-
trate into the aortic wall and transform to macrophages which
become the primary source of pro-inflammatory mediators and
oxidative stress, provocating vascular inflammation and remod-
elling.® Basically, two major macrophage subsets are involved in
AAA development. M1, the pro-inflammatory phenotype, is re-
sponsible for synthesizing pro-inflammatory molecules and matrix
metalloproteinases, thus promoting the formation of AAA. M2, on
the contrary, exerts anti-inflammatory effects and contributes to
tissue repair. Its protective property has been demonstrated in the
development of AAA.3*

Chemokine C-C motif ligand 7 (CCL7), also known as monocyte-
specific chemokine 3 (MCP-3), is a member of the C-C chemokine
ligand family. CCL7 has been confirmed to mediate monocyte/mac-
rophage mobilization.>® It is reported that deletion of CCL7 dramat-
ically reduced monocyte recruitment to inflammatory site.” CCL7
attracts monocyte/macrophage through binding to its specific sur-
face receptors CCRs, including CCR1, CCR2, CCR3 and CCR5. The
involvement of CCL7-CCR interaction has been recognized in multi-
ple cardiovascular diseases (eg myocardial infarction and atheroscle-
rosis).2 However, its role in AAA is still unknown.

In this study, we found that CCL7 promoted the M1 polarization
of macrophage. Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) signalling is the major signal contributes to mac-
rophage polarization. Previous studies have confirmed that STAT1 is
a key mediator of M1 polarization while STATé6 is required to drive
M2 polarization.” Studies with macrophages show that deficiency of
STAT1 or inhibition of JAK2/STAT1 pathway suppressed the expres-
sion of M1-associated genes.m’12 Hence, we doubted that the mech-
anism of CCL7 on M1 polarization might be associated with JAK2/
STAT1 regulation. In line with our speculation, CCL7 up-regulated
JAK2/STAT1 level in macrophage, and inhibition of JAK2/STAT1 path-
way remarkably interrupted CCL7-induced M1 polarization.

Our study revealed potential actions of CCL7 in AAA formation
which was accomplished via promoting macrophage migration and
transformation towards pro-inflammatory phenotype (M1 pheno-
type) through JAK2/STAT1 pathway.

2 | MATERIALS AND METHODS
2.1 | Mice
All animal studies were performed at the Cardiovascular Key

Laboratory of Zhejiang Province, Second Affiliated Hospital, with

the approval of Zhejiang University Institutional Animal Care and
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Use Committee. Male C57BI/6 mice and apolipoprotein E-deficient
(ApoE”) mice on C57BL/6 background were purchased from
Shanghai SLAC Laboratory Animal Company and Model Animal
Research Center of Nanjing University, respectively. Mice were bred
in house under specific pathogen-free conditions with free access to
a normal chow diet and water, at a constant temperature (22 + 2°C)
and humidity (60%-65%) with a 12 hour dark/light cycle.

2.2 | Blood pressure measurement

Systolic blood pressure (SBP) was measured non-invasively on
conscious mice using a computerized tail-cuff system (CODA 6+;
Kent Scientific Corporation; Torrington) as described previously.*®
All mice were acclimatized to the instrument for 7 days before the
start of the study. Individual mouse received 5 initial pressure cycles
to acclimatize the process and followed by 20 more cycles to get
daily mean systolic blood pressure (SBP). The inclusion criteria of
data were the acquisition of at least 10 of 20 measurements and an
SD < 30 mmHg for each session.

2.3 | Osmotic mini-pump implantation and drug
administration

MaIeApoE/' mice at 8-10 weeks old were used in the study as described
previously.** Angiotensin Il (Ang 1) was purchased from Bachem (Cat#
H1705; Torrance) and dissolved in sterile saline. Either Ang 11 (1000 ng/
kg min) or saline was infused subcutaneously via osmotic mini-pumps
(ALZET Model 2004; Durect, Cupertino) for 4 weeks, respectively, as
described previously.'® The osmotic mini-pumps were subcutaneously
implanted under general anaesthesia (inhalation by 4% isoflurane).

To investigate the role of CCL7 in Ang ll-induced AAA, ApoE
male mice were intraperitoneally injected with either CCL7-
neutralizing antibody (CCL7-nAb, CAT# AF-456-NA, R&D SYSTEM)
at a dose of 20 ug per mouse or vehicles 24 hours prior to Ang Il

/-

infusion, and subsequently every three days for 4 weeks, this dos-
age decision was referred to previous researches.'®” Phosphate
buffered saline (PBS) and control IgG antibody (normal goat I1gG
control, CAT# AB-108-C, R&D SYSTEM) were used as vehicles.
Mice were inspected daily and weighed weekly. Necropsy was
performed for all mice that died prior to termination. Aortic rup-
ture was defined as observation of blood clots in either the thoracic
cavity (thoracic aortic rupture) or retroperitoneal cavity (abdominal
aortic rupture). At termination, mice were sacrificed by cervical dis-

location during inhalative isoflurane anaesthesia.

FIGURE 1 CCL7 expression and macrophages infiltration increased in Ang ll-infused abdominal aortas. (A) Representative abdominal
aorta images with ultrasound examination, the maximum abdominal aorta diameter (luminal diameter) and the maximum abdominal aorta
area (luminal area). A grid on the scale represented 0.5 mm. (B) gRT-PCR for CCL7 mRNA expression in saline (n = 6) and Ang Il (n = 7)
infused mice. (C) Protein levels of CCL7 in saline (n = 6) and Ang Il (n = 7) infused abdominal aortas. (D) Plasma concentrations of CCL7 in
saline (n = 6) and Ang Il (n = 9) infused mice. (E) Representative images of macrophage infiltration in aneurysmal lesions as revealed by CD68
immunostaining. Black arrows indicated CDé8-positive location, scale bars represented 200 pm (left) and 50 pm (right images). Values were
represented as mean + SEM; Student's t test was used for data analysis in (A-E). *P < .05; **P < .01; ***P < .001, respectively
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2.4 | Quantification of abdominal aortic dilation

Maximal dimensions and areas of suprarenal lumen were moni-
tored at selected intervals (D 0 and D 28) by a high-frequency ul-
trasound imaging system (Visualsonics Vevo 2100) as described
previously.'® Incidence of AAA was defined by either (1) 50% or
more increase of the maximal diameter in the suprarenal aortic
region as compared to the baseline or (2) death due to abdominal
aortic rupture.t?

At termination, right atrium was cut open, and PBS was per-
fused through the left ventricle to remove blood in the aorta.
Subsequently, aortas were dissected and placed in 10% neutrally
buffered formalin. After fixation, periaortic adventitia was removed
thoroughly. Maximal width of suprarenal aortas was measured ex
vivo as a parameter for AAA quantification using Image-Pro soft-
ware (Media Cybernetics; MD). All the data were quantified by two

observers that were blinded to the study design.

2.5 | Plasma measurement and histological staining

Plasma CCL7 concentrations were measured with ELISA kits accord-
ing to manufacturer's recommendation (Cat# ab205571; Abcam).

Abdominal aortas containing AAAs were paraffin embedded and
then serially cross-sectioned (4 um thick per section) from the proxi-
mal to the distal as described previously.!? Elastin was identified in se-
lected sections with Verhoeff's van Gieson staining (Cat# ab150667;
Abcam) and collagen was identified with Masson trichrome staining
(Cat# G1306; Solarbio). Macrophages in abdominal aortas were de-
tected by immunostaining with rat monoclonal anti-mouse CD68 (Cat#
MCA1957GA; Bio-Rad) incubated in 4°C overnight, followed by second-
ary antibody Biotinylated Anti-Rat IgG (H + L) (Cat#BA-4001, VECTOR)
for 30 minutes and VECTASTAIN ELITE ABC Reagent (Cat#H-6100,
VECTOR) for 30 minutes at room temperature, a peroxidase-based
ABC system (Cat# PK7100; Vector) and the red chromogen, AEC, were
used to visualize the antigen-antibody reaction. Immunofluorescence
co-staining was performed with CD68 and iNOS (Cat# ab15323;
abcam) incubated in 4°C overnight, followed by secondary antibody
Goat anti-Rat IgG H&L (Dylight® 550) (Cat# ab96888, abcam) and Dnk
anti-Rb IgG H&L (Dylight® 488) (Cat# ab150073, abcam) for 1 hour at
room temperature, cell nucleus was stained with DAPI (Cat# P0131,
Beyotime). Ten visual fields (magnification x 200 or 400) of every lesion
section were randomly included to count the numbers of macrophages
and get the average of cell numbers in lesions.

2.6 | Cell culture and migration assay

Bone marrow-derived monocytes were isolated from 6 to 8 week-
old C57BL/6 male mice and cultured in RPMI1640 medium with
10% foetal bovine serum (FBS, Hyclone) as described previ-
ously.20 Monocytes were induced by murine granulocyte colony-
stimulating factor (G-CSF, 10 ng/ml; Cat# 500-P64;PeproTech) to
differentiate for 7 days before the subsequent experiments.

Bone marrow-derived macrophages (BMDMS) at a density of
1 x 10° were placed in a 5 um pore transwell insert (Cat# 3421;
Corning) to evaluate cell migration as described previously.?!
BMDMS was incubated with recombinant murine CCL7 (rmCCL7,
Cat# 250-08; PeproTech) for 6 hours at the final concentration of
100 ng/ml. Pre-incubation with CCR1 antagonist-BX471 (10 uM)
was adopted 1 hour prior to incubation with rmCCL7 at the final
concentration of 100 ng/ml. Ten visual fields (magnification x 100)
of every transwell with crystal violet staining for nuclei were ran-
domly included to count the numbers of macrophages and get the
average of cell numbers.

HUVECs (ATCC) were cultured in Dulbecco's modified Eagle
medium (low glucose, Gibico) and 10% FBS, Hyclone. Vascular
smooth muscle cells (VSMC) and adventitial fibroblasts were iso-
lated from the abdominal aorta of adult male wild-type (WT) mice
(C57BL/6J strain; Shanghai SLAC Laboratory Animal Co., Ltd) and
cultured in Dulbecco's modified Eagle medium (high glucose for
VSMC, low glucose for fibroblasts, Gibico) supplemented with
20% FBS, Hyclone and antibiotics as previously described.??23
HUVECs, VSMCs, fibroblasts and BMDMs were cultured with
Ang Il (at final concentration of 100 nM, 1 uM) (Cat# H1705;
Torrance) and recombinant murine TNF-a (at final concentration
of 10 ng/ml) (Cat# AF-315-01A; PeproTech) for 24 hours, respec-
tively. Every cell experiment repeated independently more than
three times.

2.7 | lIsolation of RNA and quantitative real-
time PCR

Total RNA was reversely transcribed with a cDNA Synthesis kit (Cat#
RRO37A; Takara Bio), and quantitative PCR (qPCR) was performed to
quantify mRNA abundance using a SYBR Green PCR Premix (Cat#
RR420A; Takara Bio) on an Applied Biosystem cycler. Data were ana-
lysed using AACt method and GAPDH as internal control. Primers
used in this study are listed in the Table S.

FIGURE 2 CCL7 promoted macrophages migration and M1 polarization. (A) Migration of BMDMs in response to rmCCL7(100 ng/ml)
stimulation. Scale bars represented 100 um(n = 3). (B and C), Expression of (B) M1 markers (iNOS, IL-6, IL-12A, I1L-12B, TNF-a) and (C)
M2 markers (Arg 1, CD206)in response to rmCCL7 in BMDMs examined by gRT-PCR(n = 3). (D) Protein abundance of iNOS and CD206
in abdominal aortas of saline-infused (n = 7) and Ang ll-infused (n = 6) mice. (E) Immunofluorescence co-staining of CD68 and iNOS in
abdominal aortas of saline-infused (n = 3) and Ang ll-infused (n = 3) mice. Values were represented as mean + SEM; Student's t test was

used in (A-D). *P < .05; **P < .01; ***P < .001, respectively
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FIGURE 3 CCR1 antagonist-BX471 suppressed CCL7-induced macrophages migration and M1 polarization. (A and B) CCR1 protein

level in (A) BMDMs incubated with rmCCL7(100 ng/ml) and (B) abdominal aortas of saline-infused (n = 3) and Ang Il-infused (n = 3) mice.

(C) Migration of BMDMs in response to rmCCL7 (100 ng/ml) and CCR1 antagonist-BX471(10 pM) stimulation, BX471 was pre-treated

1 hour before rmCCL7 incubation(n = 3). Scale bars represented 100 pm. (D) M1 markers (iNOS, IL-6, IL-12A, IL-12B, TNF-a) of BMDMs in
response to rmCCL7 (100 ng/ml) and BX471(10 pM) stimulation, BX471 was pre-treated 1 hour before rmCCL7 incubation(n = 3). Each plot
represented 3 independent experiments. Values were represented as mean + SEM; Student's t test was used in (A-C). One-way ANOVA was
used for data analysis in (D). *P < .05; **P < .01; ***P < .001, respectively
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FIGURE 4 CCL7-activated JAK2/STAT1 signal in macrophages. (A) Protein abundance of JAK2 and STAT1 in abdominal aortas of saline
(n =4) and Ang ll-infused (n = 4) mice. (B) Protein abundance of JAK2, p-JAK2, STAT1, p-STAT1 and p-JAK2/JAK2, p-STAT1/STAT1 ratio in
BMDM s incubated with rmCCL7 (100 ng/ml). (C) Protein abundance of STAT1, p-STAT1 and p-STAT1/STAT1 ratio in BMDM incubated with
rmCCL7(100 ng/ml) and pre-treated 1 hour with JAK2 inhibitor Fedratinib (1 pM). Values were represented as mean + SEM; Student's t test
was used for data analysis in (A, B). One Way ANOVA was used for data analysis in(C). *P < .05; **P < .01; ***P < .001, respectively

2.8 | Western blotting with protease inhibitor (Cat# 05892791001; Roche). Denatured

protein lysates were resolved by 8% and 15% (wt/vol) SDS-
Protein lysate samples were prepared from snap frozen aortas PAGE gels. After transfer, membranes were blocked in 5% (wt/
and cells in RIPA solution (Cat# PO013B; Beyotime) supplemented vol) non-fat dry milk diluted in PBS. Membranes were incubated
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FIGURE 5 CCL7-CCR1 interaction regulated macrophage phenotype through JAK2 /STAT1 pathway. (A) Protein abundance of JAK2, p-
JAK2, STAT1, p-STAT1 and p-JAK2/JAK2, p-STAT1/STAT1 ratio in BMDMs incubated with rmCCL7 (100 ng/ml) and pre-treated 1 hour with
CCR1 antagonist-BX471(1 pM and 10 pM). (B) M1 markers (iNOS, IL-6, IL-12A, IL-12B, TNF-a) mRNA level in BMDMs incubated with rmCCL7
alone or in combination with JAK2 inhibitor-Fedratinib (1 uM) and STAT1 inhibitor-Fludarabine (1 pM). (C) Pathological mechanism diagram
of CCL7 in Ang ll-induced AAA. Values were represented as mean + SEM; One Way ANOVA was used for data analysis in (A-B) *P < .05;

**P < .01; ***P < .001, respectively

with primary antibodies against iINOS (Cat# ab15323; Abcam),
CD206 (Cat# ab64693; Abcam), CCR1 (Cat# MAB5986; R&D sys-
tem), JAK2 (Cat# 3250s; CST), p-JAK2 (Cat# 3771;CST), STAT1
(Cat# sc346; Santa Cruz), p-STAT1 (Cat# 8826s; CST), GAPDH
(Cat# KC-5G5; KangChen bio-tech) and tubulin (Cat# KC-5T01;
KangChen bio-tech) overnight at 4°C and subsequently incu-
bated with horseradish peroxidase (HRP) conjugated secondary
antibodies which were detected by enhanced chemiluminescence
(Cat# WBKLS0500; Millipore). Immunoblots were analysed using

ImageLab software (Bio-Rad).

2.9 | Statistical analysis

SigmaPlot Version 12.5 (Systat Software Inc) was used for sta-
tistical analyses. To compare continuous response variables
between 2 groups, an unpaired two-tailed Student's t test was
applied for normally distributed variables that passed the equal
variance test, and Mann-Whitney U test was used for variables
not passing either normality or equal variance test. To compare
more than 2 groups, one-way ANOVA and Holm-Sidak method
was performed for normally distributed variables that passed
equal variance test and Kruskal-Wallis 1 way ANOVA on Ranks
with Dunn method for variables failed to pass normality or equal
variance test, respectively. P < .05 was considered as statistically

significant.

3 | RESULTS
3.1 | CCL7 was up-regulated in Ang ll-induced AAA

To investigate the involvement of CCL7 in AAA, we first gener-
ated Ang ll-induced AAA mouse model and measured the expres-
sion of CCL7. The success of AAA establishment was validated by
ultrasound analysis at termination, which demonstrated a profound
expansion of suprarenal aortic diameter and area of abdominal aor-
tas in mice administered Ang Il (Figure 1A). In Ang ll-infused group,
82.4% mice eventually survived and developed AAA, and the 17.6%
mice were died of either abdominal aortic rupture or thoracic aortic
rupture during the experiment. The expression of CCL7 in aortic tis-
sues was strikingly increased in Ang ll-infused mice (Figures 1B,C).
Consistently, plasma CCL7 concentration was also elevated in Ang
lI-infused mice compared to saline group (Figure 1D). Macrophage-
mediated inflammation plays a crucial role in the pathogenesis

of AAA. As expected, immunohistochemistry of CD68 revealed

abundant macrophage accumulation in the medial and adventitial lay-
ers of aortic wall in Ang Il-infused group, whereas few macrophages
were detected in control group (Figure 1E). Since both macrophage
infiltration and CCL7 expression were increased in aneurysmal tissue,
we hypothesized that CCL7 might be associated with macrophage bi-
ology in AAA development.

3.2 | CCL7 promoted macrophage migration and M1
polarization through interaction with CCR1

CCL7 predominantly acts as a chemokine that recruit macrophage
into inflammatory site.?* Macrophage within the aortic wall exhib-
its diverse functions during vascular inflammation and remodelling.
The role of the pro-inflammatory M1 and the anti-inflammatory M2
has been extensively acknowledged in the development and pro-
gression of AAA.2° To explore the regulatory role of CCL7 in mac-
rophage, BMDMs were isolated from C57BL/6 mice and incubated
with rmCCL7. Transwell experiment found that CCL7 promoted
BMDMs migration (Figure 2A). To interpret whether CCL7 affected
macrophage phenotype alteration, markers of M1 phenotype and
M2 phenotype were examined. As a result, CCL7 led to a provocation
of M1 as reflected by dramatic increase of iINOS, IL-6, IL-12A, IL.-12B
and TNF-a mRNA expression (Figure 2B), whereas mRNA level of Arg
1 and CD206 had no change (Figure 2C). Consistently, iNOS, IL-6, IL-
12A, IL-12B and TNF-a mRNA expression was also increased in the
aortic tissues of Ang ll-infused AAA mouse models at both mRNA
and protein level (Figures S1,52D, respectively), M1 macrophages
remarkably increased in Ang ll-infused abdominal aortas indicated
by immunofluorescence co-staining of CD68 and iNOS (Figure 2E).
Considering the biologic function of CCL7 is mediated by its
crosstalk with CCRs, including CCR1, CCR2, CCR3 and CCR5,% we
next studied the receptor of CCL7 that participated in its regula-
tion on macrophage function. Among these receptors, CCR1 was
the only one that was significantly increased by CCL7 stimulation
in BMDMs (Figure 3A, S2A). In accordance with ex vivo experiment,
CCR1 expression in aortic tissues was also up-regulated in Ang Il-
infused AAA mice (Figure S2B,S3B). Therefore, we speculated that
CCL7 might regulate macrophage function predominantly through
interacting with CCR1. To address this hypothesis, BMDMs were
pre-treated with CCR1 antagonist, BX471, at final concentration
of 10 pM for 1 hour and subsequently incubated with rmCCL7.
Suppression of CCR1 significantly reduced CCL7-induced macro-
phage migration and M1 polarization (Figure 3C,D). Thus, we con-
cluded that CCL7 contributed to macrophage migration and M1

polarization via interacting with CCR1.
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FIGURE 6 CCL7 blockade attenuated Ang ll-induced AAA. (A) Representative images of abdominal aortas measured by ultrasound
including maximum abdominal aorta diameter (luminal diameter) and maximum abdominal aorta area (luminal area) of PBS (n = 10),
Control IgG (n = 10) and CCL7-nAb group (n = 10). A grid on the scale represented 0.5 mm. (B) Ex vivo maximum abdominal aorta diameter
(external diameter) of PBS, Control IgG and CCL7-nAb group. A grid on the scale represented 1 mm. (C) Representative images of M1
macrophage infiltration in abdominal aortas of PBS (n = 10), Control IgG (n = 10) and CCL7-nAb group (n = 10) as revealed by CD68 and
iNOS Immunofluorescence co-staining. Scale bars represented 50 um. Each plot represented 3 independent experiments. Values were
represented as mean +SEM; One Way ANOVA was used for data analysis in (A-B). *P < .05; **P < .01; ***P < .001, respectively. White

arrows (C) indicated CDé68 and iNOS-positive location

3.3 | CCL7-CCR1 interaction regulated macrophage
phenotype through JAK2 /STAT1 pathway

JAK/STAT signalling pathway is involved in M1/M2 polarization.”
Our in vivo experiment showed that both JAK2 and STAT1 were up-
regulated in Ang ll-infused aortic tissues compared to control group
(Figure 4A). To testify whether CCL7 contributed to JAK2/STAT1 ac-
tivation, BMDMs were incubated with rmCCL7. CCL7 stimulation en-
hanced the expression of both total and phosphorylated JAK2/STAT1
in BMDMs (Figure 4B). Additionally, pre-treatment of JAK2 inhibitor-
Fedratinib eliminated the effect of CCL7 on total and phosphorylated
STAT1 (Figure 4C). Meanwhile, blockage of CCR1 by BX471 inhibited
CCL7-induced JAK2/STAT1 activation (Figure 5A), indicating CCL7
activated JAK2/STAT1 pathway via binding to CCR1. To investigated
whether CCL7-CCR1 interaction regulated macrophage phenotype
through JAK2/STAT1 pathway, BMDMs were pre-treated with either
Fedratinib or STAT1 inhibitor (Fludarabine). Administration of these
inhibitors markedly reversed CCL7-induced elevation of iNOS, IL-6,
IL-12A, IL-12B and TNF-a mRNA level in BMDMs (Figure 5B), but had
no effect on CCR1 expression (Figure S3). These findings indicated
that CCL7-CCR1 interaction promoted M1 polarization through
JAK2/STAT1 signalling pathway.

To further identify the potential cell origin of CCL7, we incubated
primary VSMCs, adventitial fibroblasts, BMDMs and human umbili-
cal vein endothelial cells (HUVECs) with either Ang Il or TNF-a which
could simulate the inflammatory environment in Ang ll-induced
AAA,?728 Ang |l incubation did not alter CCL7 mRNA expression in
the cultured cells. There were no effects of CCL7 expression in both
HUVEC and BMDMs incubated with TNF-« as well. However, CCL7
expressions were significantly elevated in primary VSMC and adven-
titial fibroblast induced by TNF-a incubation (Figure S4). The data
suggested that CCL7 might be originated from medical VSMCs and
adventitial fibroblasts.

We speculated that CCL7, originated from medial VSMCs and ad-
ventitial fibroblasts, could recruit macrophage accumulation in the
media, activate JAK2/ STAT1 signalling by CCR1 and then promote
macrophage transformation towards M1 phenotype, contributing to
Ang ll-induced AAA development (Figure 4C).

3.4 | CCL7 neutralization attenuated Ang ll-induced
AAA formation

We next testified the role of CCL7 in AAA formation. Male ApoE”"

mice infused with Ang Il were intraperitoneally injected with PBS,

control 1gG or CCL7-neutralizing antibody (CCL7-nAb). During the
experiment, 2 mice in PBS (20%, 2/10), 1 mouse in control IgG (10%,
1/10) and 1 mouse in CCL7-nAb (10%, 1/10) group were died of
abdominal aortic rupture, no indication of thoracic aortic rupture
was found in these groups. There was no statistical difference in
body weight and mortality among these 3 groups (Figure S5A,B).
Intriguingly, CCL7-nAb administration significantly attenuated the
dilatation of both suprarenal aortic diameter (1.29 + 0.05 mm vs
1.74 + 0.07 mm in PBS group and 1.70 + 0.05 mm in control IgG
group, P < .01) and suprarenal aortic area (1.49 + 0.13 mm? vs
2.20 + 0.16 mm? in PBS group and 2.09 + 0.11 mm? in control 1gG
group; P < .01) as revealed by ultrasound analysis at termination
(Figure 6A). Consistently, blockade of CCL7 also reduced ex vivo su-
prarenal aortic width compared to control groups (1.91 + 0.12 mm
vs 3.02 + 0.12 mm in PBS group and 2.61 + 0.09 mm in control IgG
group; P < .05; Figure 6B). Based on AAA being defined as > 50%
increase in suprarenal aorta width, the AAA incidence in CCL7-nAb
group was significantly lower than control groups (30% vs 80% in
PBS and control IgG group; P < .05). SBP was measured during Ang
Il infusion, which was not affected by CCL7 inhibition (Figure S5C).
Collectively, our data showed that blockade of CCL7 had a strong ef-
fect on AAA retardation in a blood pressure-independent way.
Then, we evaluated the histological alterations of abdominal
aortas. Verhoeff's van Gieson and Masson staining were performed
using tissue sections from suprarenal aorta to quantify the collagen
and elastin content, respectively. Pronounced elastin fragmenta-
tion and collagen deposition were observed in PBS and control 1gG
injected mice, which was markedly reversed by CCL7 inhibition
(Figure S5D). Immunofluorescence co-staining of CD68 and iNOS
revealed abundant M1 macrophages accumulation in the medial and
adventitial layers in control groups while blockade of CCL7 ablated

M1 macrophages from the aortic wall (Figure 6D).

4 | DISCUSSION

The process of AAAinvolves a series of complex pathologies. Several
mice models have been developed to simulate this pathogenesis.
Among these models, Ang ll-induced AAA in mice shares many com-
mon characteristics with human AAA, such as the degradation of
extracellular matrix, loss of vascular smooth muscle cells and inflam-
matory cells infiltration.?? Most importantly, the enhanced propen-
sity for the AAA development in male mice mimics human AAA 1430
Male gender is a major risk factor for AAA development, the inci-

dence rate of AAA in male is 4-6 times that of female.31%2 Similarly,
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there is a prominent gender preference in Ang Il-induced AAA (n ..
Mot = 4:1).2*%! Considering this remarkable tendency of AAA in
male gender, in our study, we created AAA in male ApoE”~ mice with
Ang Il infusion.

It is well documented that overactivation of inflammation is an
important driving force in the pathogenesis of AAA. In this process,
chemokines mediate the infiltration of multiple inflammatory cells
and evoke the inflammatory cascade in the vasculature. CCL7 is ini-
tially found in human osteosarcoma cells with potent chemotaxis
of Ieukocytes.33 Afterwards, numerous studies have confirmed the
crucial role of CCL7 in inflammatory diseases, including infection,
atherosclerosis and cancer.®* However, its involvement in AAA is
unknown. In the present study, we found that inhibition of CCL7
profoundly attenuated AAA formation, defining CCL7 as a key par-
ticipant as well as a promising therapeutic target in AAA.

Macrophage is the most predominant inflammatory component
in AAA lesion. Its importance is recognized throughout the initiation,
progression and healing of aneurysmal process.3 Growing evidence
suggests the infiltration of macrophage starts from the adventitia
and expands inward towards the intima.®® In agreement, we also re-
vealed that macrophages were chiefly distributed in the adventitial
layer in the Ang ll-induced AAA mouse model. CCL7 plays a pivotal
role in macrophage recruitment.”*%%” Our data showed inhibition of
CCL7 by neutralizing antibody strikingly reduced macrophage accu-
mulation in aortic wall. Thus, we speculate the pathogenic effect of
CCL7 on AAAis achieved through attracting macrophage infiltration.
The chemotaxis of CCL7 is based on its interaction with CCRs.3837
It is reported that CCR1, CCR2, CCR3 and CCRS5 are involved in
CCL7-mediated macrophage migration and contribute to various in-
flammatory diseases and cancer.”*%*#? Inhibition of CCR1, CCR2 and
CCR5 has been validated to attenuate Ang ll-induced mononuclear
recruitment at arterioles and venules.** However, the crosstalk of
CCL7/CCRs in AAA is not fully understood. In our study, CCR1 was
increased in Ang ll-induced AAA tissues, but other CCR members
were not changed, suggesting the pathogenic effects in aneurys-
mal process was predominantly executed by CCR1. Additionally,
our ex vivo data showed that the antagonist of CCR1 significantly
suppressed CCL7-induced adhesion molecule activation and mac-
rophage mobilization. These findings provided evidence that CCL7
promote AAA mainly by interacting with CCR1.

There is a vast array of macrophage subsets with diverse func-
tions, in which M1 and M2 play a major role in AAA formation. M1
macrophages are pro-inflammatory while M2 macrophages are
anti-inflammatory.** The M1/M2 ratio determines the development
of AAA.Z> Whether CCL7 contributes to macrophage polarization is
still to be delineated. In this study, we found that CCL7 promoted
the pro-inflammatory differentiation of macrophages with evidence
showing enhanced M1 markers (iNOS, IL-6, IL-12A, IL-12B and TNF-
a) in response to CCL7 stimulation. Cytokine signalling dependent
on JAK/STAT has great impact on vascular inflammation and remod-
elling.*>*¢ Massive studies have verified the critical role of JAK2
pathway in AAA that blocking JAK2 attenuates experimental AAA

formation.*¢*” STAT family, the downstream of JAK2, is essential
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for macrophage polarization. It is widely known that STAT1 is cru-
cial for M1 polarization while STAT6 is involved in M2 polarization.”
Activation of JAK2/STAT1 pathway has been demonstrated to con-
tribute to various inflammatory diseases through leading macro-
phage towards M1 phenotype.”*8! In our ex vivo experiment, we
defined CCL7 as a critical regulator of JAK2/STAT1 pathway in mac-
rophages. Furthermore, CCL7 triggered M1 polarization was relied
on JAK2/STAT1 activation. We also validated that CCL7 provoked
JAK2/STAT1 through interaction with CCR1.

In summary, the present study demonstrated that CCL7 pro-
moted macrophage infiltration and transformation towards M1 phe-
notype by binding to CCR1 and activating JAK2/STAT1 pathway,
thus contributing to AAA formation.
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