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Abstract

Increased immature neovessels contribute to plague growth and instability. Here, we
investigated a method to establish functional and stable neovessel networks to in-
crease plaque stability. Rabbits underwent aortic balloon injury and were divided into
six groups: sham, vector and lentiviral transfection with vascular endothelial growth
factor-A (VEGF)-A, fibroblast growth factor (FGF)-2, platelet-derived growth factor
(PDGF)-BB and FGF-2 + PDGF-BB. Lentivirus was percutaneously injected into the
media-adventitia of the abdominal aorta by intravascular ultrasound guidance, and
plague-rupture rate, plague-vulnerability index and plaque neovessel density at the
injection site were evaluated. Confocal microscopy, Prussian Blue assay, Evans Blue,
immunofluorescence and transmission electron microscopy were used to assess ne-
ovessel function and pericyte coverage. To evaluate the effect of FGF-2/PDGF-BB
on pericyte migration, we used the mesenchymal progenitor cell line 10T1/2 as an in
vitro model. VEGF-A- and FGF-2-overexpression increased the number of immature
neovessels, which caused intraplague haemorrhage and inflammatory cell infiltration,
eventually resulting in the plaque vulnerability; however, FGF-2/PDGF-BB induced
mature and functional neovessels, through increased neovessel pericyte coverage.
Additionally, in vitro analysis of 10T1/2 cells revealed that FGF-2/PDGF-BB induced
epsin-2 expression and enhanced the VEGF receptor-2 degradation, which negatively
regulated pericyte function consistent with the in vivo data. These results showed
that the combination of FGF-2 and PDGF-BB promoted the function and maturation
of plaque neovessels, thereby representing a novel potential treatment strategy for

vulnerable plaques.
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1 | INTRODUCTION

Acute cardiovascular events, because of rupture or erosion of an
atherosclerotic plaque, represent the major cause of morbidity
and mortality in atherosclerotic patients; hence, there is an emerg-
ing need for new therapies to stabilize atherosclerotic lesions.
Growing evidence suggests that plaque neovessels are import-
ant contributors to plaque destabilization and rupture because of
their inability to mature properly, resulting in compromised integ-
rity and leaky vascular walls.'™* Therefore, intraplague neovascu-
larization might represent a novel therapeutic target in advanced
atherosclerosis.

Newly formed microvessels are unable to mature properly be-
cause of an imbalance between pro-angiogenic and pro-maturation
factors,* which cause leaky neovessels that form an entrance for
erythrocytes, lipids and inflammatory factors. A central pathway co-
ordinating pro-angiogenesis is that of vascular endothelial growth
factor (VEGF)-A, which pre-clinical studies indicate as a potential
treatment for tumours and peripheral artery disease; however,
large-scale clinical trials using VEGF-A in tumours and patients with
peripheral artery disease have proven disappointing.® Uncertainty
regarding whether the inhibition of plaque neovessel results in sta-
ble plaques remains largely because of the lack of an appropriate
plaque-neovessels animal model, which introduces discrepancies
in the outcomes of several studies and complicates science-based
conclusions.®

The development of atherosclerotic lesions involves three
different pathoanatomic stages of angiogenesis: initiation, pro-
gression and complication. Studies of the initiation phase using a
rabbit model fed an atherogenic diet for 3 weeks showed that local
delivery of bevacizumab (a monoclonal antibody against VEGF-A)
inhibited plaque angiogenesis, resulting in smaller atherosclerotic
plaques.®” Despite their clinical relevance, there are few studies of
anti-angiogenic therapy on the progression and complication stages
and inappropriate anti-angiogenic therapy at these two stages can
potentially cause hypoxia and induce endothelial apoptosis, result-
ing in the loss of integrity of the endothelial vessel lining (bleed-
ing).8? This observation raised concerns regarding the importance
of vascular-normalization therapy in atherosclerotic plaque.’®
Vasculature normalization is a strategy, whereby angiogenic growth
factors improve neovessel perivascular-cell coverage and matu-
rity.11 Therefore, elucidating of the mechanisms and signalling path-
ways underlying vascular-normalization pathways is critical.

Fibroblast growth factor (FGF)-2 is a potent growth factor that
stimulates endothelial-cell migration and proliferation and encour-
ages mitogenesis of smooth muscle cells (SMCs).}2 The platelet-de-
rived growth factor-BB (PDGF-BB)/PDGF receptor-p (PDGFR-p) axis
is the best-characterized signalling system for perivascular-cell re-
cruitment.*® Previous studies indicate that the co-existence of two
angiogenic factors, even at low levels, could have a greater func-
tional impact than high levels of each alone'*; therefore, using FGF-2
and PDGF-BB together might have profound implications for plaque
neovessel normalization.

WILEY-2

Here, we propose a new strategy for local delivery of FGF-2 and
PDGF-BB lentivirus into atherosclerotic plaque in order to induce
stable and long-lasting expression of growth factors and ‘normalize’
the abnormal structure and function of neovessels, thereby improv-

ing plaque stability.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

A total of 90 male New Zealand white rabbits (1.7-2.1 kg) were
randomly selected and housed at the Animal Care Center of
Shandong University Qilu Hospital (Jinan, China). Animal experi-
ments complied with the Animal Management Rule of the Ministry
of Public Health, People's Republic of China (documentation 55,
2001), and the animal experiments conform to the animal ethics
and animal welfare (animal ethics audit: DWLL-2016-022). The ex-
perimental protocol was approved by the Animal Care Committee
of Shandong University.

2.2 | Experimental protocol

A rabbit model of atherosclerotic plaque was generated accord-
ing to our previous study with minor modifications.!®> After anes-
thetization with 3% pentobarbital sodium (30 mg/kg, intravenous),
all 90 rabbits underwent balloon-induced endothelial injury in the
abdominal aorta and were subsequently fed a high-cholesterol diet
(1% cholesterol) for 12 weeks. Thereafter, the hypercholesterol diet
was replaced with normal chow, and the rabbits were randomly di-
vided into six groups for treatment: sham (control group; no treat-
ment), vector, VEGF-A, FGF-2, PDGF-BB and FGF-2 + PDGF-BB
(n = 15 rabbits/group) (Figure 1A).

At week 12 and identification of the injected plaque in the ab-
dominal aorta via intravascular ultrasound imaging (IVUS), an inci-
sion (5-7 cm) was made medially in the abdomen, and the plaque was
isolated. Using IVUS observation, a 50-uL suspension of lentivirus
encoding green fluorescent protein (GFP), VGF-A (titre 1 x 10° UT/
mL), FGF-2 (titre 1 x 10° UT/mL), PDGF-BB (titre 1 x 10° UT/mL)
or FGF-2 + PDGF-BB (titre 1 x 10° UT/mL; Shanghai GenePharma
Co., Ltd) (Table S1) was injected from the aortic adventitia into
plagques in the abdominal aorta in all groups, except sham. Injection
sites were marked by an iliopsoas stitch, and the distance from
each site to the bifurcation of the iliac artery was recorded (Figure
S1A,B).1° Eight weeks after transfection, plague disruption was
triggered by intraperitoneal administration of Russell's viper venom
(Sigma-Aldrich; 0.15 mg/kg) and intravenous injection of histamine
(0.02 mg/kg) 30 minutes later.® Before euthanization, three rabbits
from each group were injected intravenously with 1% Evans Blue
dye. All rabbits were killed, and a 1-cm long section of the aorta
was harvested from the injected segments. The bodyweight of all

rabbits was monitored throughout the experiment.
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FIGURE 1 General condition of rabbits. A, Animal grouping and time course for the in vivo studies. B, IVUS images and measurement of
external elastic membrane area (EEMA), lumen area (LA), plaque area (PA) and plaque burden (PB) (mean + SEM; n = 3). Red line indicated the
area of EEMA. Yellow line indicated the area of LA. C, Bars indicate the number of animals with IPH and plaque rupture in the sham (5/15),
vector (6/13), VEGF-A (12/15), FGF-2 (9/13), PDG-BB (3/15) and FGF-2 + PDGF-BB (1/15) groups. D, Representative images of the necrotic
core and quantification of necrotic core area and necrotic ratio in rabbit atherosclerotic plagues (mean + SEM; n = 5). Bar, 20 pm. Arrow
indicated lumen surface. ‘P < .05 vs Sham; *P < .05 vs Vector; "P < .05 vs VEGF-A; *P < .05 vs FGF-2; %P < .05 vs PDGF-BB

2.3 | IVUS assay

Each IVUS experiment was performed according to a standard
procedure. IVUS imaging was conducted using a 3.2-F catheter
equipped with a 40-MHz single-rotating-element transducer con-
nected to an IVUS system (Galaxy; Boston Scientific). The catheter
was withdrawn to the abdominal aorta by a motorized pullback de-

vice and at a constant speed of 0.5 mm/s.'®

2.4 | Blood lipid analysis

Blood samples were centrifuged at 1,765.38 g for 15 minutes at 4°C,
and serum samples were collected and stored at -80°C. Serum lev-
els of total cholesterol, triglycerides, low-density lipoprotein cho-
lesterol and high-density lipoprotein cholesterol were measured by
enzymatic assays using an automated biochemical analyzer (Roche
Hitachi917; Block Scientific).

2.5 | Histopathology and immunohistochemistry
(IHC)

The abdominal aorta (1-cm long) was fixed in 4% formaldehyde for

24 hours, and 5-mm-thick segments were then serially sectioned.

Frozen sections were stained with Oil Red O (Sigma-Aldrich) to deter-
mine the lipid content, and paraffin sections were subjected to Sirius
Red, haematoxylin and eosin (H&E) and IHC staining, respectively.
Immunohistochemistry staining was performed using standard tech-
niques, as described previously.r” Briefly, endogenous peroxidase
activity was inhibited by incubation with 3% hydrogen peroxide and
sections were blocked with 5% bovine serum albumin and incubated
for 12 hours at 4°C with primary antibodies. After washing with
phosphate-buffered saline (PBS), sections were incubated with sec-
ondary antibodies at 37°C for 20 minutes. Immunohistochemistry
staining results were analysed using a diaminobenzidine kit
(Zhongshan Goldenbridge Biotechnology), and haematoxylin was used
to counterstain the nucleus. The primary antibodies used included
mouse anti-rabbit regulation of Ace2 and morphogenesis (RAM)-11
(M063301-8; Dako Glostrup, Denmark); a-SMC actin (HPA014539;
Sigma-Aldrich) and CD31 (ab9498; Abcam). The cross-reactivity be-
tween rabbit antigens and primary antibodies was tested in prelimi-
nary experiments (data not shown) and confirmed by negative-control
experiments involving non-immune IgG instead of primary antibodies.
Histopathologic slides were analysed using Image-Pro Plus 6.0 (v 6.0;
Media Cybernetics). The area of positive IHC staining was expressed as
the proportion of the stained area divided by the total plaque areain at
least five high-power fields. Five high-power fields in five plaques from
each rabbit were selected for quantitative measurement and averag-

ing. The vulnerability index was calculated as follows: (macrophage
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staining % + lipid staining %)/(SMC % + collagen fibre %).Y” Five random
high-power fields were selected for each sample in order to quantify
the microvessel density in CD31-stained sections, and then, the mi-

crovessels were quantified by the plaque area.

2.6 | Immunofluorescence (IF) staining

Immunohistochemistry staining was performed using standard
techniques, as described previously.)” Sections were incubated with
VEGF-A (ab1316; Abcam), FGF-2 (ab181; Abcam), FGF receptor
(FGFR)-1 (ab10646; Abcam), FGFR-2 (ab10648; Abcam), PDGF-BB
(ab178409; Abcam), PDGFR-p (3169; Cell Signaling Tchonology),
CD31 (ah9498, ab222783; Abcam), neuron-glial antigen 2 (NG2,
ab129051; Abcam), anti-glycophorin A (ab194397; Abcam) and
a-SMC actin (ab7817, Abcam; 19245, Cell Signaling Tchonology)
antibody at 4°C. Alexa Fluor 594 secondary antibody (anti-rabbit
IgG, 8889S), Alexa Fluor 555 secondary antibody (antimouse IgG,
4409S), Alexa Fluor 488 secondary antibody (antimouse IgG, 4408S;
anti-rabbit 1gG, 4412S) and DAPI were used. Images were visualized

by laser scanning confocal microscopy (LSM710; Zeiss).

2.7 | Evans Blue permeability assay

Evans Blue dye (2%; 2 mL/kg) was injected into the ear-vein of rab-
bits, and 1 hour after the injection, rabbits were killed and perfused
with PBS through the left ventricle to clear the free dye from the
vascular volume. Abdominal aorta plagues were removed, dried at
60°C overnight and weighed before Evans Blue extraction using for-
mamide (1 mL/100 mg) at 37°C for 16 hours. Evans Blue was quan-
tified by spectrometry at 620 nm (EMAX Plus Microplate Reader;

Molecular Devices).

2.8 | Prussian Blue staining

Iron-positive hemosiderin deposits within complicated plaques were
quantified using Prussian Blue staining.'® Paraffin sections were de-
waxed, rehydrated and washed with PBS three times, followed by
the addition of 5 wt% potassium ferrocyanide and 10 vol% HCI and
incubation at room temperature for 20 minutes before washing with
distilled water three times. Images were acquired under an Olympus
BX51 microscope (Olympus).

2.9 | Transmission electron microscopy (TEM)

Abdominal aorta plaque segments from the Sham, GFP, VEGF-A,
FGF-2, PDGF-BB and FGF-2 + PDGF-BB groups were fixed in
2% glutaraldehyde/4% paraformaldehyde in sodium cacodylate
buffer overnight at 4°C and processed for TEM as described

previously.*

2.10 | Cell culture

b.END3 and 10T1/2 cells were kindly provided by Stem Cell Bank,
Chinese Academy of Science (Beijing, China). Cell monolayers were
incubated in Dulbecco's modified Eagle's medium containing 10%
foetal bovine serum and 2 mmol/L glutamine in 5% CO, and 95%
humidified air at 37°C.

2.11 | Cell-migration assay

Pericytes migration ability was monitored using a wound-healing
assay. Treated pericytes were wounded using a yellow tip, detached
cells were removed, and fresh low-serum medium containing FGF-2
(50 ng/mL) or PDGF-BB (10 ng/mL) was added. In some experimental
settings, pericytes were incubated for 48 hours with 50 ng/mL FGF-2
in a 6-well plate prior to stimulation with PDGF-BB (10 ng/mL). Images
were captured at O and 6 hours after scratching, and wound closure
was analysed using of Image-Pro Plus (v.6.0; Media Cybernetics).

2.12 | Transwell migration assay

Chemotactic migration of pericytes was analysed using modified
Boyden chambers. Pericytes (5 x 10%) were seeded in the upper cham-
ber and FGF-2 (50 ng/mL) or PDGF-BB (10 ng/mL) in Dulbecco's mod-
ified Eagle medium containing 2% foetal bovine serum was placed in
the lower chambers. In some experimental settings, pericytes were
incubated for 48 hours with 50 ng/mL FGF-2 in a 6-wells plate prior to
stimulation with PDGF-BB (10 ng/mL). Cells were allowed to migrate
for 12 hours (n = 5). Non-migrated cells were removed, and migrated
cells on the lower side of the membrane were stained with Crystal

Violet. Migrated cells were captured in five random fields.

2.13 | Transient transfection

Pericytes were transfected for 8 hours with small interfering (si)
RNAs directed against epsin-2 (GenePharma, Shanghai, China) using
Lipofectamine 2000 (Thermo Fisher Scientific Waltham, MA, USA)
according to manufacturer protocol. Scrambled non-targeting con-

trol siRNA was used as a negative control.

2.14 | Cell-recruitment assay

Cell-recruitment assays were performed, as previously described.?
bEND.3 (4 x 10°) and 10T1/2 (2 x 10°) cells, labelled with PKH26 and
carboxyfluorescein succinimidyl ester, respectively, were co-cultured
in Matrigel-coated 24-well plates, and at 6 hours post-stimulation with
FGF-2 (50 ng/mL) or PDGF-B (20 ng/mL), and images were obtained using
a microscope (IX71-SIF; Olympus, Japan). In some experimental settings,

pericytes were incubated for 48 hours with 50 ng/mL of FGF-2 in a 6-well
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plate prior to stimulation with PDGF-BB (10 ng/mL). Quantification was
performed by counting the number of attached bEND.3-10T1/2 cells

from five high-power fields in three independent experiments.

2.15 | Quantitative reverse transcription-
polymerase chain reaction (QRT-PCR)

Total RNA was extracted from tissue samples using Trizol reagent
(Invitrogen), and the 1Q5 real-time PCR thermocycler (Bio-Rad)
was used to perform the gRT-PCR. mRNA levels of VEGF-A, FGF2
and PDGF-BB were quantified with SYBR Green qPCR master mix
reagent (Takara Biotechnology). The results were normalized against
glyceraldehyde 3-phosphate dehydrogenase expression and calculated

AACT

using the 2~ method. Primers are listed in Table S2.

2.16 | Western blot analysis

Proteins were extracted from rabbit aortas and cell lysates, and tis-
sues and cells were lysed in lysis buffer (100 mmol/L Tris-HCI [pH 6.8],
4% [m/v], sodium dodecyl sulphate, 20% [v/v] glycerol, 200 mmol/L
B-mercaptoethanol, 1 mmol/L phenylmethylsulfonyl fluoride and
1 g/mL aprotinin). Proteins were transferred to polyvinylidene fluo-
ride membranes (0.45 mm; Millipore) and incubated overnight at 4°C
with primary antibodies for FGFR-2 (ab10648; Abcam), VEGFR-2
(2479; Cell Signaling Technology), FGFR-1 (M19B2; Novus Biologicals),
PDGFR-B (ab69506; Abcam), p-VEGFR-2 (Tyr1175; 2478; Cell Signaling
Technology), p-PDGFR-f (Tyr1009; 3124; Cell Signaling Technology),
hypoxia-inducible factor (HIF)-1a (ab16066; Abcam), epsin-1
(ab232764; Abcam), epsin-2 (NBP2-16359; Novus Biologicals), -actin
(3700; Cell Signaling Technology) and GAPDH (51332; Cell Signaling
Technology). Protein bands on the membrane were visualized using

chemiluminescence (Millipore) and quantified by densitometry.

2.17 | Statistical analysis

All numerical data were expressed as the means + standard error
of the mean (SEM), and all analyses were performed using SPSS
(v.20.0; IBM Corp.). Differences in continuous variables among mul-
tiple groups were evaluated using analysis of variance followed by
the least squares difference test (with equal variances assumed) or
Dunnett's T3 test (equal variances not assumed). A P < .05 was con-

sidered statistically significant.

3 | RESULTS
3.1 | General condition of the animal model

rabbits
(Figure 1A), with 86 rabbits showing full recovery without

Ninety received media-adventitia injection surgery

complications. Two rabbits from the FGF-2 group died 5 days after
surgery from postoperative infection, and two rabbits from the vec-
tor group died of diarrhoea 12 days after surgery. Rabbits from dif-
ferent groups did not differ in bodyweight or serum lipid profiles
(Table S3).

Before the formal tests, we performed a pre-test to verify the
exact time-point at which the lentiviral effect on the plaques could
be observed. Frozen sections corresponding to 8 weeks post-GFP
lentiviral injection showed significant expression of green fluores-
cence within the plaque (Figure S2A). The viruses were efficiently
expressed within the plaques as tested by RT-PCR (Figure S2B-C),
and the serum levels of the growth factors were not different among
different groups (Figure S2E-G). According to the location of cell dis-
tribution and the colour of staining, VEGF-A, FGF-2 and PDGF-BB
were all widely expressed in various cell types such as endothelial
cells, smooth muscle cells and macrophages. However, different
from the control groups (sham and vector), VEGF-A and FGF-2 pro-
duced by injected viruses in the intervened groups were mainly ex-
pressed in macrophages, whereas PDGF-BB produced by injected
viruses was mainly expressed by smooth muscle cells (Figure S2H).

All rabbits were examined by IVUS before euthanasia. The lumen
area and external elastic membrane area in the abdominal aorta did
not differ among the six groups (P > .05) (Figure 1B); however, the
plaque area and plaque burden values were higher in groups VEGF-A
and FGF-2 than in groups sham and vector (P < .05) (Figure 1B).

3.2 | Combined treatment with FGF-2 and PDGF-
BB protects plaques from rupture

We then investigated the effect of FGF-2 + PDGF-BB on athero-
sclerotic plaque stability. We triggered plaque disruption by intra-
peritoneal injection of Russell's viper venom and histamine, and
pathological analysis confirmed that gross haemorrhage and exten-
sive necrosis occurred in 12 of 15 rabbits treated with VEGF-A lenti-
virus. Of 13 rabbits treated with FGF-2 lentivirus, nine suffered from
disruption and thrombosis after triggering; however, only three and
one rabbit from groups PDGF-BB (n = 15) and FGF-2 + PDGF-BB
(n = 15), respectively, exhibited these conditions. Moreover, the rate
of plaque rupture at the site of injection was significantly lower in
the FGF-2 + PDGF-BB group than in the sham (five rabbits; n = 15)
and vector groups (six rabbits; n = 13) (Figure 1C). Additionally,
the necrotic core size of plaques was markedly diminished in the
FGF-2 + PDGF-BB group, further supporting the protective role of
FGF-2 + PDGF-BB on plaque stability (Figure 1D).

3.3 | Combined FGF-2 and PDGF-BB enhances
plaque stability

To confirm plaque characteristics, plaques from all groups were eval-
uated by Masson trichrome, Oil Red O, RAM-11 and «-SMA actin

staining. a-SMA + staining in rabbits was significantly higher in the
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FIGURE 2 The effects of growth factors on atherosclerotic plaque vulnerability. A, Immunostaining of sections with the anti-a-SMC
actin and anti-RAM-11 antibodies, Oil Red O staining and Sirius Red staining. Bar, 20 pm. B-F, Quantification of a-SMC+ and RAM-11+
(macrophages) cells and quantification of Oil Red O+ (lipidosis) and Sirius Red+ (collagen) staining (mean + SEM; n = 6). Arrow indicated
lumen surface. P < .05 vs Sham; *P < .05 vs Vector; "P < .05 vs VEGF-A; *P < .05 vs FGF-2; &P < .05 vs PDGF-BB
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FIGURE 3 The effects of growth factors on intraplaque neovessels. A, Immunostaining of sections with the mouse anti-CD31 antibody.
Bar, 20 pm. B, Quantification of cells positive for mouse anti-CD31 (circles indicate neovessels)/plaque area (mm?) (mean £ SEM; n = 6). Black
dotted line indicates the boundaries between plaque and adventitia. 'P<.05vs Sham; #P < .05 vs Vector; "P < .05 vs VEGF-A:; $p< .05vs

FGF-2; %P < .05 vs PDGF-BB

PDGF-BB(3.46+0.47%) and FGF-2 + PDGF-BB(3.28 + 0.65%) groups
than that in the VEGF-A group (1.47 + 0.22%, P < .05, Figure 2A,C).
Additionally, collagen + staining was higher in the PDGF-BB
(2.75 + 0.83%) and FGF-2 + PDGF-BB groups (3.18 + 1.05% and
1.68 £ 0.48%, respectively; P < .05) than in VEGF-A-treated plaques
(Figure 2A,D). Moreover, inflammatory macrophages infiltration at
the sites of FGF-2 + PDGF-BB transfection was markedly decreased
relative to that in the other groups (Figure 2A,E). These results dem-
onstrated infiltration of a decreased number of inflammatory cells,

increases in a-SMA + and collagen + staining, and a decreased lipid

content and necrotic area in stabilized FGF-2 + PDGF-BB-treated
plaques.

3.4 | Combined FGF-2 and PDGF-BB induces much
lower plaque neovessel density than FGF-2 or PDGF-
BB used alone

To evaluate vascular remodelling associated with FGF-2 + PDGF-BB,

we quantified the number of neovessels in plaques, revealing a 9-,
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8- and 5-fold greater number of plaque neovessels in the VEGF-A,
FGF-2 or PDGF-BB groups, respectively, relative to that in the sham
and vector groups (P < .05) (Figure 3A,B). Additionally, the number of
plague neovessels in FGF-2 + PDGF-BB-treated lesions showed only
a 3-fold increase relative to those observed in the sham and vector
groups (P < .05) (Figure 3A,B). These data demonstrated that com-
bined FGF-2 and PDGF-BB treatment exerted a synergistic effect on
inducing neovascularization within plaque, but that this effect was
not as strong with VEGF-A, FGF-2 or PDGF-BB treatment alone.

To determine why FGF-2 and PDGF-BB synergistically induce
fewer neovessels than FGF-2 alone, we investigated the plaque
hypoxia level in each group. Atherosclerotic plaques develop in-
traplaque angiogenesis, which is a typical feature of hypoxia tissue.
We used pimonidazole as a hypoxic probe to confirm the hypoxia
state (Figure S3A). In the VEGF-A group, hypoxia was 3- and 2-fold
higher than in the sham and vector groups, respectively, whereas
in the FGF-2 + PDGF-BB group, the hypoxia level was much lower
than that in the other groups (P < .05, Figure S3B). Based on these
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FIGURE 5 Analysis of pericyte coverage in the intraplaque neovessels of each group. A, Plaque sections from the sham, vector, VEGF-A,
FGF-2, PDGF-BB and FGF-2 + PDGF-BB groups were analysed on week 8 after transfection by IF double labelling for CD31 (an endothelial-
cell marker), NG2 (a pericyte marker) and autofluorescence (reddish yellow) of RBCs. Bar, 20 um. Arrow indicated neovessels. B, Pericyte
coverage (%) as percentages of pericyte + vessels in different groups. (n = é rabbits/condition). 'P < .05 vs Sham; *P < .05 vs Vector; "P < .05
vs VEGF-A; %P < .05 vs FGF-2; %P < .05 vs PDGF-BB. C, Plaque specimens were obtained from the sham, vector, VEGF-A, FGF-2, PDGF-BB
and FGF-2 + PDGF-BB groups and assessed by TEM for microstructural changes in the above organizations. Yellow arrow indicated the
endothelial-cell cleft. Bar, 5 pm. MAC, macrophage; SMC, smooth muscle cells; EC, endothelial cells; RBC, red blood cells

data, we explored protein level of HIF-1a in each group (Figure S3C)
finding that in the FGF-2 + PDGF-BB group, HIF-1a levels were sig-
nificantly reduced relative to those in the VEGF-A and FGF-2 groups
(P < .05, Figure S3D).

3.5 | Combined FGF-2 and PDGF-BB inhibits
intraplaque haemorrhage (IPH) and erythrocyte
extravasation

Vascular leakage is a key parameter used to monitor vascular
function. Measurement of leakage by Evans Blue staining re-
vealed that FGF-2 + PDGF-BB protected plaque neovessels from
leakiness (Figure 4A). To explore the relationship between ne-

ovessel leakage and IPH, we examined IPH by H&E staining and

glycophorin A staining. Almost no erythrocytes were observed
outside the neovessels in the FGF-2 + PDGF-BB group, whereas
in the VEGF-A and FGF-2 groups, we observed the presence
of erythrocytes outside of the luminal areas of the neovessels
(Figure 4B,C). Repeated IPH plays a major role in the evolution
of plaque vulnerability and growth. After IPH, red blood cells
(RBCs) rapidly release free haemoglobin, which can be phago-
cytosed or undergo rapid proteolysis, resulting in the release of
free haem or free iron. Haem/iron can subsequently mediate oxi-
dative modification of lipids and cause endothelial cytotoxicity.'®
As revealed by Prussian Blue staining, the FGF-2 + PDGF-BB
group displayed less iron content than the VEGF-A, FGF-2 and
PDGF-BB groups (P < .05) (Figure 4D,E). These results indicated
that FGF-2 and PDGF-BB synergistically and significantly re-
duced IPH.
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3.6 | Combined FGF-2 and PDGF-BB augments
pericyte coverage of plaque neovessels

Pericytes play an essential role in blood-vessel integrity and ma-
turity. To assess the maturity of plague neovessels induced by
FGF-2 + PDGF-BB, we examined plaque sections for the expression
of CD31 (an endothelial-cell marker) and NG2 (a pericyte marker).

Generally, pericyte circle around endothelial cells define mature ne-
ovessels in plaques. We found that the CD31 + NG2+ cell popula-
tion was markedly increased in FGF-2 + PDGF-BB-overexpressing
plaques relative to that in control groups, suggesting that
FGF-2 + PDGF-BB stimulated pericyte proliferation and recruitment
to endothelial cells. By contrast, following induction with VEGF-A or

FGF-2 alone, most intraplaque neovessels were immature and lacked
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pericyte coverage (Figure 5A). A maturation index (percentage of
vessels coated with pericytes) used to assess neovessel maturity re-
vealed that the index for FGF-2 + PDGF-BB-induced vessels (~80%)
was significantly higher than that for vessels induced with the other
growth factors (Figure 5B).

We then examined inter-endothelial junctions and pericyte
coverage by TEM. Endothelial cells of the plaque neovessels exhib-
ited blebbing and spike-like protrusions of the cell membrane, with
disconnection of the endothelial cells generally observed in the
VEGF-A and FGF-2 groups (Figure 5C). By contrast, neovessels in
the FGF-2 + PDGF-BB-treated group showed endothelial junction
integrity and pericyte coverage.

3.7 | FGF-2 + PDGF-BB augments FGFR-2, and
PDGFR- expression associated with the plaques

FGF-FGFR and PDGF-PDGFR systems are two characterized signal-
ling pathways involved in pericyte recruitment in angiogenic vessels.
To define the role of receptors associated with FGF-2 + PDGF-BB-
mediated neovessel maturation in plaques, we investigated the
expression level of FGFR-1, FGFR-2 and PDGFR-f in plaques. As ex-
pected, IF analysis following FGF-2 + PDGF-BB lentiviral transfec-
tion showed increased levels of FGFR-2 and PDGFR-f in the smooth
muscle cells (Figure 6A), with elevated FGFR-2 and PDGFR-p protein
levels in the FGF-2 + PDGF-BB group confirmed by Western blot
(Figure 6B).

3.8 | Combined FGF-2 and PDGF-BB augments
pericyte migration in vitro

We then investigated the mechanisms underlying the potenti-
ated biological functions of FGF-2 + PDGF-BB on pericytes in
vitro using 10T1/2 cells as a pericyte model to evaluate the func-
tion of FGF-2 + PDGF-BB on pericyte recruitment to endothelial
cells. As expected, FGF-2 + PDGF-BB induced pericyte migration
(Figure 7A,B). We then used an in vitro cell-recruitment assay to
mimic pericyte recruitment and attachment to endothelial cells, re-
vealing that 10T1/2 cell attachment to bEND.3 cells was significantly

increased in the FGF-2 + PDGF-BB group as compared with other
groups (P < .05) (Figure 7C).

3.9 | FGF-2 and PDGF-BB enhance VEGFR2
degradation by increasing epsin-2 expression

Aprevious study reported VEGFR2 as a negative regulator of pericyte
function'®?!; therefore, we examined VEGFR2 activation following
stimulation with FGF-2 + PDGF-BB, finding that FGF-2 + PDGF-BB
significantly decreased VEGFR2 phosphorylation (Figure 7D).

To identify the molecular mechanism underlying FGF-2 + PDGF-
BB-enhanced VEGFR2 degradation, we evaluated epsin-1/2 ex-
pression. Previous studies indicated that epsins regulate VEGFR2
signalling in endothelial cells?’; however, their role in pericytes
remains unknown. To investigate the role of epsins-1 and -2 in
pericytes, we examined their expression following stimulation of
FGF-2, PDGF-BB and FGF-2 + PDGF-BB, respectively, in pericytes.
As expected, FGF-2 significantly increased epsin-1/2 expression in
a time-dependent manner, whereas FGF-2 + PDGF-BB treatment
increased only epsin-2 expression in a time-dependent manner
(Figure 7E). Moreover, following siRNA-mediated knock-down of
epsin-2 in pericytes, we observed augmented VEGFR2 signalling
(Figure 7F). Additionally, cell-recruitment assays showed that siRNA
targeting epsin-2 markedly decreased the attachment of 10T1/2
cells to b.ENDS3 cells (Figure 7G). These findings demonstrated that
FGF-2 + PDGF-BB enhanced VEGFR2 degradation by increasing

epsin-2 expression.

4 | DISCUSSION

Previous clinical observations indicated that plaque neovessel sta-
bilization is therapeutically important. Although the harmfulness of
immature intraplague neovessels is well known, and current stud-
ies of vulnerable plaque generally focus on anti-angiogenesis at the
early stage of plaque formation and seldom directly address the
ability of immature plague neovessels to stabilize at an advanced
stage of the plaque. This study revealed that overexpression of sin-
gle angiogenic factors, including VEGF-A, FGF-2 and PDGF-BB, was

FIGURE 7 Effects of FGF-2 + PDGF-BB on pericyte migration, VEGFR2 degradation and epsin-1/2 expression in vitro. A, Representative
images and quantification of wound-healing assay results at 0 and 6 h in FGF-2-, PDGF-BB- or FGF-2 + PDGF-BB-stimulated pericytes (n = 3
samples/group). Bar, 20 um. B, Representative images and quantification of Transwell assays at 0 and 12 h in FGF-2-, PDGF-BB- or FGF-

2 + PDGF-BB-stimulated pericytes (n = 3 samples/group). Bar, 20 um. C, bEND.3 and 10T1/2 cells were labelled with carboxyfluorescein
succinimidyl ester (green) and PKH26 (red), respectively and co-cultured in Matrigel-coated culture slides for 6 h under treatment with
FGF-2-, PDGF-BB- or FGF-2 + PDGF-BB. Bar, 20 pm. Quantification was performed by measuring the merged cells from 10 fields in three
independent experiments. D, Time-course analysis of total VEGFR-2 and p-VEGFR-2 levels in FGF-2-, PDGF-BB- or FGF-2 + PDGF-BB-
stimulated pericytes (n = 3 samples/group). E, Time-course analysis of epsin-1 and e-2 protein levels in FGF-2-, PDGF-BB- or FGF-2 + PDGF-
BB-stimulated pericytes (n = 3 samples/group). F, 10T1/2 cells transfected with either control siRNA or epsin-2 siRNA were stimulated with
FGF-2 + PDGF-BB and analysed by Western blot. Quantification of total PDGFR-, p-PDGFR-B, total VEGFR-2 and p-VEGFR2 levels (n = 3
samples/group). G, bEND.3 and 10T1/2 cells were labelled with carboxyfluorescein succinimidyl ester (green) and PKH26 (red), respectively,
and co-cultured in Matrigel-coated culture slides for 6 h. Quantification was performed by measuring the merged cells from 10 fields in
three independent experiments. Bar, 20 pm. All in vitro experiments were repeated at least twice. Data represent the mean + SEM. All data
as standardized values. *P < .05, **P < .01; and ***P < .001; analysis of variance. NT, no treatment
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unable to establish stable and functional plaque neovessels, whereas
combined overexpression of FGF-2 and PDGF-BB synergistically
induced the formation of stable and functional neovessels. These
results suggest a new therapeutic pathway for vulnerable plaque.
Here, we employed a rabbit model receiving media-adven-
titia lentiviral injection to investigate the therapeutic potential
of FGF-2 + PDGF-BB for increasing plaque neovessel maturity.
FGF-2 and PDGF-BB synergistic effects have been investigated in

cancers and some ischaemic diseases; however, the results were
controversial.®®>2° In rat and rabbit ischaemic hindlimb models,
FGF-2 and PDGF-BB synergistically induced stable and relatively
mature neovessels, but overexpression of FGF-2 and PDGF-BB
in murine fibrosarcomas led to formation of high-density primi-
tive vascular plexuses that were poorly coated with pericytes and
vascular SMCs.2>?° The plaque microenvironment is complex and

a rich source of various signalling molecules; therefore, growth
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factors might exhibit different and unique biological functions in the
plaque.?® In the present study, our initial observations suggested
that the VEGF-A and FGF-2 groups significantly increased IPH and
plaque rupture, whereas following FGF-2 + PDGF-BB overexpres-
sion, IPH and plaque rupture were seldom observed. VEGF-A and
FGF-2 are potent angiogenic factors in vivo, and a recent study of
ischaemic models showed that VEGF-A- and FGF-2-overexpression
induce primitive vascular plexuses.?® In the present study, VEGF-A
or FGF-2 alone induced intense intraplaque angiogenesis, with these
capillary networks usually comprising disorganized, leaky, prema-
ture and haemorrhagic blood vessels.

The newly formed blood vessels within FGF-2 + PDGF-BB-
overexpressing plaques were well organized and mature, with
distinct vascular tree-like structures and wide pericyte coverage.
Pericytes are perivascular cells located at the interface between
capillaries and surrounding tissues, where they play a key role in vas-
cular maintenance and angiogenesis.?”
The number of intraplague neovessels induced by
FGF-2 + PDGF-BB was significantly lower than that induced by
either VEGF-A- or FGF2-overexpression separately. Oxygen depri-
vation in the plaque environment is a potent inducer of neovascular-
ization; therefore, we investigated the plaque hypoxic state in each
group, finding that the extent of plague hypoxia was significantly
reduced in the FGF-2 + PDGF-BB group. HIF-1a is a potent inducer
of neovascularization, and low levels might have provided negative
feedback, resulting in a diminished number of intraplaque neoves-
sels in the FGF-2 + PDGF-BB group.

The expression of PDGFRp in plaque is a key event affecting
the stability of intraplague neovessels. Although PDGF-BB overex-
pression increased PDGFR{ levels, as indicated according to CD31
and NG2 double staining, most of the neovessels in PDGF-BB-
overexpressing plaques appeared as muscular circles consisting of
only pericytes or vascular SMCs. This might be because PDGF-BB
is a potent mitogen that increases the migration and proliferation
of PDGFR-expressing vascular SMCs/pericytes while usually having
no biological effect on endothelial cells not expressing detectable
levels of PDGFRs.?® Intraplaque haemorrhage, hypoxia state and in-
flammatory cell infiltration were significantly increased in PDGF-BB
group. Therefore, newly formed vessels in the PDGF-BB group were
immature and leaky.

The mechanisms underlying pericyte recruitment induced by
FGF-2 and PDGF-BB are complex. Previous studies demonstrated
VEGFR-2 as a negative regulator of pericyte function and PDGFRp
phosphorylation.???® In the present study, we confirmed that
FGF-2 + PDGF-BB enhanced VEGFR-2 degradation in pericytes.
Moreover, previous studies show that endothelial epsin-1 and -2
play a key role in promoting VEGFR-2 internalization and degrada-
tion.?%%% In the present study, we showed that FGF-2 + PDGF-BB
synergistically up-regulated epsin-2 as a mediator of VEGFR-2 phos-
phorylation to enhance pericyte migration and recruitment to endo-
thelial cells.

Although we have elucidated mechanisms involved in intraplaque

neovessel normalization, future investigations should be focused on

WILEY-

the following two aspects to facilitate efficient therapy of intraplaque
angiogenesis. First, a nanoparticle delivery system should be imple-
mented to achieve site-specific delivery of FGF2 + PDGF-BB, and
concentration gradient studies should be conducted to ensure pre-
cise treatment of intraplaque angiogenesis. Second, the relationship
between FGF-2 + PDGF-BB and epsin-2 should be explored.
Altogether, our data provide new mechanistic insights into the
signalling pathways associated with pericyte recruitment in plaque
neovessels and suggest that drugs targeting these pathways would

present a potential strategy for vulnerable plaque therapy.

ACKNOWLEDGEMENTS

This work was supported by The National 973 Basic Research
Program of China (No. 2012CB518603), grants from the National
Natural Science Foundation of China (Nos. 60971023, 81270351,
81774085 and 81800382) and the Natural Science Foundation of
Shandong Province, China (No. ZR2018PH002 and ZR2017BH013).

CONFLICT OF INTEREST
None.

AUTHOR CONTRIBUTIONS

LZ and YZ conceived and designed the experiments. YM performed
the experiments. YS analysed the data. CGZ, XLX and XQL contrib-
uted reagents/materials/analysis tools. YM contributed to the writ-
ing of the manuscript.

ORCID

Xing Li Xu https://orcid.org/0000-0002-7188-5614
Lei Zhang https://orcid.org/0000-0002-9823-5902
Yun Zhang https://orcid.org/0000-0003-4432-6144

DATA AVAILABILITY STATEMENT
The datasets used and analysed during the current study are avail-

able from the corresponding author on reasonable request.

REFERENCES

1. Yu P, Ge Y-Z, Zhao Y, et al. Identification and significance of mo-
bilized endothelial progenitor cells in tumor neovascularization of
renal cell carcinoma. Tumour Biol. 2014;35:9331-9341.

2. Manuel GE, Johnson T, Liu D. Therapeutic angiogenesis of exo-
somes for ischemic stroke. Int J Physiol Pathophysiol Pharmacol.
2017;9:188-191.

3. Lee SC, Carr CL, Davidson BP, et al. Temporal characterization of
the functional density of the vasa vasorum by contrast-enhanced
ultrasonography maximum intensity projection imaging. JACC
Cardiovasc Imaging. 2010;3:1265-1272.

4. Chistiakov DA, Orekhov AN, Bobryshev YV. Contribution of neovas-
cularization and intraplaque haemorrhage to atherosclerotic plaque
progression and instability. Acta Physiol (Oxf). 2015;213:539-553.

5. Goel S, Duda DG, Xu L, et al. Normalization of the vascula-
ture for treatment of cancer and other diseases. Physiol Rev.
2011;91:1071-1121.

6. Vander Veken B, De Meyer GR, Martinet W. Intraplaque neovascu-
larization as a novel therapeutic target in advanced atherosclerosis.
Expert Opin Ther Targets. 2016;20:1247-1257.


https://orcid.org/0000-0002-7188-5614
https://orcid.org/0000-0002-7188-5614
https://orcid.org/0000-0002-9823-5902
https://orcid.org/0000-0002-9823-5902
https://orcid.org/0000-0003-4432-6144
https://orcid.org/0000-0003-4432-6144

1140
—I—Wl LEY

7.

10.

11.

12.
13.
14.
15.
16.

17.
18.

19.
20.

21.

MAO ET AL.

Parma L, Baganha F, Quax PHA, de Vries MR. Plaque angiogene-
sis and intraplaque hemorrhage in atherosclerosis. Eur J Pharmacol.
2017;816:107-115.

Kong DH, Kim MR, Jang JH, Na HJ, Lee S. A review of anti-angio-
genic targets for monoclonal antibody cancer therapy. Int J Mol Sci.
2017;18:E1786.

Xu J, Lu X, Shi GP. Vasa vasorum in atherosclerosis and clinical sig-
nificance. Int J Mol Sci. 2015;16:11574-11608.

Riondino S, Del Monte G, Fratangeli F, Guadagni F, Roselli M, Ferroni
P. Anti-angiogenic drugs, vascular toxicity and thromboembolism in
solid cancer. Cardiovasc Hematol Agents Med Chem. 2017;15:3-16.
Stefanadis C, Toutouzas K, Stefanadi E, Lazaris A, Patsouris E,
Kipshidze N. Inhibition of plaque neovascularization and inti-
mal hyperplasia by specific targeting vascular endothelial growth
factor with bevacizumab-eluting stent: an experimental study.
Atherosclerosis. 2007;195:269-276.

Shahneh FZ, Baradaran B, Zamani F, Aghebati-Maleki L. Tumor
angiogenesis and anti-angiogenic therapies. Hum Antibodies.
2013;22:15-19.

Hosaka K, Yang Y, Nakamura M, et al. Dual roles of endothelial FGF-
2-FGFR1-PDGF-BB and perivascular FGF-2-FGFR2-PDGFRbeta sig-
naling pathways in tumor vascular remodeling. Cell Discov. 2018;4:3.
Lee J, Baird A, Eliceiri BP. Vascular normalization in cerebral angio-
genesis: friend or foe? Methods Mol Biol. 2014;1135:25-34.

Chen WQ, Zhang L, Liu YF, et al. Prediction of atherosclerotic
plaque ruptures with high-frequency ultrasound imaging and
serum inflammatory markers. Am J Physiol Heart Circ Physiol.
2007;293:H2836-H2844.

Zhang L, Liu Y, Lu XT, et al. Intraplaque injection of Ad5-CMV.p53
aggravates local inflammation and leads to plaque instability in rab-
bits. J Cell Mol Med. 2009;13:2713-2723.

Torzewski M, Klouche M, Hock J, et al. Immunohistochemical
demonstration of enzymatically modified human LDL and its colo-
calization with the terminal complement complex in the early ath-
erosclerotic lesion. Arterioscler Thromb Vasc Biol. 1998;18:369-378.
Michel J-B, Delbosc S, Ho-Tin-Noé B, et al. From intraplaque
haemorrhages to plaque vulnerability: biological consequences
of intraplaque haemorrhages. J Cardiovasc Med (Hagerstown).
2012;13:628-634.

Watkins TA, Emery B, Mulinyawe S, Barres BA. Distinct stages of
myelination regulated by gamma-secretase and astrocytes in a rap-
idly myelinating CNS coculture system. Neuron. 2008;60:555-569.
Chen J, Luo Y, Hui H, et al. CD146 coordinates brain endothelial
cell-pericyte communication for blood-brain barrier development.
Proc Natl Acad Sci USA. 2017;114:E7622-E7631.

Zhou K, Zhang J-W, Wang Q-Z, et al. Apatinib, a selective VEGFR2
inhibitor, improves the delivery of chemotherapeutic agents to

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

tumors by normalizing tumor vessels in LoVo colon cancer xeno-
graft mice. Acta Pharmacol Sin. 2019;40:556-562.

Song K, Wu H, Rahman HNA, et al. Endothelial epsins as regulators
and potential therapeutic targets of tumor angiogenesis. Cell Mol
Life Sci. 2017;74:393-398.

Cao R, Brakenhielm E, Pawliuk R, et al. Angiogenic synergism, vas-
cular stability and improvement of hind-limb ischemia by a combi-
nation of PDGF-BB and FGF-2. Nat Med. 2003;9:604-613.
Nakamura K, Arimura K, Nishimura A, et al. Possible involvement
of basic FGF in the upregulation of PDGFRbeta in pericytes after
ischemic stroke. Brain Res. 2016;1630:98-108.

Nissen LJ, Cao R, Hedlund E-M, et al. Angiogenic factors FGF2 and
PDGF-BB synergistically promote murine tumor neovascularization
and metastasis. J Clin Invest. 2007;117:2766-2777.

Kolodgie FD, Narula J, Yuan C, Burke AP, Finn AV, Virmani R.
Elimination of neoangiogenesis for plaque stabilization: is there a
role for local drug therapy? J Am Coll Cardiol. 2007;49:2093-2101.
Allt G, Lawrenson JG. Pericytes: cell biology and pathology. Cells
Tissues Organs. 2001;169:1-11.

Lindahl P, Johansson BR, Leveen P, Betsholtz C. Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science.
1997;277:242-245.

de Vries MR, Parma L, Peters HAB, et al. Blockade of vascular
endothelial growth factor receptor 2 inhibits intraplaque hae-
morrhage by normalization of plaque neovessels. J Intern Med.
2019;285(1):59-74.

Greenberg J1, Shields DJ, Barillas SG, et al. A role for VEGF as a neg-
ative regulator of pericyte function and vessel maturation. Nature.
2008;456:809-813.

Pasula S, Cai X, Dong Y, et al. Endothelial epsin deficiency de-
creases tumor growth by enhancing VEGF signaling. J Clin Invest.
2012;122:4424-4438.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Mao Y, Liu XQ, Song Y, et al.
Fibroblast growth factor-2/platelet-derived growth factor
enhances atherosclerotic plaque stability. J Cell Mol Med.
2020;24:1128-1140. https://doi.org/10.1111/jcmm.14850



https://doi.org/10.1111/jcmm.14850

