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Atherosclerosis is an inflammatory condition in which fatty depos-
its can clog the arteries and the buildups are called plaque [1]. Stroke
remains a massive public health problem with tremendous health care
costs. At least 20% of ischemic strokes are caused by carotid artery ath-
erosclerotic plague [2]. Even though there are phenomenal gains in clin-
ical management of patients with symptomatic carotid artery disease,
the molecular mechanisms and pathways leading to plaque instability
remain poorly established [3, 4]. Identification of the molecular mark-
ers of plaque instability along with signaling mechanisms may help in
providing alternatives to surgical treatment and prevention of stroke.
Cathepsin L (CTSL) is involved in inflammation and degradation of the
extracellular matrix in the fibrous cap, causing destabilization of the
plague. These proteases serve as potential markers for plaque inflamma-
tion and vulnerability [5, 6]. At present it is still unclear how CTSL plays
a role in the development of atherosclerotic plaque instability as well as
plague rupture and necrotic core formation (7, 8].

A pilot study was conducted on human carotid endarterectomy tissues
collected anonymously. Plaques were marked as clinically asymptomatic
(A) and symptomatic (S) male and female patients, aged between 50 and
75 years. The protein expression of CTSL in S (unstable) plaques com-
pared to A (stable) plaques were analyzed by double immunofluores-
cence and fibrous cap and necrotic core were assessed by morphometric
analysis. Our initial findings show increased expression of CTSL in symp-
tomatic plaques. The increased expression of CTSL in S plaques high-
lights the potential role of CTSL in plaque instability and needs further
investigation in animal models.

The porcine model is the most used and accepted model for cardio-
vascular diseases [9]. The same operative and imaging techniques used
clinically in humans can be performed in swine [10, 11]. Previous studies
conducted in swine show morphology and physiology of the lesions in
the carotid arteries comparable to humans [12, 13]. The swine model of
atherosclerosis is documented as an appropriate model to investigate
the pathophysiologic mechanisms leading to carotid artery atheroscle-
rosis [14, 15]. A pilot study was conducted by us on the swine model, to
further investigate the role of CTSL in the pathogenesis of carotid ath-
erosclerosis and to enhance knowledge of the mechanistic factors and
key molecules in the development of unstable plaques in vivo. To our
knowledge no such study has been conducted before.
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Material and methods

The Institutional Animal Care and Use Commit-
tee of Creighton University approved the research
protocol (IACUC#1017) and the Yucatan micro
swine were housed and maintained in the Animal
Resource Facility of Creighton University, follow-
ing the rules and regulations of NIH and USDA.
The animals were divided into two groups. Each
group had a total of four pigs each, depending on
the intervention. Group one animals underwent
angioplasty only, while group two animals under-
went angioplasty and an injection of lipopolysac-
charide (LPS) 100 pg in normal saline locally in
the carotid artery (once only) to induce further
atherosclerosis. All animals were fed a high-cho-
lesterol diet, purchased from Research Diets Inc,
for 4-6 months.

The animals were given intramuscular anes-
thesia before the procedure, then started on iso-
flurane inhalation using a face mask followed by
intubation with an endotracheal tube. After scrub-
bing and sterile draping, access to the vascular
system was obtained after femoral cut down and
exposure of the femoral artery. Once the femoral
artery was punctured, the 6 Fr sheath was intro-
duced to keep the artery open. An angiographic
guiding catheter (6 Fr AR2/100 cm) was pushed
all the way to the carotid arteries on a guiding
wire. Fluoroscopic evaluation was performed by
administering non-ionic contrast media into the
carotid arteries for fluoroscopic evaluation using
a C arm (OEC 9900 Elite Vas 8, GE Healthcare).
A clinical “coronary-type” angioplasty catheter
with a balloon size of 2.5 mm x 15 mm was gently
pushed on the guide wire, until its deflated bal-
loon was inside the left circumflex (LCX) coronary
artery, single complete balloon inflation to 10-
15 atm pressure, depending on the vessel diam-
eter using the inflation device with a pressure
gauge (BasixTouch), then the balloon was deflat-
ed, and the patency of the artery was checked
by performing angiography. Once the procedure
was completed, the catheters were removed, the
femoral artery sutured with prolene, and the leg
incision closed with vicryl. After the procedure,
the animal recovered under a thermal blanket and
intravenous fluids continued until the animal was
able to stand unassisted. Low-dose intramuscular
buprenorphine was given to alleviate postopera-
tive pain and repeated every 6-12 h. For the first
10 post-operative days, the animals were moni-
tored daily for signs of pain and discomfort.

At 6 months after carotid intervention, angio-
gram and optical coherence tomography (OCT)
imaging was performed using the C7-XR OCT in-
travascular imaging system (St. Jude Medical, St.
Paul, MN). A high dose of barbiturates (Beuthana-
sia-D, 0.1 ml/lb, i.v.) was administered to euthanize
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the animals. Swine carotids was removed quickly
after euthanasia and fixed in 10% formalin buf-
fer for 24 h. The tissues were handled in a Sakura
Tissue Tek VIP Tissue Processor and embedded in
paraffin. Sections were cut at a thickness of 5 um
using a microtome (Leica, Germany) and subse-
quently placed on slides for immunofluorescence
evaluation.

Histological preparation

Histologic sections were cut at 6 um, mount-
ed on charged slides, and stained with hema-
toxylin-eosin (H&E), trichome and Movat’s pen-
tachrome stain. Thickness was observed in an
Olympus Slide Scanner microscope (Olympus
VS120), using Image-pro software for analysis.
The intimal changes and plaque thickness of the
tissues were measured and analyzed using Stu-
dent’s t-test through SPSS statistical software.

Immunofluorescence

Tissue sections on the slides were deparaffin-
ized in xylene, rehydrated in ethanol, washed in
double-distilled water and treated with Lab Vision
HIER Buffer L pH 9.0 (Thermo Fisher Scientific Inc.)
at 90°C for 20 min. The slides were then washed
three times for 3 min each using 1x phosphate
buffered saline (PBS) and then were blocked in
normal horse serum from Vector Laboratories for
2 h at room temperature.

Immunohistochemistry was carried out using
rabbit anti-pig CTSL (Sino biological), mouse an-
ti-pig Cystatin C (Novus Biological), anti-TGF-B1
(Novus Biological), an anti-CD68 antibody (Santa
Cruz Biotechnology) and a-actin (abcam). The tis-
sue sections were incubated with either mouse
monoclonal anti-CD68, anti-o smooth muscle
actin (CD 68 for identification of macrophages
and a-actin for smooth muscle cell identifica-
tion), anti-CTSL antibody alone or in combination
to examine the colocalization of CD68 and CTSL
immunopositivity. Sections were also incubated
with primary antibody anti-TGF-B1, anti-a. smooth
muscle actin, anti-CD68, matching secondary an-
tibodies 594 (red) or green 488 (anti-a. smooth
muscle actin, anti-CD68). The tissue sections were
incubated with cystatin c alone, or double stained
with CTSL and TGF-B1 antibodies. Labeled spec-
imens were examined using an Olympus VS120.
After washing with PBS, the slides were stained
with DAPI, (4,6-diamidino-2-phenylindole) and the
immunofluorescence was observed in the Olym-
pus fluorescent microscope. DAPI, FITC (green)
and TRITC (red) filters were used. The average flu-
orescence intensity was quantified in the samples
using Image-Pro software and OlyVia 2.9 Desktop
software.
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Figure 1. Bar graph measuring intimal thickness
between the two groups

Cell culture from carotid SMC

Smooth muscle cells (SMCs) were prepared
from carotid plaques by an established method
developed by the CTS department. After gently
scraping endothelial and adventitial layers, the
medial layer was homogenized, washed in serum-
free DMEM (Gibco BRL, Grand island, NY) and di-
gested with 0.025% trypsin for 30 min at 37°C fol-
lowed by 0.1% collagenase (Sigma, St. Louis, MO)
digestion. The pellet was suspended in smooth
muscle cell medium (ScienCell, Carlsbad, CA) and
seeded on to 25 cm? culture flasks and maintained
at 37°C and 5% CO.,. The cells from the second to
fifth passages were used. The phenotype and the
homogeneity of isolated SMCs were confirmed by
positive staining for smooth muscle a-actin and
caldesmon [10, 11]. Once the cells were confluent,
they were treated with CTSL, TGFB1 and cystatin
C overnight.

Statistical analysis

Differences between the two plaque groups
were analyzed by Student’s t-test. Data were ex-

A
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pressed as percentage or mean + SD. Statistical
differences between the two groups were calcu-
lated. All calculations were performed using IBM
SPSS version 26.0 software. A probability value of
p < 0.05 was considered statistically significant.

Results

Morphologic characteristics of carotid
arteries

The morphometric analysis in the pilot ani-
mal study shows greater intimal thickness and
plaque formation in the angioplasty and LPS
group (AL), as compared to the angioplasty only
(AO) group, with a statistically significant = 0.024
(Figure 1). The data are expressed in micrometers:
AL = 5893 £36, A0 = 8.4 7.4, p = 0.024

Dual immunofluorescence was used to study
co-localization of CTSL and a-actin SMA in carot-
id plaques. Antibodies to CTSL and anti-a. smooth
muscle actin (-SMA), a marker for SMCs, were
used to demonstrate the expression of CTSL in ca-
rotid arteries. It was observed that the CTSL immu-
nofluorescence was greater in AL as compared to
the angioplasty only group (Figures 2 A, B). There
is higher expression of CTSL and colocalization of
both actin and CTSL in the AL group as compared
to the AO group. The results were statistically sig-
nificant, as shown by the values: AL = 19.75 4.1,
AO = 8.74 £6.96, p = 0.043.

Discussion

The imbalance in the expression between CTSL
and their inhibitor Cyst C, along with TGF-B1, can
trigger proteolysis of the extracellular matrix, lead-
ing to the pathogenesis of carotid artery disease
and atherosclerosis. Monitoring circulating levels
of CTSL and their endogenous inhibitor Cyst C may
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Figure 2. A— CTSL and a-actin IF expression in both groups. Representative immunofluorescence images of Cathep-
sin L (CTSL) (red) a-smooth muscle actin (a-SMA) (green) expression as visualized by dual immunofluorescence.
Panels a, e — CTSL (red), b, f— actin (a-SMA) (green), ¢, g — nuclei labeled with DAPI, and d, h merged immunoposi-
tivity to both CTSL and a-SMA B — Graphical representation of mean IF intensity
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be considered useful as a biomarker and indicator
of carotid artery stenosis [14, 15]. CTSL interaction
with cystatin-C, TGF-B1 and carotid artery plaques
may provide novel therapy for plaque stabilization
and requires validation through further studies in
animal models. Our pilot study demonstrates how
a large-animal model is helpful in investigating
the pathophysiologic process of plaques, but con-
firmation is needed in a small-animal model or in
an in vitro study. Whether the higher expression of
cathepsins in atherosclerotic plaques could con-
tribute to the exaggerated intimal hyperplasia re-
sponse seen in swine carotid arteries and models
of atherosclerosis is another interesting possibility
to explore in future studies [12, 13].

In conclusion, in this study the morphomet-
ric analysis of the swine carotid tissues showed
greater intimal thickness and plaque formation in
the angioplasty and LPS group (AL), as compared
to the angioplasty only (AO) group, and the dif-
ference was statistically significant. The protein
expression of CTSL is seen more in the AL carotid
tissues, as shown by our experiments.
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