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Anti-proliferative agents have been the primary therapeutic
drug of choice to inhibit restenosis after endovascular treat-
ment. However, recent safety and efficacy concerns for patients
who underwent peripheral artery disease revascularization
have demonstrated the need for alternative therapeutics. The
aim of this investigation was to investigate the efficacy of a
cell-specific RNA aptamer inhibiting vascular smooth muscle
cell proliferation and migration. First, the impact of the RNA
aptamer (Apt 14) on the wound healing of primary cultured
porcine vascular smooth muscle cells (VSMCs) was examined
in response to a scratch wound injury. We then evaluated the
effect of local luminal delivery of Apt 14 on neointimal forma-
tion in a clinically relevant swine iliofemoral injury model. In
contrast with a non-selected control aptamer (NSC) that had
no impact on VSMC migration, Apt 14 attenuated the wound
healing of primary cultured porcine VSMCs to platelet-derived
growth factor-BB. Histological analysis of the Apt 14-treated
arteries demonstrated a significant reduction in neointimal
area percent diameter stenosis compared with arteries treated
with saline andNSC controls. The findings of this study suggest
that aptamers can function as selective inhibitors and thus pro-
vide more fine-tuning to inhibit selective pathways responsible
for neointimal hyperplasia.

INTRODUCTION
Treatment of peripheral artery disease (PAD) affects more than
8 million Americans and costs approximately $21 billion annually.1

The high cost is mainly due to the large number of peripheral vascular
operations and interventions that fail, often requiring repeat interven-
tions.2–5 The problem is re-stenosis, the re-occlusion of the artery
where the original obstruction was treated. However, treatment re-
sults in injury to the vessel wall that activates vascular smooth muscle
cells (VSMCs) to migrate from the tunica media to the subendothelial
space and proliferate, resulting in intimal hyperplasia and severely
restricted blood flow.

Percutaneous intervention—balloon angioplasty and stenting—is
preferred over bypass surgery in PAD because of lower morbidity
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and mortality rates and shorter in-hospital stays.6,7 However, 50%–
85% of patients develop hemodynamically significant restenosis
within 2 years of the procedure.5,8 Anti-proliferative drugs, used in
combination with bare metal stents, termed drug-eluting stents
(DES), were a significant breakthrough and highly successful in treat-
ing coronary artery disease,9,10 but stents have shown very poor clin-
ical outcomes in treating PAD since they are prone to fracture in the
periphery.11 Drug-coated balloons (DCBs) have emerged as a prom-
ising approach for treating PAD, but data supporting their long-term
clinical efficacy have been inconsistent. Specifically, recent reports
have shown an increased risk of death and amputations after local
paclitaxel delivery to treat PAD.12

To date, all commercially available DES and DCBs have incorporated
paclitaxel or a –limus (e.g., sirolimus, everolimus, zotarolimus) as an
anti-proliferative agent to inhibit restenosis. In this study, we investi-
gated an RNA aptamer as an alternative to current therapeutic agents
to inhibit restenosis. RNA aptamers are single-stranded nucleic acids
whose binding properties depend on their sequence and three-dimen-
sional structure. We have previously identified a VSMC-targeted
RNA aptamer (Apt 14) binds to the platelet-derived growth factor re-
ceptor (PDGFR)-b to inhibit its phosphorylation and prevent phos-
phatidylinositol 3-kinase/protein kinase-B (PI3K/Akt) activation.13

In doing so, Apt 14 selectively inhibited migration but not prolifera-
tion, of cultured VSMC while having no effect on the migration or
proliferation of endothelial cells. Furthermore, Apt 14 attenuated
neointimal formation in a murine model of carotid injury when
applied to the peri-adventitial surface.13 In this study, we extend these
findings toward the next step of potential application to human
vascular disease by testing the efficacy of luminal delivery of Apt 14
on neointimal formation in a clinically relevant swine iliofemoral
injury model.
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Figure 1. Effect of RNA aptamers on porcine VSMC migration

Cells were cultured to confluence followed by 2-day serum starvation then subject to scratch wound injury and treated with PDGF-BB (5 ng/mL) in the absence or presence of

aptamers. Aptamers or vehicle were added to cells 30 min before PDGF. Cell images were captured every 2 h and wound confluence was calculated by the IncuCyte S3

system for more than 22 h. Migration was assessed by wound confluence. (A) Aptamer 14 (Apt 14) but not Apt 01 or NSC decreases PDGF-induced VSMC migration. Ap-

tamers was added at 200 nM. n = 8–12. (B) Dose-response of Apt 14 in inhibition of PDGF-mediated cell migration. n = 3–4. (C) Effect of RNA aptamers (200 nM) on cell

proliferation to PDGF-BB (2.5 ng/mL). Aptamers were added 30 min before PDGF. Cells were treated with PDGF for 24 h n = 3–4. (D) Representative cell phase images

showing the wound confluence at 0 h and 22 h after PDGF exposure. The initial scratch wound and scratch wound area were masked in blue and yellow, respectively. Migra-

tion data were analyzed by two-way ANOVA, repeated measures, with Bonferroni post tests. Proliferation data were analyzed by one-way ANOVA with Tukey post hoc test.

*p < 0.05, **p < 0.01 vs. vehicle, #p < 0.05, ##p < 0.01 vs. PDGF.
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RESULTS
Apt 14 inhibits swine VSMC migration

To assess the effect of the RNA aptamers on VSMC function, we first
evaluated their effect in vitro on cell migration in response to PDGF-
BB (PDGF). As shown in Figure 1A, Apt 14 (200 nM) decreased the
migration of PDGF-stimulated swine VMSCs, whereas the non-spe-
cific control aptamer (NSC) (200 nM) or Apt 01 (200 nM) had no
impact (wound confluence at 22 h: PDGF, 20.31 ± 5.72%; NSC-
PDGF, 19.30 ± 6.72%; Apt 01-PDGF, 18.36 ± 5.26%; Apt
14-PDGF, 11.53 ± 3.76%; p < 0.001 vs. PDGF). Also, aptamer alone
578 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
did not affect cell migration (Figure 1A). A dose dependence of
Apt 14 was observed, ranging from 20 nM to 500 nM of Apt 14
(Figure 1B). Despite its ability to inhibit VSMC migration, Apt 14
did not affect PDGF-BB-mediated swine VMSC proliferation
(Figure 1C).

Contrast agent Omnipaque (iohexol) injection 300 (G.E. Healthcare)
was used to deliver the aptamers to the vessel. The contrast agent
(osmolality at 672 mOsm/kg vs. 285 for average human plasma level)
was first diluted with distilled H2O (1mL of 300 + 1.3 mL of H2O) to



Figure 2. RNA aptamer 14 (Apt 14) inhibits porcine VSMC migration in the presence of contrast agent

Cells were cultured to confluence then subject to scratch wound injury and treated with PDGF-BB (5 ng/mL). Apt 14 was diluted in isotonic contrast agent at a concentration

of 200 nM or 500 nM. (A) Wound confluence was measured by the Incucyte S3 system for more than 22 h. (B) Representative cell phase images were shown at 0 h and 22 h

after PDGF exposure. The initial scratch wound and scratch wound area were masked in blue and yellow, respectively. Data were analyzed by two-way ANOVA, repeated

measures, with Bonferroni post tests. *p < 0.05, **p < 0.01 vs. vehicle, #p < 0.05, ##p < 0.01 vs. PDGF. n = 4.
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be isotonic and then diluted two- or four-fold with serum-free
DMEM. To ensure that the contrast agent does not affect the ability
of Apt 14 to inhibit swine VSMC migration to PDGF, Apt 14 was
added to a diluted isotonic contrast agent at both 200 nM and
500 nM concentrations. Results demonstrated that the effectiveness
of Apt 14 was not altered in the presence of contrast. Additionally,
the higher concentration of Apt 14 resulted in a better inhibition of
the VSMC migration to PDGF (Figure 2).

Apt 14 inhibits neointimal formation in vivo

To evaluate the effect on neointimal formation, we delivered Apt 14
directly into themedial vessel wall swine femoral arteries after balloon
injury using an endovascular perfusion catheter (Figure 3). We have
previously demonstrated that our endovascular approach effectively
delivers Apt 14 to the vessel wall.14 The arteries were harvested
14 days after treatment with Apt 14. No evidence of dissection or
thrombosis was observed at the treatment site. Histological analysis
of the treatment groups showed no differences in internal elastic lam-
ina injury (p = 0.45) and no differences in the measured external
elastic lamina (p = 0.30), internal elastic lamina (p = 0.32), and medial
area (p = 0.32). The Apt 14 treated group had a larger lumen area (sa-
line 1.86 ± 0.63 mm2 vs. NSC 1.27 ± 0.80 mm2 vs. Apt 14 4.10 ±

2.28 mm2; p = 0.0488) and a smaller neointimal area (saline 2.61 ±

1.08 mm2 vs. NSC 1.50 ± 1.27 mm2 vs. Apt 14 0.244 ± 0.22 mm2;
p = 0.023) and percent diameter stenosis (saline 57.13 ± 11.78% vs.
NSC 49.38 ± 23.78% vs. Apt 14 4.85 ± 2.54%; p = 0.0140) as compared
with controls (Figure 4).
DISCUSSION
This report provides the first demonstration of cell-targeted delivery
of a synthetic RNA ligand to inhibit neointimal growth in a preclin-
ical, large animal model of vascular disease. The study confirmed that
(i) the RNA aptamer Apt 14 is a potent inhibitor of PDGF-simulated
swine VSMC, (ii) the contrast agent had no adverse impact on Apt 14
efficacy, (iii) Apt 14 can be locally delivered in vivo using an endovas-
cular approach, and (iv) Apt 14 attenuates neointimal formation in a
clinically relevant preclinical model.

To date, the current endovascular approach to inhibit restenosis after
revascularization uses DES or DCBs. These devices deliver anti-pro-
liferative agents such as paclitaxel or –limus drugs onto the luminal
surface of the target lesion. For the treatment of PAD, paclitaxel
has been the drug of choice, which is not specific to VSMCs and in-
hibits proliferation in all cells, including endothelial cells. Two recent
meta-analyses suggest an increased risk of death after applications of
paclitaxel-coated DCBs in the femoropopliteal and infrapopliteal re-
gions.12,15 These studies evaluated multiple randomized trials with
long-term follow-up (%5 years). Although the exact mechanism is
unknown, it was postulated that drug (paclitaxel) mobility (with un-
known consequences) may have contributed to these findings.
Bio-drugs, such as aptamers, can thus play a significant role in devel-
oping safer targeted therapeutic options.

For this study, two aptamers (Apt 01 and Apt 14) were selected that
demonstrated high selective VSMC internalization and a NSC.
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Figure 3. Angiography showing aptamer being delivered into the arterial

wall of a pig iliofemoral artery
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Previously, we have shown that both Apt 01 and Apt 14 aptamers
were distinct in sequence similarity and structure similarity.16 Apt
14 functions as a smart drug by inhibiting activation of PI3K/Akt
signaling in response to multiple agonists by a mechanism that in-
volves inhibition of PDGFR-b phosphorylation.13 Our results
confirmed previous observations that Apt 14 inhibits migration of
PDGF-stimulated swine VMSCs, whereas the NSC had no impact.
Additionally, a dose-dependent response of Apt 14 was observed.
For translational purposes, we also confirmed that a radiopaque
contrast agent did not affect Apt 14 function.

A primary goal of this study was to demonstrate that intraluminal de-
livery of a selected RNA aptamer can inhibit injury-induced neointi-
mal growth in a large animal model. Previously, we showed that the
aptamer could be locally delivered using a perfusion catheter in an
ex vivo porcine artery model.14 At 24 h after delivery, the results
demonstrated that Apt 14 maintained and showed greater tissue
levels as compared with Apt 01. Furthermore, the study confirmed
that the aptamer was successfully delivered into the medial wall of
the vessel, targeting the VSMCs. In this study, we evaluated the ability
of the aptamer to inhibit neointimal formation in a clinically relevant
swine iliofemoral injury model. While it is well recognized that
vascular remodeling and repair occurs faster in animals than in hu-
mans after balloon injury, animal models can still provide a predictive
value for observing biological effects that may be associated with drug
delivery.17 Histopathologic evaluation of Apt 14, along with the NSC
and saline only, were performed in a swine iliofemoral injury model,
which is an appropriate model for evaluating endovascular devices.17

Histological evaluation demonstrated the effectiveness of Apt 14,
based on vascular remodeling and healing. Specifically, neointimal
area and percent diameter stenosis were significantly reduced in the
Apt 14 group compared with controls.

While it is well known that neointimal formation induced by balloon
injury depends on VSMC proliferation andmigration from the media
to the intima, most current therapeutic strategies primarily target
cellular proliferation. In this study, we demonstrated that neointimal
growth can be decreased by an Aptamer that specifically targets and
inhibits VSMC migration, which has not been demonstrated previ-
ously in a large clinically relevant animal model. These results could
be attributed to two main factors. First, the aptamer specifically target
VSMCs, maintaining endothelial cell function and, therefore, natural
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healing (i.e., re-endothelialization) of the artery. Commonly used
anti-proliferative drugs, such as paclitaxel, have shown to be cyto-
toxic, triggering secondary inflammatory reactions and altering the
natural healing process.18 Second, the intraluminal approach delivers
the liquid therapy directly to the medial wall, enabling the instanta-
neous uptake of the aptamer by the VSMCs. This approach differs
from traditional endovascular techniques (stents and balloons) in
that a high concentration of anti-proliferative therapy is deposited
on the luminal surface. In this scenario, the anti-proliferative drugs
may not be available or solubilized for uptake by the VSMCs for
days, weeks, or months, in addition to inhibiting the natural re-endo-
thelialization process.

The results from this study confirm our previous findings that Apt 14
inhibits neointimal formation in a murine carotid injury model.13

However, in the murine study, aptamer was delivered to the artery
via a peri-adventitial application of a pluronic gel. This study imple-
mented a minimally invasive endovascular strategy to deliver the ap-
tamer to the target vessel, providing a more suitable clinical approach.
Furthermore, the local liquid delivery approach allows for the poten-
tial delivery of multiple aptamers with complementary functions to
inhibit VSMC migration, proliferation, and vascular inflammation.

Our results support the concept of the local delivery of Apt 14 to arte-
rial segments to inhibit neointimal growth, however, the study was
limited to a healthy animal model and thus did not consider diseased
arteries. We also recognize that human lesions are more complex and
often include fibrosis, calcification, hemorrhage, and, in most cases,
require de-bulking using balloons and atherectomy devices, which
may alter aptamer delivery and retention. Last, longer studies
(>14 days) are warranted to determine aptamer efficacy on vascular
remodeling.

In conclusion, these results provide the first evidence of using a perfu-
sion catheter to directly deliver a VSMC-specific RNA aptamer into
the medial wall, suppressing neointimal growth. The cell-specific tar-
geted approach demonstrated in this study may be more effective and
have better safety profiles than conventional nontargeted drugs.
Additionally, our liquid therapeutic delivery achieves the preferred
leave nothing behind strategy in the treatment of occlusive arterial
disease.

MATERIALS AND METHODS
Reagents

High glucose DMEM (11965), phenol red-free DMEM (31053),
L-glutamine (25030-081), Minimum Essential Medium Non-Essen-
tial Amino Acids (MEM-NEAA) (Gibco, 11140), and penicillin/
streptomycin (15140-122) were purchased fromGibco (Grand Island,
NY). Fetal bovine serum (FBS, F2442), mouse PDGF-BB (SRP3229),
and thiazolyl blue tetrazolium bromide (MTT, M2128) were pur-
chased from Sigma (St. Louis, MO). DMSO (0231) was from VWR
(Solon, Ohio). RNA aptamers were chemically synthesized by
TriLink Biotechnologies (San Diego, CA) or Integrated DNA Tech-
nologies (Coralville, IA) with 20 fluoro pyrimidines.



Figure 4. Verhoeff-Van Gieson- and hematoxylin and

eosin-stained images of iliofemoral arteries from a

pig injury model

The pig arteries were subject to endothelial denudation

using a angioplasty balloon catheter, treated with Apt 14

(500 nM), NSC (500 nM) or saline via a perfusion catheter

and harvested at 14 days after treatment. (A–F) Neointimal

growth is marked by blue double-headed arrows. The in-

ternal elastic lamina is marked by black arrows. (G) Percent

stenosis graph based on morphometric analysis of the Apt

14-, NSC-. and saline (control)-treated arteries. Data were

analyzed by one-way ANOVA with Tukey post tests.

*p < 0.05, **p < 0.01. n = 4.
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Cell culture

Primary porcine VSMCs were isolated from the aorta by enzymatic
digestion and cultured in DMEM containing 10% FBS, 1� MEM-
NEAA, and 1� penicillin/streptomycin in a humidified atmosphere
containing 5% CO2 at 37�C. Briefly, after removal of the adventitia
and scraping off of the luminal endothelium, the aorta was cut into
very small pieces and digested at 37�C in an enzyme digestion me-
dium containing type 2 collagenase (3 mg/mL), soybean trypsin in-
hibitor (0.375 mg/mL), elastase (0.5 mg/mL), and BSA (1 mg/mL).
After sufficient dissociation (approximately 3 h), a growth medium
was added to stop the protease digestion. The isolated cells were
collected by centrifugation at 800�g for 5 min then resuspended in
a growthmedium and cultured in a dish for 1 h to allow the fibroblasts
to attach. The medium containing unattached SMCs was transferred
to a new dish for culture until cells reached confluence. The charac-
teristic of VSMCs was confirmed by immunostaining for smooth
muscle a-actin, a VSMC-specific marker. In the protocols described
below, cells were synchronized for 1–2 days in phenol red-free
DMEM containing 0.5% FBS or 0% FBS, 1 � L-glutamine and
1 � MEM-NEAA, and then aptamers were added 30 min before
mouse PGDF-BB.

RNA aptamers

RNA aptamers were chemically synthesized by TriLink Biotech-
nologies or Integrated DNA Technologies with 50 C12-NH2 and
20 fluoro pyrimidines. The sequences of the aptamers are as
follows:

Aptamer 14 50-GGGAGGACGAUGCGGGCCUUUCGUUCUGAC
CUCCCCAGACGACUCGCCCGA -30,

Aptamer 01 50-GGGAGGACGAUGCGGUCCUGUCGUCUGUUC
GUCCCCAGACGACUCGCCCGA-30

Aptamer NSC 50-GGGAGGACGAUGCGGAUUACGAGCUUGU
UGCCUCGCAGACGACUCGCCCGA -30.

RNA aptamers were folded at 5 mM in 1� Binding buffer (1�BB,
20 mM HEPES, 150 mM NaCl, 2 mM CaCl2) at 95�C for
5 min, 65�C for 15 min, and then 37�C for 20 min; or at 37�C for
20–30 min.
Migration assays

Themigration of VSMCs was determined by scratch wound assay uti-
lizing the WoundMaker-IncuCyte ZOOM-ImageLock plate system
(Sartorius AG, Göttingen, Germany). Cells were seeded in 96-well
plates at 20,000 cells/well in growth medium overnight, then in 0%
FBS-DMEM for 2 days. After a scratch wound was made by the
WoundMaker according to the manufacturer’s instructions, cells
were treated in 0% FBS-DMEM with NSC, Apt 14, Apt 01, or vehicle
(1�BB) for 30 min, and then 10 mL mouse PDGF-BB or vehicle (0%
FBS-DMEM). The plates were placed in the IncuCyte, and the cells
were imaged every 2 h. The phase images were processed, and wound
confluence (%) within the wound region over time was determined by
the Incucyte Analysis Software (2019B Rev3). All experiments were
conducted in duplicate or triplicate.

Proliferation assays

Cell proliferation was determined by MTT assay. Cells were seeded in
96-well plates at 5000 cells/well in 0.5% FBS-DMEM for 1 day and
then treated in 0% FBS-DMEM. Aptamers were added 30 min before
PDGF-BB administration. At the indicated times, cell media was re-
placed with 0.5 mg/mL MTT in serum-free and phenol-free DMEM.
After 4 h of incubation, media were removed, cells were dissolved in
100 mL DMSO for 5 min at 37�C, and absorbance was measured at
560 nm using a plate reader (Turner Biosystems, Sunnyvale, CA).
Each treatment was conducted in 3–6 replicates.

Pig injury model

This study was approved by the Institutional Animal Care and Use
Committee, conformed to the current Guide for the Care and Use
of Laboratory Animals, and complies with the ARRIVE guidelines.
The experimental preparation of the animal model has been previ-
ously reported.19–21 Six female pigs (12.3–14.1 kg) were pre-medi-
cated with ketamine and midazolam, intubated, and placed on a
ventilator. While the animals were ventilated on isoflurane gas anes-
thesia, the right carotid artery was exposed under a sterile field. The
caudal end of the right carotid artery was tied off. Using micro scis-
sors, a small incision was made to the right carotid artery, and a 6F
guide sheath was inserted. A NITREX 0.014 guidewire (ev3 Inc., Ply-
mouth,MN) was inserted and, under fluoroscopic guidance, endothe-
lial denudation using a 4 � 12 mm angioplasty balloon catheter
(Abbot Vascular, Abbott Park, IL) was performed on the left and right
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 581
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iliac arteries. After denudation, Apt 14, NSC, or saline was delivered
via a perfusion catheter (3.0 mm� 30 mm, Advanced Catheter Ther-
apies, Chattanooga, TN) at a luminal delivery pressure of 0.15 atm for
2 min. The perfusion catheter locally delivered 2.5 mL of the aptamer
at a concentration of 500 nM. The perfusion catheter has two
compliant occlusion balloons (one proximal and one distal), which
define the treatment chamber. Luminal pressure, or treatment cham-
ber pressure, was measured in real time via a sensor located within the
treatment chamber, which was connected to an external pressure
monitor to monitor the pressure during infusion of the liquid drug.
For each group, two animals and four arteries were treated with either
Apt 14, NSC or saline. Antiplatelet therapy consisted of aspirin
(40 mg/day) given orally 24 h before catheterization, while single-
dose intra-arterial heparin (150 IU/kg) and lidocaine were adminis-
tered at the time of catheterization. Fourteen days after treatment,
anesthetized animals were euthanized and the treated segments
removed based on landmarks identified by angiography. The arteries
were perfused with saline and formalin fixed under physiological
pressure before removal. The segments were stored in 10% formalin
at room temperature and then processed to paraffin blocks, sectioned,
and stained with hematoxylin and eosin and Verhoeff-Van Gieson.

Morphometric analysis

Histological sections were digitized, and measurements were per-
formed using ImageJ software (NIH). Cross-sectional area measure-
ments included the external elastic lamina, internal elastic lamina,
and lumen area of each section. Using these measurements, the
medial area, neointimal area, and percent area stenosis was calculated
as previously described.22,23

Statistical analysis

All values were expressed as mean ± standard deviation. Continuous
variables were compared between groups using one- or two-way anal-
ysis of variance (ANOVA) using GraphPad Prism 9 (GraphPad
Software, La Jolla, CA). A value of p of 0.05 or less was considered
statistically significant. If statistical significance was shown, a compar-
ison of quantitative data of multiple groups was performed by Tukey’s
multiple comparisons post hoc test or Bonferroni post hoc test.

Data and materials availability

The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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