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Peripheral artery disease is commonly treated with balloon angioplasty, a procedure involving
minimally invasive, transluminal insertion of a catheter to the site of stenosis, where a balloon

is inflated to open the blockage, restoring blood flow. However, peripheral angioplasty has a
high rate of restenosis, limiting long-term patency. Therefore, angioplasty is sometimes paired
with delivery of cytotoxic drugs like paclitaxel to reduce neointimal tissue formation. We pursue
intravascular drug delivery strategies that target the underlying cause of restenosis - intimal
hyperplasia resulting from stress-induced vascular smooth muscle cell switching from the healthy
contractile into a pathological synthetic phenotype. We have established MAPKAP kinase 2
(MK?2) as a driver of this phenotype switch and seek to establish convective and contact transfer
(coated balloon) methods for MK2 inhibitory peptide delivery to sites of angioplasty. Using a
flow loop bioreactor, we showed MK2 inhibition in ex vivo arteries suppresses smooth muscle
cell phenotype switching while preserving vessel contractility. A rat carotid artery balloon injury
model demonstrated inhibition of intimal hyperplasia following MK2i coated balloon treatment
in vivo. These studies establish both convective and drug coated balloon strategies as promising
approaches for intravascular delivery of MK2 inhibitory formulations to improve efficacy of
balloon angioplasty.

Keywords
Peripheral artery disease; Restenosis; Drug delivery; Intravascular delivery; Drug coated balloons

1. Introduction

Catheter-based, transluminal angioplasty can restore blood flow at sites of arterial
narrowing, but the balloon-related injury to the arterial wall commonly leads to restenasis,
or re-occlusion, of the artery [1]. In coronary artery interventions, balloon angioplasty is
routinely paired with stenting to maintain vessel patency. In other vascular beds, such as the
lower extremities, stenting is less practical; for example, the risk of stent fracture and failure
is increased as a result of adverse flow and radial stress conditions [2—4]. Without stenting,
angioplasty treatment alone has a 60 % restenosis rate at 12 months [5]. Therefore, there is
an unmet need to develop a novel, non-stent therapy to be paired with angioplasty to prevent
vessel restenosis in peripheral arteries.

Multiple factors lead to restenosis, with the most prominent cause being intimal hyperplasia
(IH) driven by smooth muscle cell (SMC) contractile-to-synthetic phenotype switching
[6,7]. Mechanical damage and inflammatory signaling due to vessel distention induces
healthy contractile SMCs to transition to a more proliferative, inflammatory, and fibrotic
synthetic state [8]. Synthetic SMC proliferation and extracellular matrix (ECM) deposition
creates a neointima that occludes the arterial lumen. Cytotoxic and cytostatic drugs like
paclitaxel and sirolimus, respectively, have been integrated into drug coated balloons
(DCBs) to combat SMC over-proliferation to reduce restenosis [9]. These drugs non-
selectively block proliferating cells, including endothelial cells, thus increasing the risk of
thrombosis [10]. Additionally, paclitaxel DCBs are currently the only approved DCB for use
in lower extremity arteries, and they do not show significant improvement in limb salvage,
survival, or restenosis in a recent meta-analysis [11]. Consequently, there is a need for new
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therapeutic strategies to be paired with angioplasty that target the molecular underpinnings
of IH.

Our recent studies have established MAPKAP kinase 2 (MK2) as a driver of SMC
phenotype switching and a promising target for preventing IH development [12,13].
Formulation of an MK2 inhibitory peptide (MK2i) with a pH-responsive polymer (PPAA)
electrostatically forms MK2i nanopolyplexes (MK2i-NPs) that are ~120 nm in diameter
and can be made in the presence of lactosucrose to yield a stable, lyophilized preparation
[13,14]. Relative to free MK2i peptide, MK2i-NPs increase cellular uptake and promote
endosome escape, which promotes higher cytoplasmic bioavailability and duration of
action [15-17]. Topical delivery of MK2i-NPs to explanted venous tissue blocks IH in
several ex vivoand /n vivo models of bypass grafting [12,13]. Instead of blocking or
killing proliferating cells, MK2i-NPs alter the gene expression landscape to preserve

the healthy contractile SMC phenotype while reducing inflammation, proliferation, and
ECM production. However, non-invasive, transluminal angioplasty procedures do not
allow for topical treatment of explanted tissues. As the majority of all lower extremity
revascularization procedures are catheter-based [18], it is salient to create methods that
enable intravascular delivery of MK2i + PPAA formulations into the arterial wall /7 vivoin
conjunction with angioplasty procedures.

Here, we seek to develop and validate convective delivery and layer-by-layer (LbL)

drug coated balloons for intravascular application of MK2i + PPAA formulations for the
prevention of angioplasty-induced SMC phenotype switching and restenosis. Convective
delivery of drugs to the vascular wall has been achieved by porous balloons that inject
therapy through small openings in an inflated balloon [19,20]. Ex vivo pressure-mediated
transfection was used in a clinical trial to test delivery of an E2F decoy to vein graft explants
for IH prevention post-transplant [21]. Here, we model the use of a specialized occlusion
perfusion catheter that uses two occlusion balloons to isolate a targeted segment of an
artery to be treated. The occluded lumen space is filled with a solution of the drug and
pressurized to force the drug into the vascular wall. The occlusion perfusion catheter has
shown promise in clinical trials for paclitaxel delivery, achieving FDA approval [22,23], and
it has been tested preclinically to administer paclitaxel [24] and aptamers [25] to ex vivo
arteries. For comparison, we also pursue a layer-by-layer (LbL) coating of MK2i + PPAA
onto angioplasty balloons for contact transfer to the tissue at the site of balloon deployment.
LbL coatings of angioplasty balloons have been used previously to deliver biologic drug
cargo such as polymeric nanoparticles [26] with some success. The opposite charges of
(+)MK2i and (-)PPAA make them suitable candidates for electrostatic LbL balloon coating.
We sought to test whether these delivery strategies enable bioactive delivery of MK2i +
PPAA formulations and if these treatments preserve vessel contractility and prevent SMC
phenotype switching and IH after angioplasty.

2. Methods

Materials:

Angioplasty balloons (Boston Scientific) were purchased from Medical Materials, Inc.
MK2i peptide (YARAAARQAR-AKALARQLGVAA) was synthesized by EzBioLab
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(Carmel, IN) at a scale of 500 mg with a purity =95 % as determined by mass spectrometry.
Antibodies against P-CREB (87G3), CREB (86B10), MYH (D8H8), and vimentin (VIM)
(D21H3) were purchased from Cell Signaling Technologies. Antibodies against PCNA
(ab29), SM22 (ab14106), CD3 (ab16669), and CD68 (ab125212) were purchased from
Abcam. Anti-Fibronectin (FN) antibody was purchased from Millipore Sigma (F6140).

PPAA Synthesis:

The PPAA polymer was prepared utilizing bulk RAFT polymerization, adapting

protocols outlined in the literature [12, 27]. The monomer 2-propylacrylic acid (2-

PAA) was produced following the approach outlined by Ferritto et al. [28]. The 4-
cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid chain transfer agent (CTA) was
synthesized as in previous works [29]. In the polymerization setup, a precise mixture of
2-PAA monomer, 2,2 -azo-bis-isobutyrylnitrile (AIBN, purified via recrystallization from
a methanolic solution) as the initiation agent, and the CTA were combined, maintaining

a molar ratio of CTA:AIBN:monomer at 1:1:219; this ratio was calculated to target a

final polymer molecular weight of approximately 25,000 g/mol upon complete monomer
conversion. The mixture was added to a Schlenk tube equipped with a magnetic stirrer and
exposed to three cycles of freezing, vacuum application, and thawing. It was then flushed
with nitrogen gas for 30 min and kept under nitrogen throughout the polymerization. The
reaction was initiated upon heating the mixture to 70 °C. The progress of the polymerization
was monitored over 72 h by observing the viscosity and evaluating monomer conversion.
The synthesized polymer was exposed to air, diluted into dimethylformamide (DMF),
precipitated into cold ethyl acetate (x3) and diethyl ether (x2), and dried under vacuum
overnight. The resulting polymer was dissolved into neutralized phosphate buffer (10 mM)
and was then dialyzed in a 12-14 kDa MWCQO membrane for 2 days, at which point the
dialysis was changed to 0.01 mM phosphate buffer for an additional day. The product

was freeze dried and then characterized by gel permeation chromatography (GPC) using

an Agilent 1200 series GPC system equipped with a mini-DAWN T-rex light scattering
detector, a variable wavelength detector, and a refractive index detector. The system was
configured with three TSKGel Alpha columns (Tosoh) in series and operated at 60 °C.

The eluent used was HPLC grade DMF with 0.1 % LiBr, flowing at a rate of 1 mL/min.
Data analysis was conducted using Astra V software (Wyatt Technology), with calibration
performed using PMMA and PEG standards supplied by Agilent. Additional verification of
the polymer’s purity, composition, and molecular weights was carried out through 1H NMR
analysis.

Fluorescent MK2i conjugation:

Fluorescent MK2i was made using an Alexa Fluor NHS Ester kit (Thermo Fisher). 50 uL of
the dye solution was added to 1 mL of 10 mg/mL MKZ2i in 0.1 M sodium bicarbonate buffer.
The dye-MK?2i solution was put on a shaker at RT for 1 h. The conjugated peptide was

then separated and dissolved in PBS using a PD-10 column. Conjugation and fluorescent
peptide concentration was quantified by measuring absorbance at 260 and 280 and using the
proper correction factor for the Alexa Fluor dye. Alexa 488 (Ex/Em 490nm/525 nm) was
used for flow cytometry studies and Alexa 568 (ExX/Em 578nm/603 nm) was used for all
other studies.
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MKZ2i-NP Formulation:

To prepare lyophilized MK2i-NPs for long-term storage, a previously described method
was used [14]. Briefly, MK2i-NPs were formulated at concentrations of 500 uM MK2i and
50 pM PPAA to form a 10X stock with 300 mM lactosucrose added as a lyoprotectant

to the NP solution. The NPs were then syringe-filtered through a 0.45 um pore size
polytetrafluoroethylene (PTFE) filter and separated into 100 L aliquots. They were then
frozen to —80 °C for 24 h and lyophilized. NPs were reconstituted for 30 min before use by
addition of 100 L of sterile water before being diluted in pH 8 PBS to achieve the desired
concentration for dosing.

Layer-by-layer balloon coating:

Angioplasty balloons were obtained from Medical Materials, Inc. To establish a positively
charged surface, the balloon was air plasma treated with a Harrick benchtop plasma cleaner
for 2 min to oxidize the surface and then immediately placed into a 1 w/w% solution of
(3-Aminopropyl)triethoxysilane (APTES) in 50 % ethanol for 3 h. To coat the balloon,
solutions of MK2i and PPAA were made in methanol at the concentrations indicated. The
balloon was then dipped for 3-5 s in the PPAA solution and allowed to air dry for 1 min
before a second dip and dry to establish a thorough coating of PPAA on the balloon. This
process was then repeated with the MK2i solution to create a layer on top of the PPAA layer.
These steps were repeated to create 6 PPAA/MK2i bilayers on the balloon. Balloon layering
was confirmed by using Alexa-568 labeled MK2i (MK?2i-568) and visualizing the coating on
IVIS and SEM. In some cases, the excipient lactosucrose (50 mg/mL) was included in the
PPAA coating solution as indicated.

Balloon loading and release quantification:

Angioplasty balloons (2.5 mm x 20 mm, Maverick OTW, Boston Scientific) were coated
with PPAA and MK2i-568 and then soaked in PBS with calcium and magnesium for 3 min
to measure balloon release. The balloons were then soaked again in DMSQ under sonication
for 3 min to remove any remaining surface-associated MK2i. The fluorescence of the PBS
and DMSO solutions was measured on a TECAN Infinite M1000 Pro plate reader and
compared to a standard curve of MK2i-568 in PBS and DMSO, respectively.

Rat aorta harvest:

Retired breeder Sprague-Dawley rats (Charles River Laboratories) were euthanized with
CO». The chest cavity was opened, and the fascia and connective tissue surrounding the
thoracic aorta were carefully removed. Branches from the aortas were cauterized with a
Bovie cautery pen (Medline) to allow for vessel pressurization. The harvested aortas were
stored in DMEM (+25 mM HEPES, +4.5 g/L p-glucose, +4 mM L-glutamine, +3 % FBS, +1
% Antibiotic/Antimycotic) at 37 °C until experimentation.

Aorta treatment:

Harvested aortas were damaged with an angioplasty balloon prior to treatment (3x, 15 s
each, 25 % overstretch). Coated balloons were then inserted into the aorta and pressurized
for 3 min in DMEM (+25 mM HEPES, +4.5 g/L p-glucose, +4 mM L-glutamine, +3 %
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FBS, +1 % Antibiotic/Antimycotic), with deflation and reinflation at each minute mark to
allow for maximum release and tissue transfer. After 3 min, the balloon was deflated and

removed. The treated artery was then washed briefly with DMEM and then processed for
further experimentation or data collection.

Angioplasty damage was induced the same for tests with convective delivery. After the
balloon was removed, the aortas were connected to a pressure sensor and filled with
treatment solution (50 pM MK2i, 50 pM preformed MK2i-NPs, or 5 uM PPAA sequentially
followed by solution of 50 UM MK2i (PPAA—MK2i)). The open end of the aorta was then
clamped, and a syringe was used to pressurize the treatment solution within the artery to
150 mmHg. This pressure was held for 3 min (for PPAA- > MK2i, each step was held for 3
min). The treated aorta was then disconnected from the clamp and pressure sensor, washed
briefly to remove any excess MK2i, and then processed for further experimentation or data
collection.

Delivery visualization and quantification:

Immediately after treatment, a 3-5 mm segment from the center of the aorta was placed into
OCT and frozen for cryosectioning. Samples were cut into 10 um sections and secured onto
slides using ProLong Gold Antifade mounting media with DAPI. After drying, the slides
were scanned on a Nikon Eclipse Ti confocal microscope to measure the intensity of the
fluorescent MK2i within the arterial cross-section. An ROI was drawn around the outside
and inside edges of the vessel using automatic ROI detection on the DAPI channel. Then,
total intensity of fluorescent MK2i within the arterial wall was calculated by subtracting
the intensity of the inner (lumen) region from the intensity of the total region. Similar ROI
approaches were used to calculate the area of the arterial wall. For data presentation, the
fluorescence intensity was normalized to the area for each sample. Additionally, a spatial
delivery profile as a function of depth into the arterial wall was created by drawing a line
(lumen to adventitia) at 8 evenly spaced points around the arterial wall and averaging the
fluorescence intensity along those lines.

Flow Cytometry:

After convective or coated balloon aorta treatment with MK2i-568 formulations, vessel
samples were incubated in DMEM (+25 mM HEPES, +4.5 g/L p-glucose, +4 mM .-
glutamine, +3 % FBS, +1 % Antibiotic/Antimycotic) for 1 h at 37 °C to allow time for

cell uptake. The aortas were subsequently transferred to 500 uL of cold PBS +1 % FBS

and cut with scissors into small (~1 mm square) pieces. Digestion media in DMEM was
then added to the PBS/tissue tube (500 pL) to achieve a final enzyme concentration of 0.7
mg/mL liberase, 4 mg/mL collagenase, and 0.2 mg/mL DNase, and the tubes were placed in
a 37 °C incubator on a shaker for ~90 min or until digestion was apparent. After incubation,
the samples were filtered through a 70 um cell strainer and centrifuged at 500 g for 8 min.
The resulting cell pellet was resuspended in 200 uL of FACS buffer (PBS +/+, 1 % FBS,

2 mM EDTA) and transferred to a 96 well plate for flow cytometry. Cells were read for
fluorescence on a Guava easyCyte HT, and the resulting data was processed in FlowJo.
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Flow Loop Bioreactor Setup:

To prepare the bioreactor system for aorta culture under flow, a sterile 4 mm biopsy punch
was used to make holes in sterile 50 mL conical tubes. Connecting tubes were sterilized
with ethanol and washed through with 3 % hydrogen peroxide followed by DI water. Treated
aortas were hung inside each 50 mL tube and stretched to 130 % of their length ex vivoto
simulate physiological tension. The media used was based on methods previously described
by Wang et al. [30] and was created by mixing 50 % DMEM (+25 mM HEPES, +4.5 g/L
p-glucose, +4 mM L-glutamine) and 50 % VascuL .ife growth media (VWR) supplemented
with 1 % Antibiotic/Antimycotic and 30 g/L dextran to increase the viscosity of the media
to be similar to blood. Flow loop media was further supplemented to 20 % FBS to promote
VSMC phenotype switching within the arteries. Aortas were connected to tubing with
plastic cannulas and secured with sterile sutures. The flow rate was set to 6 mL/min to create
4-5 dyn/cm? shear stress, which is similar to that of atherosclerotic arterial regions [31]. As
in Wang et al. [30], Doriot’s equation was used to calculate the ideal flow rate with a set
viscosity of 0.043 dyn s/cm? based on an average arterial diameter of 1.8 mm, determined
from histological sections. The media flowing through the aortas was replaced every other
day (50 mL reservoir), while 1/3 of the media circulating around the aorta was replenished
every day (50 mL of 150 mL total).

MTT Viability:
Upon conclusion of flow bioreactor culture, a small ring was dissected from each aorta
and was further incubated in 400 pL PBS with 2.5 mg/mL (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) for 30 min. After incubation, the rings were transferred
to 400 pL of Cellosolve to dissolve the formazan crystals for 1 h on a rocker at RT. Then,
100 pL of the Cellosolve solution was transferred to a 96 well plate for each sample.
The absorbance at 590 nm was read on a TECAN Infinite M1000 Pro plate reader and
normalized to the mass of the aortic ring. Relative viability was determined by comparing
samples that had been maintained in the flow bioreactor to freshly harvested rat aorta
samples.

Western Blotting for P-CREB inhibition:

Acute (1hr) inhibition of cAMP-response element binding protein (CREB) phosphorylation
was assessed in rat aorta samples divided in half. One half underwent initial balloon damage,
followed by administration of vehicle control (PBS for convective delivery, uncoated balloon
for balloon delivery) for 3 min. The other half of each sample underwent a convective or
DCB MK2i treatment. The samples were incubated for 1hr after balloon damage/treatment
in DMEM (+25 mM HEPES, +4.5 g/L p-glucose, +4 mM L-glutamine, +3 % FBS, +1 %
Antibiotic/Antimycotic) before being processed for western blotting. For extended CREB
inhibition, aorta samples were incubated in the flow loop for 24 h, 3 days, or 7 days after
treatment. Each aorta was then divided in half and transferred to flow loop media with or
without 60 uM LPA (or 240 puM LPA for 7 day samples) for 2 h. The samples were then
flash frozen in liquid nitrogen. Frozen aortas were homogenized with a tissue pulverizer

and lysed in RIPA buffer with protease and phosphatase inhibitors (Roche). The tissue
homogenates were vortexed for 15 min at 4C and then centrifuged at 12,0009 for 15 min
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at 4C to collect the supernatant. Protein concentration was quantified using a BCA Assay
kit (Pierce). Protein (40 pg) was resolved on 4-20 % SDS-PAGE gels and transferred to
a nitrocellulose membrane using the Invitrogen iBlot 2. Blots were incubated in primary
P-CREB antibody (1:1000) overnight at 4C and were then incubated in the secondary
antibody (Li-Cor 926-32211, 926-32210, 1:5000 dilution) for 1hr at room temperature.
Blots were imaged on a LiCor Odyssey Fc. The blots were then stripped and stained for
CREB using the same method.

MK2i Delivery and Retention Quantification:

Treated aorta samples were incubated in the flow loop bioreactor and then digested in the
same digestion medium used for flow cytometry. Aortas were digested in 20x the volume
of digestion media relative to their mass. Once the tissue was sufficiently digested, the
fluorescence (Ex 578, Em 603) was measured on a TECAN Infinite M1000 Pro plate reader
and compared to a standard curve created by doping in known quantities of fluorescent
MK2i to digested untreated aorta samples.

Muscle Baths:

Vessel contractility was assessed using a previously established method [32]. In brief,

aortic rings were cut (~2 mm thick) and suspended in a muscle bath (Radnoti) containing
bicarbonate buffer (120 mM NaCl, 4.7 mM KCI, 1.0 mM MgSO4, 1.0 mM NaH2PO4,

10 mM glucose, 1.5 mM CaCl2, and 25 mM Na2HCO3, pH 7.4) equilibrated with 5 %

CO2 at 37 °C. The tissue was maintained at a resting tension of 1 g, manually stretched

to three times the resting tension, and maintained at resting tension for an additional 1 h.
This produced the maximal force tension relationship. Next, the rings were primed with 110
mM of potassium chloride (with equimolar replacement of sodium chloride in bicarbonate
buffer) to determine functional viability. Rings were then stimulated with escalating doses
of phenylephrine (PE) to determine contractile responses to agonist. Force measurements
were obtained using the Radnoti force transducer (model 159901A, Radnoti) interfaced with
a PowerLab data acquisition system and LabChart software (AD Instruments Inc, Colorado
Springs, CO). Contractile responses were defined by stress, calculated using force generated
by tissues as follows: stress (x 10° N/m?) = force (g) x 0.0987/area, where area = wet weight
(mg)/at maximal length (mm)]/1.055.

Fluorescence Immunohistochemistry:

Rat aortas were balloon damaged and either treated or left untreated before incubation in the
flow loop bioreactor for 7 days. Aorta samples were then fixed with 10 % neutral buffered
formalin and embedded in paraffin. Samples were cut into 5 pm sections and allowed to dry
on slides overnight. The slides were then baked in a 60 °C oven for 1 h, rehydrated with
xylene, 100 % EtOH, and 95 % EtOH washes, and antigen retrieval was performed in pH

6 citrate buffer at 97 °C for 20 min in an Epredia PT Module. For immunofluorescence,
slides were treated with serum-free protein block (Daco) for 20 min followed by fluorescent
blocking buffer (Thermo) for 30 min. The slides were then incubated in the primary
antibody for 1 h followed by the secondary antibody for another hour, and coverslips were
secured onto each slide using ProLong Gold Antifade mounting media with DAPI. Slides
were scanned using a Nikon Eclipse Ti confocal microscope. MYH, VIM, PCNA, SM22,
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CD68, FN, and P-CREB antibodies were used at a 1:1000 dilution, CD3 antibody was used
at 1:500. Secondary antibodies (Invitrogen) were used at a 1:1000 dilution.

Rat carotid artery balloon injury model:

Statistics:

Carotid artery balloon injury was performed as previously described [33]. Briefly, male
Sprague Dawley rats (400-550g) were anesthetized with 3 % isoflurane, and the area from
the chin to the top of the sternum was shaved. The surgical site was cleaned with iodine,
and then an incision was made in a straight line from the chin to the sternum. Glandular
tissue, fascia, and muscle was blunt dissected away and retracted to expose the left carotid
artery. The proximal common carotid artery was temporarily clamped to cut off blood flow,
and the distal external carotid was tied to prevent backflow. Then, on the external carotid
artery branch, a small arteriotomy incision was made about 1/4-1/3 of the circumference

of the vessel. Through this incision, the deflated angioplasty balloon (1.5 mmx12mm,
Emerge OTW, Boston Scientific) was inserted up to the arterial clamp. Then, the clamp was
released, and the balloon was inserted further down to the aortic arch. Once the balloon
was in place, it was fully inflated with a sterile saline syringe and gently withdrawn with
rotation to damage the vessel. When the balloon was close to the arteriotomy incision, it
was deflated and inserted again. The inflation and removal were repeated 2 more times to
thoroughly damage the artery. Prior to full removal of the balloon, a suture was loosely tied
around the external carotid artery proximal to the arteriotomy incision. After 3 rounds of
balloon insertion and damage, the balloon was deflated and removed, and the suture around
the external carotid artery was quickly tied tight to prevent bleeding from the incision.

In animals that were in the treatment group, the carotid artery was instead clamped again
prior to balloon removal. A MK2i + PPAA coated balloon (1.5 mm x 12 mm, Emerge
OTW, Boston Scientific) was then introduced into the arteriotomy incision and inserted
down to the area of balloon damage. This balloon was then inflated at the damaged site

for 3 min, with deflation and re-inflation at each minute mark to aid in drug transfer. After
treatment, the balloon was deflated and removed, and the external carotid was tied to prevent
bleeding. Any other sutures and ligations were then removed, and branching arteries were
checked to ensure blood flow. Two weeks after surgery, the rats were euthanized, and the
carotid arteries were removed and fixed in 10 % neutral buffered formalin for histology and
immunofluorescence staining.

Statistical significance for experiments with more than 2 groups was determined using
one-way ANOVA tests with Tukey’s post hoc test. Experiments with 2 groups used Welch’s
Etest unless otherwise noted. For the study on optimization of balloon loading, statistical
significance was determined using a two-way ANOVA with comparisons between groups.
For P-CREB Western blot pairwise comparisons at the 1 h time point, significance was
determined with ratio paired t tests. Significance for the muscle bath contractility test was
determined with a one-way ANOVA and Tukey’s post hoc test on 1C50 values determined
from linear regression models of the PE vs contraction curves. Analyses were performed in
GraphPad Prism 10 software. Results are presented as arithmetic mean + SD with P values
as indicated in the figures or figure legends. P values of less than 0.05 were considered to be
significant.
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Study approval:

All animal studies were approved by the Vanderbilt University IACUC and conformed to the

Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011).

3. Results

Convective delivery and cell uptake of MK2i + PPAA is formulation dependent.

Convective delivery involves isolating the desired segment of the artery after angioplasty,
filling in the lumen with a solution of the drug, and pressurizing that solution to drive it

into the vascular wall. We tested two different approaches for delivery of a combination

of MK2i peptide and the endosomolytic, anionic polymer PPAA (generally referred to as
MKZ2i + PPAA) in ex vivorat aortas (Fig. 1A). In these studies, the aortas were isolated

and underwent plain balloon angioplasty (3x, 15 s, 25 % overstretch) before they were filled
with the treatment solution and pressurized to 150 mmHg for 3 min. MK2i + PPAA has
been shown to be effective in vitro as both pre-formed MK2i-NPs and in sequential delivery
of PPAA followed by MK2i (PPAA—MK?2i) [27,34]. Therefore, we compared convective
delivery of free MK2i to both of these approaches.

Convective delivery of fluorescent MK2i into the vessel wall was apparent for free MK2i
and both PPAA + MK2i formulations (MK2i-NPs and PPAA—MK2i), as seen within
images of vessel cross-sections (Fig. 1B). Free MK2i had the greatest level of tissue
delivery, while MK2i-NPs had a more modest level of delivery, and PPAA—MK2i achieved
an intermediate level of delivery (Fig. 1C). Measuring delivery as a function of depth into
the vessel wall showed that MK2i is relatively homogeneously distributed throughout the
vessel wall for free MK2 and both of the MK2i + PPAA formulations (Fig. 1D). Beyond
tissue level analysis, it is critical to assess intracellular delivery of the MK2i peptide which
acts on signaling pathways localized to the cellular cytoplasm. Vascular smooth muscle cells
were isolated from the treated aortas after 1 h static incubation and ran on a flow cytometer
to measure individual cell fluorescence as an indicator or relative uptake of fluorescent
MK2i. Despite having less tissue penetration than the other formulations, MK2i-NPs yielded
significantly more cellular internalization of MK2i than either MK2i alone or sequential
PPAA + MK2i delivery (Fig. 1E).

Layer-by-layer MK2i + PPAA coating of angioplasty balloons to maximize MK2i loading and

release.

Next, MK2i + PPAA LbL drug coated balloon methods were optimized for testing in ex
vivorat aortas (Fig. 2A). To create a coating of MK2i + PPAA on the surface of a plain
angioplasty balloon, a LbL method was implemented (Fig. 2B). The balloon was first
surface functionalized with APTES to create a positively charged base layer. Then, the
balloon was dip coated using alternating solutions of PPAA and MK2i to create layers of
positive and negative charges. Lactosucrose (LS) was tested as an excipient within the PPAA
layers to potentially help with tissue transfer and dispersion of the coating upon deployment
in tissue. Using fluorescently labeled MK2i, peptide loading onto the surface was confirmed
using VIS (Fig. 2C), and the coating was visualized with SEM (Fig. S1).
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Loading and release of MK2i from the surface of the balloons were quantified (Fig. 2D).
Initial coating with 6 layers using solutions of 50 uM MK2i and 5 uM PPAA (6 L-50M

- 5P) yielded 1.5-2 pg/cm? of MK2i loading. Increasing the number of layers (12 L-50M
—5P) and increasing the concentration of the loading solutions (6 L-100M — 10P) both
increased the peptide loading, with 6 L-100M — 10P balloons showing the highest MK2i
loading of 4.5-5 pg/cm2. Importantly, each of the LbL protocols was reproducible and
showed low variance between samples. When balloons were tested for release in PBS, 12
L-50M — 5P balloons did not show as efficient release of the MK2i from the balloon surface,
potentially due to the increased interactions between layers. The higher loading and release
of the 6 L-100M — 10P method led us to coat balloons with this strategy for the remaining
studies. All DCBs referred to hereforth use the 6 L-100M — 10P method and will be referred
to based on whether or not the LS excipient was included (+LS) or not (-LS) during the
polymer coating steps.

Although addition of LS to the PPAA layers did not yield any differences in loading and
release in PBS, a greater effect of LS inclusion was observed when these balloons were
used to treat rat aortas ex vivo (Fig. 2E and F). Adding LS increased MK2i transfer to

the tissue and had a modest effect on increasing the depth of delivery as shown by the
intensity profiles. Most critically, LS addition significantly increased the intracellular uptake
of MK2i, as shown by flow cytometry on isolated cells 1 h after aorta treatment (Fig. 2G).

PPAA and similar polymers have been shown to significantly increase cell internalization of
MKZ2i and similar peptides /n vitro, with the hydrophobic side group of the polymer being
critical in interaction with cell membranes and, combined with the carboxylic acid group,
promoting pH-dependent escape from endolysosomal vesicles [27]. Here, we also probed
the importance of the PPAA structure in tissue-level cell internalization relative to use of
other analogous polyanions in the LbL balloon coating (Fig. S2). PPAA was compared to
poly(acrylic acid) (PAA), a negatively charged polymer that lacks the hydrophobic propyl
side chain present on PPAA. While PAA also effectively loaded and released MK2i from the
balloons, cell internalization of MK2i delivered into rat aortas with PAA + LS DCBs was
negligible compared to the significant uptake realized in tissues treated with PPAA-based +
LS DCBs. These data confirm the criticality of the use of PPAA in the LbL DCB design.

Comparison to topical MK2i-NP delivery.

We next sought to benchmark the relative intracellular delivery of convective and DCB
approaches with an in-house gold standard. To accomplish this, cell uptake of MK2i was
compared to our previously established method of topical, solution-based MK2i-NP delivery
to explanted vascular tissues [12]. We previously showed that a 30 min incubation with
MK2i-NPs at concentrations of 10 uM and 50 pM MK2i-NPs prevented IH and SMC
phenotype switching in venous tissues and in cell culture studies /n vitro[12,13]. To
compare to an established benchmark, the intracellular delivery of MK2i peptide achieved
by the new intravascular delivery approaches was compared to that achieved by topical
treatment with 10 and 50 pM MK2i-NPs for 30 min. It was found that all of the 3-min
convective and DCB delivery approaches tested yielded levels of intracellular delivery
that fall within the range of uptake achieved by the 30 min 10-50 pM topical MK2i-NP
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treatment (Fig. S3). Importantly the +LS DCB method achieved levels of intracellular
delivery within the aortic tissue that matched that of the 50 uM MK2i-NPs, a concentration
recently used in successful rabbit vascular transplant studies [12].

Pharmacokinetics of MK2i administered by convection and DCB.

To study the arterial retention of MK2i over time under flow, a bioreactor was constructed
to maintain the aortas under physiological conditions (Fig. 3A, S4). The viability of aortas
housed in this bioreactor was confirmed at 24 h and 7 day time points using the MTT
viability assay, with no significant drop in viability after one week (Fig. 3B). Initial tissue
MK2i concentration was calculated from digested aortas immediately after treatment (Fig.
3C). Using this bioreactor setup, the amount of MK2i in the vessel wall was visualized

at 24 h post-treatment for all delivery strategies and formulations (Fig. 3D) and quantified
from digested tissues (Fig. 3E, S5A). Convection with MK2i-NPs and +LS DCBs both

had significantly more retention at 24 h than the other delivery formulations. Therefore,
these two lead delivery methods were assessed for longer-term MK2i retention at 3 days
and 7 days in the flow loop bioreactor. MK2i was still present within the arterial wall at
these later time points (Fig. 3F). Tissue MK2i concentration decreased over time, but a
significant quantify of peptide was retained within the tissue (Fig. 3G, S5B). MK2i presence
up to 7 days is important for inhibition of the acute stress response, as it has been shown
that the majority of cellular proliferation takes place within the first week after vascular
interventions [35,36]. Interestingly, though MK2i delivery from +LS DCBs is concentrated
on the lumen-side of the arterial wall after initial delivery, intensity profiles of the aortas at
different time points show that the delivered MK2i disperses homogeneously throughout the
vessel wall over time (Fig. S6). After 24 h, there is still a slight gradient of MK2i, but after
3d, the MK2i is evenly dispersed throughout the vessel, similar to the MK2i dispersion seen
with convective delivery.

MKZ2i blocks phosphorylation of CREB over time in treated rat aortas.

The ability of delivered MK2i to block MK2 signaling was determined by measuring

the downstream phosphorylation of direct MK2 substrate cAMP response element—binding
protein (CREB) [37], a transcription factor involved in VSMC proliferation [38,39]. To
measure inhibition of acute CREB phosphorylation, each rat aorta was divided in half — one
half was balloon damaged and vehicle treated while the other half was balloon damaged and
then treated with MK2i + PPAA formulations. After 1 h static incubation, tissue lysates were
prepared and levels of P-CREB were analyzed by Western blot (Fig. 4A and B). The relative
level of P-CREB induced by balloon damage was significantly reduced in convective MK2i-
NP treated and +LS DCB treated aortas and was similar to the level in a control untreated,
undamaged aorta (Fig. 4A). Pairwise comparisons of aorta halves showed that balloon
damage significantly increased P-CREB levels compared to an untreated, undamaged aortic
segment, and treatment with MK2i-NPs or + LS DCB inhibited that P-CREB induction (Fig.
4B). The inclusion of LS in the DCB formulation has an obvious beneficial effect on MK2i
delivery and bioactivity, and therefore DCB formulations in studies from this point will only
use + LS forms and will be referred to as “MK2i DCBs”.
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The pharmacodynamics of MK2 signaling inhibition were next monitored over time. To
measure MK2i activity after incubation in the flow loop, untreated or MK2i-treated aortas
were divided in half — one half was stimulated with lysophosphatidic acid (LPA), which

has been shown to stimulate VSMC CREB phosphorylation in previous studies [12,40],
while the other half was left unstimulated. The amount of P-CREB induction was compared
between the two halves for each treatment group at 24 h (Fig. 4C), 3 days (Fig. 4D, S7A),
and 7 days (Fig. 4E, S7B). LPA was shown to stimulate an increase in P-CREB in the
untreated samples at each time point, while MK2i-NP and MK2i DCB treatment effectively
blocked LPA-stimulated CREB phosphorylation at all time points, having no significant
difference in P-CREB levels from samples not stimulated with LPA. These results show the
potent effect of intravascular MK2i + PPAA delivery on MK2 inhibition and corroborates
that the MK2i peptide that was observed in the artery after 7 days in dynamic culture
remained bioactive.

MK2i treatment inhibits proliferation and fibrosis ex vivo.

Effects of MK2i treatment were analyzed by incubating rat aortas in the flow loop bioreactor
for 7 days. Using PCNA as a marker for proliferating cells, it was observed that balloon
damage led to a significant increase in proliferating medial cells after 7 days. Convectively
delivered MK2i-NPs and MK2i DCB treatment decreased the percentage of PCNA positive
cells in the media layer, with the MK2i DCB trending toward a modestly more potent effect
(Fig. 5). Balloon damaged aortas expressed significantly more fibronectin throughout the
media layer, which is a characteristic of the synthetic smooth muscle cell phenotype [41],
while MK2i-NP and MK2i DCB treated aortas maintained low expression of fibronectin,
similar to fresh, nondamaged tissue samples (Fig. 5).

MKZ2i preserves vessel contractility ex vivo.

Preservation of the healthy contractile SMC phenotype is essential to preventing IH
development and restenosis after balloon injury. Balloon damage significantly decreased
expression of contractile proteins transgelin (SM22) and myosin heavy chain (MYH), while
MK2i treated aortas maintained the healthy SMC phenotype by preserving expression of
these contractile proteins (Fig. 6A and B). It is important to note that CD31 staining

of balloon damaged aortas showed no endothelial coverage after 7 days (Fig. S8). This
confirms that balloon damage denudes the endothelial lining of the aortas, and that re-
endothelialization does not occur after 7d in the flow loop bioreactor.

As a functional readout of blocking SMC phenotype switching, the contractile responses

of untreated, treated, and damaged aortas to phenylephrine (PE), a SMC specific agonist,
were compared after 3d in the flow loop bioreactor. Aorta segments were hung in a muscle
bath (Fig. 6C) and treated with a series of dilutions of PE. Fig. 6D shows that balloon
damage in the absence of treatment resulted in a loss of SMC-specific vessel contraction.
MK2i-NP convective treatment and MK2i DCB treatment both preserved SMC contractile
force to levels similar to that of the 3d incubated, untreated, undamaged control arteries.
Since the MTT assay confirmed viability, these data suggest that balloon injury leads to loss
of contractile function that is not due to cell death. Therefore, MK2i-NP and MK2i DCB
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treatment effectively prevent SMCs from switching to the synthetic phenotype and losing
contractility.

MK2i DCB treatment blocks IH in an in vivo rat carotid artery balloon injury model.

To assess the ability of MK2i DCBs to block IH development after balloon injury, an /n vivo
rat carotid artery balloon injury model was employed. Previous studies have shown that rat
carotid artery balloon injury consistently results in neointima formation by 14 days after the
intervention [33,42—46]. Because the convective treatment is difficult to employ /n vivoin
rodents, these studies focused on the DCB strategy.

Carotid angioplasty was performed, and arteries were then either left untreated or treated
with a follow-up application of the DCB at the site of injury (Fig. 7A). The MK2i

peptide could be visualized in the MK2i DCB treated arteries at 14 days after injury (Fig.
S9). Angioplasty caused significant neointima formation, whereas MK2i DCB treatment
inhibited IH (Fig. 7B) and reduced the intima/media ratio (Fig. 7F). Importantly, it was
observed that MK2i DCB treatment did not impair vessel re-endothelialization (Fig. 7C) as
seen with paclitaxel balloons in other studies [47,48]. Furthermore, MK2i DCB treatment
inhibited macrophage infiltration (Fig. 7D, G) and T cell recruitment (Fig. 7E, G) induced
by angioplasty, both of which contribute to intimal thickening [49-51].

MK2i DCB treatment was shown to maintain on-target MK2 inhibition as measured by
tissue levels of P-CREB (Fig. S10) and likewise to block SMC phenotype switching at the
site of the angioplasty. MK2i DCB treatment inhibited proliferation (Fig. 8A, E), fibronectin
(Fig. 8B, E), and vimentin (Fig. 8C, E), all hallmarks of the synthetic phenotype [7,8,
52,53]. Conversely, MK2i DCB treatment preserved expression of the contractile phenotype
marker SM22 (Fig. 8D and E). Additionally, neointima layers of untreated arteries had
visually denser collagen networks than the neointima of MK2i DCB treated arteries as
shown with Gomori trichrome (Fig. 7B, S11), indicating MK2i inhibits development of
mature IH by preventing SMCs from switching to the ECM-producing synthetic phenotype.
These results suggest that MK2i DCBs may represent an ideal therapeutic option that
blocks SMC phenotype switching, inflammation, and neointima formation, while allowing
endothelial repair after angioplasty.

4. Discussion

These studies establish that both convective and DCB approaches to intravascular delivery
of MK2i + PPAA have the potential to prevent restenosis after angioplasty. Both methods
achieve successful MK2i delivery to ex vivo aortas (Figs. 1 and 2) and are retained within
the arteries for up to 7 days post-treatment (Fig. 3). MK2i DCB treatment and convective
delivery of MK2i-NPs performed similarly in the ex vivo model studies. Despite having
different delivery profiles initially (Figs. 1D and 2F), total MK2i concentration and retention
over time were very similar.

Analogous to previously successful methods of ex vivo MK2i-NP treatment during vessel
bypass grafting procedures [12,13], convective delivery of MK2i-NPs and MK2i DCB
delivery both achieve therapeutically relevant MK2i concentrations within the tissue (Fig.
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S3). Pharmacodynamic studies showed that both delivery methods significantly inhibited
CREB phosphorylation at all time points over 7 days in the dynamic culture bioreactor
(Fig. 4), and MK2i DCB treatment had sustained P-CREB inhibition after 14 days /n

vivo (Fig. S10), suggesting that MK2 inhibitory activity is sustained in the tissue for at
least two weeks. Potent MK2 inhibition over the first two weeks protects the tissue in the
critical, acute stages post-injury and is anticipated to potentially yield long-term inhibition
of restenosis. The majority of cellular proliferation occurs within the first week after
interventional vascular procedures [35,36], and inflammation has been determined to peak
around 3 days post-injury [54,55]. This early proliferation and inflammation coincide with
the SMC phenotype switch [56], and by targeting a node that blocks this switch in the acute
stage post-angioplasty, we contend that it will reduce the secretion of matrix and neointimal
growth that drive restenosis progression. We showed that both MK2i-NP convective delivery
and MK2i DCB treatments successfully mitigated hallmark signs of phenotype switching,
including cell proliferation, fibrosis, and loss of contractile protein presence and function
(Figs. 5 and 6).

While convective and DCB treatments were generally similar, the DCB approach proved
superior in some SMC phenotype-related readouts at longer time points. Both methods
robustly blocked vessel fibrosis and fibronectin production (Fig. 5B). Though both routes

of administration significantly decreased cellular proliferation relative to the untreated,
balloon damaged arteries, the MK2i DCB treatment had a more potent effect than MK2i-NP
convective delivery (Fig. 5A). IHC for contractile markers SM22 and MYH also showed
that MK2i DCB had a significant effect on maintaining contractile protein expression, with
levels similar to healthy control arteries and statistically different from the untreated, balloon
damaged arteries. MK2i-NPs also preserved the contractile phenotype, but it was more
modest and not significant compared to untreated aortas (Fig. 6).

The differences between DCB and convective MK2i-NP performance can potentially be
attributed to multiple factors. First, it has been observed in porous balloons that high
pressure injection into the vessel wall can cause tissue damage [57]. It is possible that
pressurization and forcing fluid flow into the wall of the vessel contribute to vessel damage
beyond that caused by the angioplasty procedure itself. Additionally, the delivery profiles
of the MK2i DCBs show that the majority of the delivered MK2i is initially concentrated
near the luminal surface. This spatially co-localizes with the region where SMCs of the
vessel wall are more damaged by balloon injury, whereas convective delivery yields more
homogeneous dispersion of the MK2i throughout the vessel wall immediately following
treatment. Shear stress has been shown to be a factor in SMC phenotype switching [58],
so the SMCs adjacent to the lumen may be important to target early after injury due to the
denudation of the endothelium that occurs at the angioplasty site.

The advantages of the MK2i DCBs observed in ex vivorat aorta studies motivated our
focus on this delivery platform for testing in the /n vivorat carotid balloon injury model.
There is also a stronger clinical precedent for DCB use than there is for convective delivery
approaches. Treatment with the MK2i DCB effectively inhibited neointima formation in
damaged rat carotids after 14 days (Fig. 7), whereas untreated balloon damaged arteries had
noticeable neointima formation in all samples. Additionally, MK2i DCBs blocked cellular
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proliferation of medial SMCs, reduced immune cell infiltration, and moderated vessel
fibrosis, while preserving the contractile SMC phenotype within the medial layer of the
arteries. Vessels treated with MK2i DCB were also re-endothelialized, suggesting that the
arteries reached a healthy steady state condition post-angioplasty. Early re-endothelialization
may also contribute to the reduction in IH observed in the treated vessels. In sum, these data
suggest that MK2i DCB’s treatment is associated with multiple mechanisms that prevent IH
and promote vessel patency.

Current DCBs in use in the clinic employ proliferation blockers such as paclitaxel and
sirolimus. These drugs are effective in preventing restenosis over naked balloon angioplasty,
especially in coronary artery disease [59]. However, these DCBs have issues with primary
patency and amputation at 1 year in peripheral artery restenosis [11,60], as one study
showed only 58.1% primary patency of vessels one year after paclitaxel DCB treatment [61].
These results suggest a strong need for improved balloon treatments in the peripheral arterial
circulation. We hypothesize that one of the shortcomings of current DCBs is that they only
target cellular proliferation. These drugs can also inhibit vessel re-endothelialization [10],
which is important for preventing thrombosis and IH. Critically, these drugs fail to inhibit
the underlying signaling pathways and SMC phenotype switch that drive IH progression.

On the other hand, MK2 inhibition reduces inflammation, ECM production, and SMC
phenotype switching without inhibiting re-endothelialization (Fig. 7C), all of the key facets
known to contribute to neointima formation [62,46,63].

Previous RNA sequencing data on primary human coronary artery SMCs showed that
MK?2 inhibition leads to broad changes in genetic expression that helps to maintain the
SMC contractile phenotype [12]. MK2i inhibition resulted in a significant decrease in
many proinflammatory genes, leading to decreased inflammatory cell recruitment seen here
in vivo (Fig. 7D and E), and maintenance of multiple genes associated with contractile
proteins, thus preserving VSMC contractility (Fig. 6D) and expression of contractile
phenotype proteins (Fig. 8D). We can conclude that genetic changes in SMCs leading to
phenotype switching is caused by activation of the “stress-activated” P38-MK2 signaling
pathway, which converges downstream to modulate transcription factors such as CREB
that regulate genes related to VSMC phenotype [64]. MK2 also phosphorylates hrRNP AO
and TTP, proteins that stabilize and increase translation of the mRNA of pro-inflammatory
genes [65,66]. By blocking these effectors of the p38-MK2 pathway, MK2i prevents broad
genetic changes and subsequent inflammation and phenotype switching in VSMCs, leading
to reduced IH after injury.

These studies mark, to our knowledge, the first use of DCBs and pressure-based delivery

for intravascular administration of intracellularly-acting peptides. Previous DCB studies
have explored LbL, multilayer spray coating, and hydrogel-based surface loading of
anti-restenosis drugs such as everolimus and have also explored spray coating balloons

with a combination of miRNA and the polymers polyethyleneimine/polyacrylic acid (PEI/
PAA) [62,26,67]. However, these approaches required more complex formulations such as
hydrogels, liposomes, or polymeric nanoparticles to effectively load their cargo. The cationic
layers of the MK2i DCBs comprise solely the therapeutic molecule MK2i, simplifying

the coating process and improving drug loading. While electrostatic coating was used, the
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miRNA work still utilized an anionic carrier polymer (PAA) versus solely loading the
anionic therapeutic miRNA. Additionally, in our work, the PPAA + LS as the anionic layer
helps to promote tissue penetration and endosome escape for intracellular delivery of the
MK2i cargo. In sum, the simplicity and multifunctionality of the MK2i DCB design, along
with its promising therapeutic efficacy, make it promising for clinical translation.

5. Conclusions

Two viable methods were realized for intravascular delivery of MK2i + PPAA to prevent
IH and restenosis after peripheral angioplasty. Both convection of MK2i-NP solutions
and layer-by-layer coated DCBs successfully achieved transfer of MK2i + PPAA to the
arterial wall and maintained MK2i activity 7 days post-administration. Extended retention
of MK2i decreased MK2 kinase activity and consequently SMC proliferation and ECM
deposition, while maintaining contractile VSMC gene expression and function in ex vivo
rat aorta. MK2i DCB treatment also effectively inhibited inflammation, SMC phenotype
switching, and neointima formation 14 days post-angioplasty /n vivo. As opposed to
current methods of restenosis prevention such as paclitaxel coated balloons that only target
cellular proliferation, MK2i + PPAA treatment offers a holistic approach to blocking IH
development by targeting inflammation and SMC phenotype switching while allowing
endothelial repair. These collective results suggest that MK2i DCBs are a promising new
approach for improving patency post-angioplasty.

Future studies will explore the effectiveness of MK2i DCB treatment in diseased arteries
after angioplasty, as the presence of atherosclerotic plaque may affect the transfer of MK2i
from the balloon surface. Additionally, we plan to test this treatment method in larger animal
models, such as pigs, which will allow balloon deployment at common sites of peripheral
angioplasty, such as the femoral and iliac arteries.
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Fig. 1.

Convective delivery of MK2i to rat aortas ex vivo. (A) Treatment schematic for evaluating
convective MK2i delivery in ex vivorat aortas. (B) Confocal microscope images of rat
aortas treated with free MK2i, PPAA—MK2i, or MK2i-NPs for 3 min. “L” marks the lumen
side of each vessel. Arrows indicate cell-associated fluorescent MK2i. (C) Quantification of
MK2i delivery to rat aortas. ROIs were drawn around the vessel wall and total intensity was
normalized to the area of the vessel wall. N = 6. (D) Average MK2i fluorescence intensity
profiles were quantified with respect to depth into the tissue from surface of the lumen.

(E) Treated aortas were disaggregated, and uptake of fluorescent MK2i by cells within the
tissue was quantified by flow cytometry. N = 6. Significance was determined using one-way
ANOVA with Tukey’s post-hoc test.
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Fig. 2.

Angioplasty balloon coating and vessel delivery. (A) Schematic for experiments to test drug
coated balloons ex vivo. (B) LbL coating scheme. (C) Visualization of fluorescent MK2i
loading with addition of successive layers. (D) Comparison of MK2i drug loading and
release for LbL conditions using varied numbers of layers and concentration of coating
solutions. Significance determined using two-way ANOVA. N = 6. (E) Visualization of
MK2i transfer from LBL coated balloons to ex vivorat aorta immediately after balloon
inflation for 6 layer, 100 uM MK2i, 10 uM PPAA (6 L-100M — 10P) balloons with

or without LS. “L” marks the lumen side of each vessel. (F) Quantification of overall
fluorescent MK2i delivery to vessel wall by 6 L-100M — 10P + LS balloons and average
intensity profile of fluorescent MK2i as a function of depth into the vessel wall. Significance
was determined using on-way ANOVA with Tukey’s post-hoc test. N = 5. (G) Treated
aortas were disaggregated, and uptake of fluorescent MK2i by cells within the tissue was
quantified by flow cytometry. Significance was determined using Welch’s #test. N = 5.
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Fig. 3.

Phgarmacokinetics of MK2i for different intravascular delivery approaches. (A) Schematic of
flow loop bioreactor setup. (B) MTT assay measurement of viability on aortas housed in the
flow loop bioreactor after 24 h or 7d compared to fresh aortas. (C) Quantification of MK2i
in rat aortas immediately after ex vivotreatment. N = 5. (D) Confocal microscope images of
fluorescent MK2i treated rat aortas after 24 h in the flow loop bioreactor. “L” indicates the
lumen side of each vessel. (E) Quantification of MK2i in the arterial tissue at 24 h after each
treatment. Significance was determined with one-way ANOVA with Tukey’s post-hoc test.
N = 4. (F) Confocal images of fluorescent MK2i retention after 3d and 7d incubation. (G)
Quantification of MK2i in the aortas at 1-, 3-, and 7-days post-treatment for the two leading
treatment strategies. N = 4.
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Fig. 4.

Phgarmacodynamics of bioactivity of intravascular MK2i delivery techniques. (A) Convective
MK2i-NPs and MK2i DCB administration blocks balloon damage induced CREB
phosphorylation. The P-CREB induction was quantified with undamaged arteries serving

as a baseline and balloon-damaged arteries without MK2i treatment representing 100 %
P-CREB induction. (B) Pairwise comparisons were made between undamaged, untreated
Control aortas and aortas treated with MK2i-NP convection or MK2i + LS coated balloons
using a ratio paired £test. N = 6. Durability of MK2i activity was measured at (C) 24 h,

(D) 3 days, and (E) 7 days by analyzing CREB phosphorylation. Half of each aorta was left
unstimulated, and the other half was stimulated with LPA for 2 h to activate CREB. The
relative amount of LPA-stimulated P-CREB was measured and compared across groups. N =
3. The p-values were determined using one-way ANOVA with Tukey’s post-hoc test.
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Fig. 5.
Intravascular MK2i treatments inhibit proliferation and ECM deposition, indicators of

synthetic VSMC phenotype, in balloon-damaged ex vivo rat aortas maintained in dynamic
culture. (A) Aortas cultured under flow in the bioreactor for 7d following balloon injury
were stained with PCNA to quantify cellular proliferation. The percentage of PCNA positive
cells in the media layer was calculated for each sample. (B) These same samples were
immunohistochemically stained for fibronectin to assess ECM synthesis. “L” indicates the
lumen side of each vessel. Fibronectin positive area was normalized to number of nuclei for
the media layer of each sample. N = 6 for untreated, MK2i-NP, and MK2i DCB groups, N =
4 for uninjured control groups. The p-values were determined using one-way ANOVA with
Tukey’s post hoc test.
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Fig. 6.
Intravascular MK2i treatments preserve VSMC contractile phenotype in balloon-damaged

ex vivorat aortas. (A) IHC for contractile protein SM22 and (B) MYH in aortas maintained
under flow culture for 7d following balloon injury. “L” indicates the lumen side for each
vessel. SM22/MYH positive area was normalized to number of nuclei for each sample. The
p-values were determined using ANOVA and Tukey’s post hoc test. N = 6 for untreated,
MK2i-NP, and MK2i DCB groups, and N = 4 for uninjured control groups. (C) Muscle bath
contractility tests were performed after culture under flow for 3d post-injury. (D) Percent
vessel contraction was measured in response to increasing concentrations of PE. Statistical
significance was determined using an ANOVA and Tukey’s post hoc test on IC50 values
determined from linear regression models of the PE vs contraction curves. N = 3. *** =p <
0.005 relative to Control, MK2i DCB, and MK2i NPs.
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Fig. 7.
M?(Zi DCB treatment inhibits IH development and reduces immune cell infiltration,
without impairing endothelialization. (A) Rat carotids were balloon damaged and either
left untreated or treated with MK2i DCB. (B) Trichrome staining of rat carotid arteries 14d
after injury, with red bars indicating neointimal development. “L” indicates lumen side for
each vessel. (C) CD31 staining of carotid sections enables visualization of vessel endothelial
coverage 14d after surgery. IHC was also used to visualize and quantify number of (D)
CD68™ macrophages and (E) CD3* T-cells in the tissue at the injury site. White arrows
indicate CD3™ cells. (F) Quantification of thickness of intima and intima to media ratio.
(G) Quantification of IHC markers for endothelial cells and inflammation. T Cells were
averaged across 3 different sections from each carotid. The p-values were determined with
one-way ANOVA and Tukey’s post hoc test. N = 4 for untreated and MK2i DCB groups, N
= 8 for uninjured groups.
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Fig. 8.

MK2i DCB treatment blocks VSMC contractile to synthetic phenotype switch /n vivo at
sites of carotid artery balloon injury. (A) PCNA was used as a marker of proliferating

cells in carotid artery sections. Carotid artery injury site histological sections were also
analyzed by IHC for (B) fibronectin and (C) vimentin, both markers of the synthetic VSMC
phenotype, while IHC for (D) SM22 was used to assess the VSMC contractile phenotype.
(E) IHC sections were quantified with ImageJ and normalized to number of nuclei for each
marker. The p-values were determined with one-way ANOVA and Tukey’s post hoc test. N =
4 for untreated and MK2i DCB groups, N = 8 for uninjured groups.
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