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CD31 Mimetic Coating Enhances Flow Diverting
Stent Integration into the Arterial Wall Promoting
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BACKGROUND AND PURPOSE: Beyond aneurysmal occlusion, metallic flow diverters (FDs) can induce an adverse endovascular
reaction due to the foreignness of metal devices, hampering FD endothelialization across the aneurysm neck, and arterial
healing of intracranial aneurysms. Here, we evaluated the potential benefits of an FD coating mimicking CD31, a coreceptor
critically involved in endothelial function and endovascular homeostasis, on the endothelialization of FDs implanted in vivo.

METHODS: Nitinol FD (Silk Vista Baby) and flat disks were dip-coated with a CD31-mimetic peptide via an intermediate layer
of polydopamine. Disks were used to assess the reaction of endothelial cells and blood elements in vitro. An aneurysm
rabbit model was used to compare in vivo effects on the arterial wall of CD31-mimetic—coated (CD31-mimetic, n=6),
polydopamine-coated (polydopamine, n=6), and uncoated FDs (bare, n=5) at 4 weeks post-FD implantation. In addition,
long-term safety was assessed at 12 weeks.

RESULTS: In vitro, CD31-mimetic coated disks displayed reduced adhesion of blood elements while favoring endothelial cell
attachment and confluence, compared to bare and polydopamine disks. Strikingly, in vivo, the neoarterial wall formed over the
CD31-mimetic-FD struts at the aneurysm neck was characteristic of an arterial tunica media, with continuous differentiated
endothelium covering a significantly thicker layer of collagen and smooth muscle cells as compared to the controls. The rates
of angiographic complete occlusion and covered branch arterial patency were similar in all 3 groups.

CONCLUSIONS: CD31-mimetic coating favors the colonization of metallic endovascular devices with endothelial cells displaying
a physiological phenotype while preventing the adhesion of platelets and leukocytes. These biological properties lead to a
rapid and improved endothelialization of the neoarterial wall at the aneurysm neck. CD31-mimetic coating could therefore
represent a valuable strategy for FD biocompatibility improvement and aneurysm healing.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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for endovascular reconstructive treatment of cerebral occlusive thrombus formation.! However, FD use is ham-
aneurysms.'? These metal stents aim at (1) reducing pered by the life-threatening occurrence of thrombotic or
the entering blood flow, redirecting itinto the parentartery ~ hemorrhagic complications.?® Indeed, in 20.1% of cases,

Flow diverters (FDs) have provided a paradigm shift  and (2) promoting aneurysm sac sealing and subsequent
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Nonstandard Abbreviations and Acronyms

APC allophycocyanin

aSMA alpha smooth muscle actin
EC endothelial cell

ECM extracellular matrix

FD flow diverter
VE-cadherin vascular endothelial cadherin

FD-induced aneurysm occlusion fails, with a periopera-
tive morbidity-mortality rate of 7.1%.* Delayed aneurysm
rupture thus remains a major concern due to its severity.?
This presumably involves proteolytic activity of the intra-
aneurysmal thrombus, aneurysmal flow persistence, as
well as inflammation inherent to metal struts.>¢ Further-
more, due to the risk of thromboembolic complications,
dual antiplatelet therapy before FD implantation is man-
datory, increasing the risk of hemorrhagic complications.”

A recent report points at the endothelialization
across the aneurysm neck as the critical step for cur-
ing intracranial aneurysm through FD implantation.®
Indeed, the growth and function of endothelial cells
(ECs) over the healing thrombus, across the aneurysm
neck, may be hampered by the adverse endovascu-
lar reaction to the foreignness of the metallic device.
Therefore, promoting rapid FD colonization by differ-
entiated ECs forming physiological adherens junctions
(ie, expressing VE-cadherin [vascular endothelial cad-
herin] and CD31 at the lateral cell-cell borders)® could
represent a valuable strategy improving FD biocompat-
ibility and aneurysm healing.

CD31 is a transmembrane glycoprotein expressed
constitutively and exclusively on platelets, leukocytes,
and ECs.'° It plays a major role in maintaining circu-
lation homeostasis."" Importantly, a synthetic CD31-
mimetic peptide, derived from the juxtamembrane
extracellular CD31 sequence, mimicking CD31 func-
tions, has recently been shown to promote arterial
healing.”? Thus, this CD31-mimetic peptide represents
an ideal candidate to enhance FD integration in the
arterial wall, preventing stent-induced inflammation
and thrombosis. Indeed, coating FDs with a CD31-
mimetic peptide could reduce the adverse reactivity of
strut-adjacent ECs as well as blood flowing platelets
and leukocytes.

To test this, we investigated the effect of FD CD31-
mimetic coating first in vitro by assessing the reaction of
blood elements and ECs in contact with CD31-mimetic
coated disks. Second, to analyze FD endothelialization
and neoarterial wall formation in vivo, we implanted
CD31-mimetic-FDs in the rabbit elastase saccular
aneurysm model which has histological, morphologi-
cal, biological, and hemodynamic similarities with the
human pathology.
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METHODS

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

Surface Functionalization and Peptide Grafting
Following the procedure from patent file PCT/FR
201870562991, the CD31-mimetic peptide was modified to
be covalently immobilized by strain-promoted alkyne—azide
cycloaddition reaction onto nitinol disks (0.48 mm in diameter,
0.25 mm thick, water-jet cut, and polished from flat nitinol
bands: Cust PO 2015012386, Fort Wayne Metals, Ireland/
Vuichard, Dingy en Vuache, France) and onto FDs (Silk
Vista Baby, diameter 3.25 mmx15 mm, from Balt Extrusion,
Montmorency, France).

Briefly, biorthogonal covalent grafting of an azide deriva-
tive of CD31-mimetic peptide onto nitinol surfaces (flat disks
and FDs) was obtained via 3 successive dip-coating steps,
under sterile conditions. Nitinol samples were immersed
individually in an alkaline solution of dopamine (Alfa Aesar
no. A11136, dissolved at 2 mg/mL in tris buffer, pH 8.5)
for 22 hours, under stirring, to obtain a polydopamine layer."
Soluble oxidized polydopamine was carefully removed by
extensive washes in sterile water and the polydopamine-
coated disks were submitted to a second dip-coating step to
graft an amine-functionalized cyclooctyne derivative anchor
arm (BCN-amine, Sigma no. 745073) onto the free catechol
groups of the polydopamine layer (0.1 mg/ml in tris buffer,
pH 8.5) under stirring for 22 hours.™ After extensive wash-
ing, the disks were immersed in the peptide solution (CD31-
mimetic-azide, 50 UM in sterile water) and allowed to react
for 30 minutes, under stirring.

As polydopamine may itself have a biological response,
we used both bare-metal and polydopamine-coated sam-
ples as control groups for all experiments; bare refers to
bare/unmodified nitinol surfaces, polydopamine refers to
polydopamine coating alone, and CD31-mimetic refers to
CD31-mimetic peptide coating onto an intermediate layer
of polydopamine.

Reaction of Blood Elements and Arterial ECs In
Vitro

CD31-mimetic and control nitinol disks were immersed
and allowed to react for 1 hour at 37°C under stirring (400
RPM) in whole peripheral venous blood withdrawn in PPAK
(D-phenylalanyl-N-[(1S)-4-[(aminoiminomethyl)amino]-1-(2-
chloroacetylbutyl]-L-prolinamide)  trifluoroacetate salt—con-
taining tubes. The presence of stably adherent blood elements
onto the surface of the washed samples was qualitatively eval-
uated by immunofluorescence microscopy.

Primary human coronary artery ECs (Lonza) were
expanded in culture flasks coated with 100 pg/mL of type
1 collagen (Thermo Fisher Scientific) in EC Growth medium
(EGM-2 MV, Lonza) supplemented with 15% FBS (Gibco).
The cells were used between passages 3 and 5. Coated and
uncoated metal disks were placed in 96-well plates before
the addition of 100000 ECs suspended in 100 pL of their
growth medium. After a 48 hour incubation at 37 °C and 5%
CO,, the adherent cells were processed for immunocytofluo-
rescence microscopy.
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Immunofluorescence Microscopy and
Quantitative Analysis

Adherent platelets were revealed on blood-contacted nitinol
disks after extensive washing using a CD41/CDG63 targeting
monoclonal antibody coupled to fluorescein isothiocyanate
(FITC; no. 130-109-423). Bound erythrocytes were detected
with a monoclonal APC (allophycocyanin)-conjugated mouse
anti-human glycophorin A antibody (CD235a, no. 130-118-
356, both from Miltenyi Biotech). Human coronary artery EC—
contacted disks were processed using a monoclonal mouse
anti-human CD31 antibody (no. M0823, Dako; revealed with
AlexaFluor488 secondary antibody) and a polyclonal rabbit
anti-human VE-Cadherin (no. ab33168, Abcam; revealed with
a rhodamine-conjugated secondary antibody). Nuclei were
stained with DAPI and samples mounted with ProlongGold.
Images were taken with an Axio Observer fluorescence micro-
scope (Zeiss) equipped with an ORCA Il Digital CCD camera
(Hamamatsu Photonics).

Images from fluorescence microscopy were used for quan-
tification using Image J (National Institutes of Health) soft-
ware, v1.50i for MacOS, with the “analyze particles” command.
Erythrocytes, platelets, and leukocytes were counted on blood-
contacted disk (data expressed as N/mm?). Adherent ECs were
analyzed both in terms of number and functional differentiation,
by measuring the signal integrated density of immunostained
CD31 and VE-cadherin at the lateral junctions.

Animal Care

We used White New Zealand male rabbits, weight 3.0 to 3.5
kg. Food and water were provided ad libitum. All animal care
and experimental procedures were conducted in accordance
with the 2013 French legislation and European Community
guidelines (directive 2010/63/UE for the Care and Use of
Laboratory Animals). The study received approval from the
regional Ethical and Animal Care Committee (APAFIS no.
5747-2018022812464127). For each procedure, general
anesthesia was obtained using intramuscular injection of
0.6 mg/kg of Acepromazine (Vetranquil 1%), 20 mg/kg of
Ketamine, and 4.5 mg/kg of Xylazine (Rompun). Postoperative
analgesia was assured with Buprenorphine 0.02 to 0.04 mg/
kg per 6 hours IM administrated with pain systematic evalua-
tion before and after the administration. Animals were eutha-
nized under general anesthesia during the last procedure
using a lethal injection of pentobarbital (60 mg/kg) followed
with bilateral thoracotomy.

FD Implantation and Angiographic Evaluation
Aneurysm creation procedures were performed as previously
described.'® Elastase-induced aneurysms were created in 18
rabbits (6 per group). Aneurysms were treated 3 weeks after
aneurysm creation. Two days before FD implantation, subjects
were premedicated with aspirin (10 mg/kg PO), this medica-
tion regimen was continued until the final procedure. All endo-
vascular procedures were performed with the Mobil C-arm-BV
Endura (Philips Medical Systems).

Rabbits were randomized in 3 different experimental
groups: the bare group was implanted with bare Silk Vista Baby
FDs (bare-FD n=6), the polydopamine group with Silk Vista
Baby FDs coated with polydopamine alone (polydopamine-FD,
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n=6), and the CD31-mimetic group with Silk Vista Baby FDs
coated with the CD31-mimetic peptide (CD31-mimetic-FD,
n=6; Figure IA and IB in the Data Supplement).

FD endothelialization and patency of covered branches
were also analyzed using a second FD, with the same surface
modification as the first one (bare-FD, polydopamine-FD or
CD31-mimetic-FD), placed in the abdominal aorta across the
origin of at least one pair of lumbar arteries in 6 subjects (2
from each group).

Half the subjects were followed for 4 weeks for histopatho-
logic comparison (including all subjects with FDs implanted in
the abdominal aorta) and half were followed for 12 weeks for
safety evaluation. At the time of euthanization, digital subtrac-
tion angiography of the aortic arch (and the abdominal aorta
when necessary) was performed. Aneurysm occlusion was
noted for all subjects using a 3-point scale, including grade
1, complete occlusion; grade 2, near-to-complete occlusion;
and grade 3, incomplete occlusion. Patency of stented cov-
ered branch arteries, including lumbar and vertebral arteries
was also evaluated. Harvested aneurysms and aorta segments
were immediately fixed in 4% paraformaldehyde and in 2.5%
glutaraldehyde, respectively.

Histopathology

After 48 hours of paraformaldehyde fixation, explanted aneu-
rysms at 4 weeks were embedded in a poly-(methyl-methacry-
late) PMMA resin, then sectioned transversally (8 pm section)
in a microtome equipped with a tungsten carbide blade (Figure
IC and ID in the Data Supplement). Images from stained
slides were numbered with Hamamatsu Nanozoomer 2.0RS
(Hamamatsu Photonics) and an Axio Observer fluorescence
microscope (Zeiss) equipped with an ORCA Il Digital CCD
camera (Hamamatsu Photonics).

Tissue morphology across the aneurysm neck was qualita-
tively assessed on microscopic slides stained with Picro Sirius
Red and Carstairs staining as well as by immunofluorescent
detection of aSMA (alpha smooth muscle actin) using a primary
mouse anti-human monoclonal antibody (clone 1A4, Sigma)
and a Cy3 goat anti-mouse IgG secondary antibody (Jackson
Immunoresearch).

Digital images of Picro Sirius Red—stained slides acquired
in the green and red fluorescent channels were used for quan-
titative analysis of neoarterial thickness around the FD struts at
the level of the aneurysm neck as previously described,'® run-
ning a custom macro written in Quips language (QWin software,
Leica) on 3 distinct histological sections for each aneurysm.

Scanning Electron Microscopy and Multiphoton
Microscopy

Explanted aortic vessels were cut longitudinally into 2 parts
to expose the luminal surface. The half containing the lumbar
arteries was processed for conventional scanning electron
microscopy. Conventional scanning electron microscopy was
performed using Philips XL30 ESEM FEG microscope.

The other half of the aorta was processed for multiphoton
microscopy performed with a customized multiphoton micro-
scope BX61WI/FV1200MPE (Olympus) coupled with a tune-
able femtosecond Ti:Sapphire pulsed laser (Chameleon Ultra
Il, Coherent), as previously described.' This technique allows
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a higher penetration depth in the neoarterial tissue covering
the device (400 pm maximum) with high-resolution 3-dimen-
sion reconstructed images. Seven to 10 random zones of each
stent, excluding 2.5 mm at the distal and proximal ends, were
imaged. Collagen quantification, ECM (extracellular matrix)
thickness measurement, tissue architecture evaluation, and
3-dimension fiber orientation measurements were assessed
by second harmonic generation signal in a 3-dimension stack
after z-projection. Collagen fiber orientation was calculated
using the Orientationd plugin (Imaged [National Institutes of
Health] software). Collagen area (%) was quantified with the
analyze particles command.

Statistical Analysis

Data are presented as meanSD. The Kruskal-Wallis test with
Dunn post-test was used for skewed data. Normally distributed
variables were analyzed with 1-way ANOVA with Bonferroni
post hoc F. The Fisher exact test with Bonferroni correction for
multiple tests was used for comparison of nominal variables.
All statistical calculations were performed with R software
(R-3.6.1). Differences were considered statistically significant
at the A<0.05 level.

RESULTS

Interaction of Blood Elements and ECs With
Experimental Nitinol Disks

Erythrocyte and platelet coverage was barely visible and
significantly reduced on CD31-mimetic disks compared
with polydopamine and bare nitinol disks (Kruskal-Wallis
x?[2]; A<0.0001 for both erythrocytes and platelets; Fig-
ure 1). Very few leukocytes were discernible on all 3 sur-
faces (Kruskal-Wallis °[2]; P=0.1).

Adhering EC density was similar in the 3 groups
(nuclei N/mm?, Kruskal-Wallis %°[2]; P=0.12) but the
integrated density of CD31 and VE-cadherin signal was
significantly increased on CD31-mimetic as compared
to polydopamine and bare surfaces (Kruskal-Wallis x2(2);
A=0.001 and P=0.007 for CD31 and VE-cadherin,
respectively; Figure 2). Altogether these results suggest
that CD31-mimetic coating decreases erythrocyte and
platelet accumulation on metal surfaces while improving
differentiated EC colonization in vitro.

Aneurysm Sizes and Angiographic Results

Induced aneurysms were of equivalent sizes in all 3
groups (Table 1). One rabbit died of infection during
the first week after FD implantation in the bare group
and was thus excluded from the analyses. One animal
in the 12 weeks polydopamine group was sacrificed at
4 weeks because of a right upper leg deficit (due to
stent occlusion). Grade 1 occlusion rates were noted in
3 (60%), 4 (66%), and 5 (82%) aneurysms in the bare,
polydopamine, and CD31-mimetic group respectively
(P=0.8; Table 1). The remaining aneurysms were not
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occluded with grade 3 occlusion. In the polydopamine
group, 2 stents spontaneously occluded at 4 weeks
despite antiplatelet regimen (only one symptomatic).
All other parent, vertebral and lumbar arteries remained
patent without stenosis.

Effect of CD31-Mimetic-FDs on Neoarterial
Formation at Aneurysm Sites

Histological analysis of the arterial wall covering the FD
struts at the neck of aneurysmal sacs revealed striking
differences for each condition (Figure 3A). In the bare-
FD condition, the struts were covered by a thin, barely
existent, disorganized neointima, devoid of smooth mus-
cle cells and containing no detectable collagen. Further
analysis revealed that the neoarterial wall was composed
of fibrin and erythrocytes, with complete absence of ECs
at the luminal border of bare-metal FDs, reminiscent of a
fresh clot. In contrast, CD31-mimetic-FD struts were cov-
ered by a thick, organized neointima, with layers of mes-
enchymal and smooth muscle cells (expressing aSMA),
oriented sheets of collagen and elastin in the ECM, and a
continuous endothelial monolayer. This organization was
observed both at the aneurysm neck, completely covered
by a neoarterial wall, and away from it. Concerning poly-
dopamine coating, the results were inconsistent, with 2
intrastent occlusions, one case of neointimal excessive
hyperplasia, and one case with poor neointimal formation
(discussed below). Histological analysis of the hyper-
plasia case indicated that the ECs covering the polydo-
pamine-coated FD were layered onto a thick neointima
composed of abundant and undifferentiated mesenchy-
mal cells, largely lacking aSMA, in direct contact with the
luminal border (Figure 3A).

Quantitative morphometry analyses confirmed that
the thickness of the neoarterial wall at the neck of exper-
imental aneurysms was similarly higher in aneurysms
implanted with coated FDs (50.4£24 pm in polydopamine
and 42,9125 pm in CD31 mimetic, P=1) as compared
to what we observed with bare-metal devices (25.56+12
pm in Bare; A=0.004 versus polydopamine and ~=0.019
versus CD31-mimetic; Figure 3B). Although measuring
the neointima thickness indicated no significant differ-
ence between the bare and CD31-mimetic—coated FDs,
it revealed that CD31 coating reduced neointimal thick-
ness as compared to the measured polydopamine case.
Altogether these results suggest that CD31-mimetic
coating promotes physiological neoarterial wall formation.

Effect of CD31-Mimetic Coating on FDs
Implanted at Abdominal Aortic Sites

Collagen thickness, FD endothelialization, and patency
of covered branches were analyzed 4 weeks post-FD
implantation in the aortic sites. Quantification of collagen

Stroke. 2021;52:677-686. DOI: 10.1161/STROKEAHA.120.030624
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Figure 1. Representative fluorescence micrographs of bare, polydopamine (PDA), and CD31-mimetic nitinol disks after 1-h
incubation in whole blood at 37°C under stirring and quantitative automated analysis.

A, Green fluorescence: adherent platelets (CD41/CD63). Red fluorescence: Adherent erythrocytes (glycophorin A). Blue fluorescence:
Leukocytes via the presence of a 4'6-diamidino-2-phenylindole (DAPI)+element. B, quantification of leukocytes, erythrocytes, and platelets (N/

mm? Kruskal-Wallis with Dunn post-test: *£<0.05, **F>0.001).

tissue thickness over the FD struts using multiphoton
microscopy indicated that ECM thickness was signifi-
cantly higher in the CD31-mimetic condition compared
with the controls (CD31-mimetic [n=20] versus poly-
dopamine [n=20] F<0.005, CD31-mimetic versus
bare [n=14] A<0.001, and polydopamine versus bare
P<0.005; after One-way ANOVA with Bonferroni post
hoc F[2,562]=22.02, A<0.05).

Furthermore, consistent with our previous observa-
tions, CD31-mimetic-FD struts displayed an organized
ECM with a lower fiber dispersion as compared to both
polydopamine and bare-FD struts (Figure 4, Figures
il and IV and Movies | and Il in the Data Supplement).
Using scanning electron microscopy, we observed a vel-
vet cover reminiscent of a continuous cell layer overall
3 types of FD struts implanted in the lumbar arteries.
Importantly though, ostia of the covered lumbar arteries
were patent in all 3 conditions with no significant intimal
growth over the struts (Figure Il in the Data Supplement).
Altogether these results indicate that CD31-coating
onto metal struts both promotes physiological ECM

Stroke. 2021;52:677-686. DOI: 10.1161/STROKEAHA.120.030624

organization within the arterial wall covering the metal
struts and avoids arterial branch occlusion, ensuring cov-
ered branch arterial patency.

DISCUSSION

Here, we show that CD31-mimetic coating reduces blood
element reaction and increases EC adhesion in vitro and
enhances neoarterial wall formation in vivo. Thus, our
data strongly suggest that CD31-mimetic coating is in
favor of aneurysm healing. The presence of the CD31-
mimetic peptide likely acts as a CD31 agonist, the role
of which is to sustain EC survival and barrier function.'®
Indeed, we observed a higher rate of organized neoartery
wall with continuous endothelium, thicker ECM, and high
density of oriented collagen.

Arterial wall reconstitution is essential as FD healing
is strongly correlated with aneurysm occlusion.®'® Also,
the tightness of this biological barrier and the timing of
its reconstitution, both improved with the use of CD31-
mimetic coating, are crucial to prevent delayed rupture

February 2021 681

STINIIDS
TYNOLLYTSNYHL ONY ISYE


https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.030624
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.030624

BASIC AND TRANSLATIONAL
SCIENCES

2202 ‘2T Jequeldes uo Aq Bio'seulnofeye//:dny wouy papeojumoq

Cortese et al

CD31 Mimetic Stent Coating Favors Aneurysm Healing

ve}

o
>
R

»
VE-cadherin

CD31-mimetic

L

g . — 0 g— -
. 40 3
2a - t i 2 > L ’
'545 . ) gso : ) i f’zo %
8 40 : - a . . ' a 3 :
Eas : . . Ezs : . E,s - :
a0 : . ) - % B : :
E2s g™ . - o . H
2 N 5 N ' N’
D . ) S5 .G
5@ b O @ A P @ P

Figure 2. Representative fluorescence micrographs of bare, polydopamine (PDA), and CD31-mimetic nitinol disks after 48 h of

endothelial cell incubation and quantitative automated analysis.

A, Green fluorescence: CD31. Red fluorescence: VE-Cadherin (vascular endothelial cadherin). Blue fluorescence: 4',6-diamidino-2-phenylindole
(DAPI). First row: low magnification. Second and third rows: higher magnifications. B, quantification of CD31, VE-cadherin, and DAPI (integrated

density, Kruskal-Wallis with Dunn post-test: *P<0.05, “*P>0.01).

after FD implantation.® The faster establishment of an
impermeable barrier prevents the biological cascade
induced by acute aneurysmal thrombosis, likely responsi-
ble for metallopeptidase activation and intra-aneurysmal
fibrinolysis.2°2! The use of biologically improved FDs with
accelerated healing and faster exclusion of the aneurysm
is of the uttermost importance since actual recommen-
dations, like associated coiling, fail to prevent aneurysm
stabilization and delayed ruptures.®
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As the CD31-mimetic-FD stimulates neointimal growth,
it was necessary to evaluate if the patency of such cov-
ered branch arteries was altered. In our study, we observed
excellent patency of branch arteries covered by CD31-
mimetic-FDs. This could be linked to continuous high
blood flow inhibiting endothelial growth. Conversely, initial
low blood flow over the CD31-mimetic-FD in the aneurysm
sac likely permits stimulation of neointimal formation at the
neck of the aneurysm and thus efficient healing.?
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Table. Aneurysm Size (mm, Mean*SD) and Angiographic
Results

Group
Bare ‘ PDA ‘ CD31-mimetic | P value
Aneurysm size, mm
Height 6.9+2.8 9.0+4.2 7.1£3.1 0.51
Width 3.2+0.6 3.3+0.2 3.1+0.5 0.68
Neck 5.6+£2.0 4.8%1.3 4.1%1.2 0.85
Occlusion rate
4 wk 2/2 2/4* 2/3
12 wk 1/3 2/2 3/3
Total 3/5 (60%) | 4/6 (66%) | 5/6 (83%) 0.8
Lumbar artery patency | 2/2 2/2 2/2 1

FD indicates flow diverter; and PDA, polydopamine.
*2 PDA-coated FDs presented intrastent thrombosis.

In agreement with its recently documented proad-
hesive properties,”® polydopamine coating showed a
detectable increase of EC adhesion in vitro. However,

CD31 Mimetic Stent Coating Favors Aneurysm Healing

quantification of CD31 and VE-cadherin expression at
the lateral junctions clearly showed a more differentiated
phenotype of cells adhering onto CD3 1-mimetic surfaces
compared to polydopamine surfaces. Furthermore, our in
vivo experiments document a consistent CD31-mimetic
effect with the formation of a well-structured neoarterial
wall across the aneurysm neck. Instead, divergent effects
with 2 intrastent occlusions were observed in the poly-
dopamine condition. These results cannot enable us to
conclude on the effect of polydopamine coating in vivo
on such a small number of cases. Nevertheless, the pres-
ence of free charged groups (catechol and amine) on
the polydopamine coating could induce local platelet and
leukocyte activation,?* driving increased smooth muscle
cell proliferation and neointimal growth in response to
aneurysm induction, as observed. Of note, the effect of
polydopamine coating appeared more consistent in the
aortic site. FD implantation within a healthy artery might
induce a less drastic remodeling response as compared
to implantation at a pathological aneurysm site, hence
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Figure 3. Representative histological sections with various stainings for neoarterial wall and neointima qualitative and
quantitative analysis at the neck of occluded aneurysms 4 wk after flow diverter (FD) implantation.

A, Top, Picro Sirius Red staining revealing collagen (red). Green is due to autofluorescence. The asterisks in the top and middle parts mark the
luminal limit of the ECM (extracellular matrix)-rich layer (ie, the internal elastic lamina of the neoarterial walls) in all 3 conditions. In the polydopamine
(PDA) and CD31-mimetic conditions, arrowheads point at a continuous endothelium lining the arterial lumen (see middle). Middle, Results of
staining with Carstairs staining. The orange-red coloration in the bare condition reveals fibrin and erythrocytes. In the PDA and CD31-mimetic
conditions, the pink cellular layer lining the inner side of the arterial wall (arrowheads as in the top) indicates the presence of a continuous endothelium.
Blue reveals collagen/ECM. In the CD31-mimetic condition, the pink coloration in the neointima reveals smooth muscle cells, as documented by

the immunofluorescent detection of aSMA (alpha smooth muscle actin; see lower), distributed in between ECM fibers parallel to the arterial wall,
reminiscent of an arterial tunica media. The endothelial cell layer is directly in contact with these cells, reflecting the absence of a neointima. In contrast,
in the selected PDA sample, the pink coloration in the most inward cellular layer reveals a mass of aSMA-negative mesenchymal cells, indicative of
thick neointima formation. In the top and middle, double arrows represent the mean for each quantitative analysis (neoarterial wall thickness: white
double arrow; ECM/neointima thickness: orange double arrow; B). Bottom, Immunofluorescent detection of aSMA (red) and nuclei (4',6-diamidino-
2-phenylindole [DAPI], blue). Green reflects aldehyde-fixation—driven autofluorescence of red blood cells and structural elements, such as collagen
and elastin. Note the absence of specific aSMA staining in the PDA condition. B, Quantitative analysis of neoarterial (top) and neointimal (bottom)
thickness at the aneurysm neck in all 3 conditions. Neoarterial wall thickness mean+SD were 50+24 um in PDA, 4325 pym in CD31 mimetic, and
25412 pm in bare; P=0.004 versus PDA and P=0.019 versus CD31-mimetic). Neointima thickness mean£SD were: 20.6£84 pm in Bare; ”~=0.004
versus PDA and P=0.019 versus CD31-mimetic; 111261 pym in PDA, 25212 um in CD31 mimetic (P=1).
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Figure 4. Representative multiphoton microscopy based on second harmonic generation signal photographs, quantification of
collagen fibers, and collagen fiber dispersion 4 wk after flow diverter (FD) implantation in rabbit aortas.

A, Bare-FD. B, CD31-mimetic-FD (P8RI). C, CD31-mimetic, and polydopamine (PDA) FD present a thicker collagen ECM (extracellular matrix)
compared with bare, CD31-mimetic-FD displaying the highest rate of collagen (meantSEM, 1-way ANOVA with Bonferroni post-test: **P<0.005
and **P<0.001). D, Collagen fiber orientation measurements show an overall lower fiber dispersion with PDA and CD31-mimetic compared to the
bare-FD. Colored figures with multiphoton microscopy are available in the Data Supplement.

the more consistent effect of polydopamine coating
in the lumbar artery. All the same, our results indicate
that, within a healthy artery, polydopamine coating alone
induces the formation of a thinner and less organized
ECM as compared to CD31-mimetic coating. The addi-
tion of CD31-mimetic peptide likely has a double effect:
(1) it masks the free catechol and amine groups reduc-
ing the nonspecific interaction of polydopamine with
surrounding cells, allowing a consistent CD31-specific
response and (2) it increases FD biocompatibility thanks
to the homophilic interaction between the CD31-mimetic
peptide and the endogenous CD31 present at the sur-
face of strut-adjacent ECs.

FD surface modification has recently been proposed
to improve hemocompatibility. Medtronic (Irvine, CA) has
developed a phosphorylcholine surface modification of

684  February 2021

the Pipeline Embolization Device, with promising results
regarding thrombogenicity,”® neointimal hyperplasia, and
endothelialization.?¢2” Manning et al?® recently published
a clinical series using the surface-modified FD (Pipeline
Flex with Shield Technology, Medtronic). In this retro-
spective series, 14 ruptured intracranial aneurysms were
treated in the acute phase after subarachnoid hemor-
rhage with the Pipeline Embolization Device—Shield
under a single antiplatelet therapy. The authors reported
3 patients (21.4%) with thrombotic complications in the
acute period, and two patients (14.3%) with rebleeding
of the culprit aneurysm leading to patient death, point-
ing out the fact that these devices may not immediately
prevent the risk of aneurysm rerupture. Such antithrom-
bogenic coating may have an added value for specific
aneurysms requiring an FD placement in the acute
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phase after rupture. However, they represent a minor-
ity: <1% of intracranial aneurysms.® Furthermore, when
an FD is used for unruptured aneurysms, the need for
dual antiplatelet therapy does not carry a high ischemic
risk,%® and new antiplatelet treatments, such as ticagrelor
or prasugrel, have been shown to reduce the occurrence
of this complication.®'#2 CD31-mimetic coating strategy
improves the global biological response by fostering arte-
rial formation and aneurysmal occlusion and by reducing
the thrombogenicity of the device. The latter property
likely induces faster incorporation of the device in the
arterial wall which is expected to shorten the period dur-
ing which the struts remain exposed to reactive blood
elements. This could lead to shorter periods of dual
antiplatelet therapy and single antiplatelet therapy treat-
ments after FD implantation. Our histopathology studies
were performed at 4 weeks after FD implantation. It is
possible however that some beneficial effects on histo-
logical healing could appear earlier.

Limitation of the Study

Further studies are required to evaluate the translational
potential of our strategy on long-term preclinical studies.
In the present study, the occlusion rate of CD31-FDs at
12 weeks tended to increase as compared to bare-FDs
(100% versus 33%). However, the size of our preclini-
cal study and the rabbit elastase model we used here
were not intended to evaluate a difference in terms of
aneurysmal occlusion but the effect of CD31-mimetic
coating on FD endothelialization, which we consis-
tently observed despite the small number of individu-
als analyzed. Although most studies in rabbit elastase
aneurysm models use clopidogrel together with aspirin
when testing FDs,® efficacy of the prodrug clopidogrel
in rabbits has never been tested and a variable degree
of resistance to clopidogrel occurs in patients (28 to
6609%).24% This explains why we used only aspirin and
not a dual antiplatelet therapy to treat the experimen-
tal animals. Nonetheless, although clotting successfully
failed to occur in the presence of CD31-mimetic coat-
ing, further studies are required before translation to
clinical practice.

Conclusions

We demonstrated that CD31-mimetic coating can con-
sistently improve endothelialization across the neck
of arterial aneurysm implanted with FDs. The CD31-
mimetic coating procedure evaluated in our study is
simple and suitable for scaling-up and potential use
in patients. Thus, CD31-mimetic coating appears as
a promising strategy increasing FD biocompatibility,
reducing body reactivity, and likely enhancing effec-
tive aneurysm healing. These results are a crucial step
towards a translation to clinical use.
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