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Aims Recent evidence suggests that ‘vulnerable plaques’, which have received intense attention as underlying mechanism
of acute coronary syndromes over the decades, actually rarely rupture and cause clinical events. Superficial plaque
erosion has emerged as a growing cause of residual thrombotic complications of atherosclerosis in an era of
increased preventive measures including lipid lowering, antihypertensive therapy, and smoking cessation. The mecha-
nisms of plaque erosion remain poorly understood, and we currently lack validated effective diagnostics or thera-
peutics for superficial erosion. Eroded plaques have a rich extracellular matrix, an intact fibrous cap, sparse lipid,
and few mononuclear cells, but do harbour neutrophil extracellular traps (NETs). We recently reported that NETs
amplify and propagate the endothelial damage at the site of arterial lesions that recapitulate superficial erosion in
mice. We showed that genetic loss of protein arginine deiminase (PAD)-4 function inhibited NETosis and preserved
endothelial integrity. The current study used systemic administration of targeted nanoparticles to deliver an
agent that limits NETs formation to probe mechanisms of and demonstrate a novel therapeutic approach to plaque
erosion that limits endothelial damage.

.....................................................................................................................................................................................................
Methods
and results

We developed Collagen IV-targeted nanoparticles (Col IV NP) to deliver PAD4 inhibitors selectively to regions of
endothelial cell sloughing and collagen IV-rich basement membrane exposure. We assessed the binding capability of
the targeting ligand in vitro and evaluated Col IV NP targeting to areas of denuded endothelium in vivo in a mouse
preparation that recapitulates features of superficial erosion. Delivery of the PAD4 inhibitor GSK484 reduced NET
accumulation at sites of intimal injury and preserved endothelial continuity.

.....................................................................................................................................................................................................
Conclusions NPs directed to Col IV show selective uptake and delivery of their payload to experimentally eroded regions,

illustrating their translational potential. Our results further support the role of PAD4 and NETs in superficial
erosion.
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Neutrophil extracellular traps

Breaches in the endothelial monolayer can provoke arterial thromboses,
particularly those precipitated by superficial erosion. Desquamation of
endothelial cells (ECs) uncovers the basement membrane, a subendo-
thelial structure rich in type IV collagen. Activated ECs (denoted here by
the transition from a squamous morphology to a more columnar mor-
phology) express adhesion molecules that can bind cognate ligands on
blood leukocytes and recruit them to the intimal surface.
Polymorphonuclear leucocytes can undergo a specialized form of cell
death [neutrophil extracellular trap (NET) formation] which involves the
extrusion of strands of DNA decorated with the neutrophil granular
constituents such as myeloperoxidase (a generator of the pro-oxidant
species hypochlorous acid) and also bind other proteins such as tissue
factor procoagulant. This study used nanoparticles that selectively target
type IV collagen, due to a peptide ligand, that home to areas of endothe-
lial denudation. These nanoparticles can carry a payload of inhibitor of
the enzyme protein arginine deiminase (PAD)-4, involved in NET forma-
tion. Delivery of these targeted nanoparticles carrying the PAD-4 inhibi-
tor to areas of endothelial activation reduced NET formation and
preserved intimal integrity and endothelial barrier function. This

approach has both diagnostic and therapeutic potential for delineating
and treating zones of superficial erosion. As acute coronary syndromes
due to superficial erosion may not require urgent coronary revasculari-
zation, the development of methods to identify areas of endothelial
breaches, and local delivery of therapeutics has translational potential.

Introduction

Despite successes in acute care, lifestyle measures, and pharmacologic
treatments, acute coronary syndromes (ACS) remain the leading cause
of morbidity and mortality.1 Although thin-capped fibroatheroma and
plaque rupture have received intense attention as substrates for ACS
over the decades, more recent evidence showed that such ‘vulnerable’
plaques actually rarely rupture and cause clinical events; only �5% of
thin-capped plaques provoked ACS during a 3.4-year follow-up period.1

We have marshalled evidence that superficial plaque erosion has
emerged as a growing cause of residual thrombotic complications of ath-
erosclerosis in an era of increased preventive measures including lipid-

Graphical Abstract
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..lowering, antihypertensive therapy, and smoking cessation.2 Indeed, con-
temporary studies using optical coherence tomography to characterize
current culprit lesions suggest that superficial erosion has become more
prominent, now accounting for about one-third of ACS.3

The lesions associated with erosion have areas of denuded endothe-
lium and exposed basement membrane, a rich extracellular matrix, intact
fibrous caps, sparse lipid, and few mononuclear cells. Eroded lesions and
endothelial apoptosis in human atherosclerotic arteries may localize in
regions of disturbed arterial flow.4 We have implicated neutrophil extra-
cellular traps (NETs) in superficial erosion. NETs form through a pro-
grammed cell death pathway sometimes referred to as NETosis.3 NETs
consist of web-like structures derived from decondensed chromatin with
histones, proteases, and other proteins which can propagate local throm-
bosis and activate ECs.5,6 NETosis often involves the activity of protein
arginine deiminase (PAD)-4.7,8 PAD4 catalyses the conversion of the cat-
ionic aminoacid arginine to neutral citrulline, thus interrupting electro-
static interactions between histones and DNA, which results in DNA
de-condensation and NET release. We recently reported that the surface
of erosion-prone atheromata exhibits more NETs in regions of apoptotic
ECs than stable or rupture-prone lesions.9 Moreover, we found that mice
lacking PAD4 showed reduced endothelial injury and preserved barrier
function when subjected to experimental conditions designed to recapitu-
late aspects of superficial erosion. These findings point to the causal par-
ticipation of PAD4 and NETs in exacerbating the atherothrombotic
complications of intimal arterial lesions implicated in superficial erosion.

Nanotechnology offers potent tools for delivering therapeutics to dis-
eased tissue, exploiting the particular features of specific pathological
conditions. For example, sites of nascent superficial intimal erosion will
uncover patches of the subjacent basement membrane of the arterial in-
tima. Type IV collagen (Col-IV), a non-fibrillar protein, comprises about
50% of the basement membrane matrix. We previously reported the
therapeutic capabilities of polymeric nanoparticles (NPs) that target Col-
IV, capable of encapsulating and delivering a payload of peptides, pro-
teins, siRNAs, or small-molecule drugs in various settings including ad-
vanced atherosclerosis and balloon-injured vasculature.10–17

This study tested the hypothesis that Col IV-targeted NPs (Col
IV-NPs) can deliver PAD4 inhibitors selectively to regions of EC slough-
ing and collagen IV-rich basement membrane exposure, and attenuate
the amplification, persistence, and propagation of superficial erosion and
consequent thrombosis (Graphical abstract).

Materials
Poly(d,l-lactide) with terminal ester groups (PLA–OCH3, inherent vis-
cosity 0.26–0.54 dL g-1 in chloroform) was purchased from Durect
Lactel Absorbable Polymers (Pelham, AL, USA). DSPE–mPEGs (1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)]) with 1000 kDa (DSPE–mPEG1000), 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]
(DSPE–PEG2000–MAL), 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cyanine
5.5) (18:1 Cy5.5 PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (18:1 Liss Rhod
PE), were purchased from Avanti Polar Lipids. Cy5.5-NHS monoester
was obtained from GE Healthcare Life Sciences. The Collagen type IV
(Col IV)-targeting peptide (KLWVLPK[GGGC]) was obtained from
Massachusetts Institute of Technology (Biopolymers & Proteomics

Core Facility, Koch Institute, USA). Detailed synthesis information is in
ref.15 Immunohistochemical analysis used as secondary antibodies rab-
bit anti-rat, biotinylated—Vector, cat# BA-4001and goat anti-rabbit,
biotinylated—Vector, cat# BA-1000.

Methods

Fluorescently labelled NPs and Col IV-NPs
To investigate the binding capability of the Col IV-NPs or to select an optimal
formulation, we prepared fluorescently labelled NP or Col IV-NP formula-
tions. PLA-OCH3 was dissolved in a mixture of ethyl acetate and benzyl alco-
hol (40 mg/mL). Different molar ratios of DSPE-mPEG1000: DLPC: Col IV-
DSPE-PEG200015 (70:30-X:X, X = 0–30) were prepared by dissolving in a
mixture of ethyl acetate and benzyl alcohol (40 mg/mL) at 70% of the PLA
weight. After that, 18:1 Cy5.5 PE or 18:1 Liss Rhod PE (0.5 wt% of total poly-
mer/lipid mixture) was added to the solution. The mixture was then added
drop-wise into an aqueous solution with gentle stirring and then sonicated
with a probe. Free molecules and the remaining organic solvent were re-
moved by washing the NP solution three times using an Amicon Ultra-15 cen-
trifugal filter (EMD Millipore, Darmstadt, Germany), and then resuspended in
PBS. The nanoparticle (NP) sizes and f-potentials were measured by quasi-
electric laser light scattering using a ZetaPALS dynamic light-scattering (DLS)
detector (15 mW laser, incident beam 1=4 676 nm; Brookhaven Instruments).
The NP diameters measured by DLS were displayed as the effective diame-
ters, which were average of the intensity-, volume-, and number-weighted size
distributions, calculated based on the Lognormal distribution. Samples for
TEM (JEOL 2011 at 200 kV) were stained with 0.75% uranyl formate or 1%
uranyl acetate and measured on a coated copper grid.

Preparation and characterization of GSK484-

NPs and Col IV–GSK484–NPs
GSK484 is hydrophobic, necessitating dissolution in solvents such as 99.9%
ethanol and injection into mice after dilution in saline.18 The poor water solu-
bility of GSK484 (GSK) comprises an obstacle for conventional clinical trans-
lation. Development of Col IV-NP delivery formulations that encapsulate
GSK484 can obviate the solubility issue of the inhibitor, and enables con-
trolled release of GSK484 at target lesions. For the preparation of GSK–NPs
and Col IV–GSK–NPs, GSK was dissolved in DMSO (0.85 mg, 80 mg/mL) and
added to the PLA/lipid mixture solution. The PLA/lipid/drug mixture in the
organic phase was then added into the aqueous solution as above described.
Hydrodynamic size, size homogeneity (PDI), and surface charge were ana-
lysed by DLS. The amount of drug-loading in the NPs was analysed using high
performance liquid chromatography (HPLC).

Drug release kinetics study
NPs were aliquoted into mini-dialysis tubes (Slide-A-Lyzer, MWCO: 10 kDa,
ThermoFisher Scientific) that were placed in 50 mL of PBS (pH 7.4) at 37�C.
At different time points, NPs in each tube were collected and prepared for
HPLC measurement. The remaining drug in NPs at different time points was
quantified by HPLC (C18 column: 2.1� 15 cm, gradient: 0.1–0.1%/200–100%/
800, A: 0.05% TFA and B: 0.043% TFA, 80% ACN). Experiments were carried
out in triplicate.

Cell culture experiments
Human saphenous vein endothelial cell (HSVEC) isolation and culture fol-
lowed a protocol previously described by our lab and others.19,20 HSVEC
were obtained from saphenous vein segments discarded from coronary ar-
tery bypass surgeries as described previously and authorized by the local
Human Investigation Research Committee. After flushing out blood cells

2654 R. Molinaro et al.
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with cold HBSS, ECs were harvested by 0.1% collagenase type II digestion
(Worthington) of the vein segment and cultured on 1% gelatin-coated dishes
in Medium 199 (Lonza) supplemented with 20% foetal bovine serum (FBS),
penicillin/streptomycin, L-glutamine, heparin, and 0.05 mg/mL ECGS (Alfa
Aesar). We characterized these cultures with Ulex europeaeus lectin and
vWf staining. The authors declare that investigation conformed to the princi-
ples outlined in the Declaration of Helsinki.

In vitro experiments used HSVECs between passages 2 and 5. For confocal
microscopy analysis, glass slides were coated with fibronectin (10mg/ml)
overnight at 4�C. Endothelial colony-forming cells (ECFCs) from umbilical
cord blood were cultured on 10 mg/mL fibronectin-coated dishes in EGM2
medium (Lonza) supplemented with an additional 10% FBS. They were trans-
duced with a DsRed lentiviral vector. Human white adipose tissue-derived
mesenchymal stem cells (watMSC) were cultured in DMEM with L-glutamine
(Sigma) supplemented with 10% FBS and penicillin/streptomycin.

Collagen IV binding studies
To evaluate the optimum amount of the Col IV-directed peptide on the NP
surface, we performed binding studies as previously reported.10 Briefly, 96-
well plates were coated with collagen IV (1mg/mL) overnight at 4�C. Wells
were then washed twice with PBS, blocked with 3% BSA for 2 h at room tem-
perature, and incubated for 30 s at 4�C with 100mL of fluorescently labelled
NPs and Col IV-NPs (0.75mg/ml of fluorescent dye) at different ligand densi-
ties (from 1 to 30 wt%). Wells were then washed three times with 100mL
PBS at room temperature. Fluorescence was measured after incubation of
each sample with 100mL DMSO. Results are expressed as fluorescence rela-
tive to NPs and represent the mean ± standard deviation (SD) of eight repli-
cates per sample.

Basement membrane adhesion studies
NP adhesion studies were performed under both static (2D) and dynamic
(3D) conditions. In the former case, HSVEC were cultured for 72 h to allow
them deposit a layer of basement membrane. Cells were then removed with
ammonium hydroxide (0.017 M; two incubations of 10 minutes each at room
temperature). The remaining basement membrane was then washed,
blocked and incubated with either bare or Col IV-NPs as reported above.
Data are expressed as the mean ± SD of eight replicates per sample (at least
three fields of view per each sample). Cultured HSVECs were previously au-
thenticated by morphology, and the assessment of the expression of von
Willebrand Factor by immunofluorescence and QPCR.21

Development of 3D microvessel-like tubules

in vitro
To evaluate NPs’ adhesion properties in dynamic conditions, microfluidic
chips were fabricated as previously described.18 Confluent ECFC were pre-
pared in a fibrin solution [5 mg/mL human fibrinogen (Sigma), 1 U/mL human
thrombin (Sigma)] at a final concentration of 4� 106 cells/ml. Immediately af-
ter resuspension, they were filled into the central diamond-shaped chamber
of the custom-made microfluidic chip (1.5 mm width, 0.1 mm height).
WatMSC were separately resuspended in a fibrin gel at a final concentration
of 1 � 106 cells/mL and one drop of gel pipetted into the outer reservoirs.
After clotting, EGM2 medium (Lonza) was added into the reservoirs, and the
chips were incubated at 37�C and 5% CO2. Medium was changed every day,
to an alternating filling height (80mL in one reservoir, 20mL in the other) be-
tween the reservoirs to generate a hydrostatic pressure difference across the
gel chamber. After 5 days, the chips were washed once with EBM2 media,
perfused with ammonium hydroxide (0.017 M; 20 min at 37�C) or EBM2
(control), washed 3� with EBM2 and subsequently loaded with Col IV-NP
(0.75mg/mL of fluorescent dye; 20 min at 37�C). Chips were then washed,
fixed in 4% paraformaldehyde, stained with collagen IV antibody (Abcam) and
anti-rabbit alexa-fluor 488 (Invitrogen). Images were taken with a LSM880
confocal microscope (Zeiss).

Animals
All animal experiments were performed in accordance with the guidelines of
the Animal Welfare Act and the Guide for the Care and Use of Laboratory
Animals approved by the Institutional Animal Care and Use Committee of
the Harvard Medical Area Standing Committee on Animals (Protocol #:
2016N000293; PI: Libby, Peter). ApoE-/- male mice (Jackson Laboratories,
USA), 6–12 weeks of age, were housed in the Harvard Medical School
Facilities at the New Research Building (Boston, MA, USA). ApoE-/- mice con-
sumed a normal chow diet with water ad libitum. Mice were certified free of
common pathogens by the suppliers and were monitored by the Harvard
Medical Area Standing Committee on Animals. Mice were anaesthetized with
90–200 mg/kg ketamine/10 mg/kg xylazine intraperitoneally. After recovery
from anaesthesia, the animals were given a standard diet and water ad libitum.
Post-operative analgesia was administered using 0.05–0.1 mg/kg of buprenor-
phine (first dose prior to animal recovering and second dose at 8–12 h from
the first dose for the first day; once the second day). Post-surgical animals
were evaluated daily for a minimum period of 4 days as required by the BWH
CCM institutional policy.

Flow-mediated superficial erosion
We used an in vivo approach to study superficial erosion in mice which repli-
cates features of human eroded lesions.9,22 First, we crafted intimal lesions
that share characteristics of human eroded plaques (low lipid content, a gly-
cosaminoglycan- and proteoglycan rich matrix). For this purpose, eight-
week-old ApoE-/- mice underwent electrical current injury of the left com-
mon carotid artery (LCCA) using a bipolar microcoagulator (Erbe ICC 200,
USA) with a current pulse of 3 W. We then introduced (four weeks later) a
calibrated flow disturbance by placing a cone-shaped polyethylene cuff
(Proto Labs, USA) around the adventitia of the previously injured LCCA. The
flow perturbation promoted EC desquamation and neutrophil recruitment
selectively in the EC layer and caused intralumenal thrombosis where the
constrictive cuff (CC) was applied to the LCCA. This preparation permits
probing of the mechanisms of arterial thrombi in superficial erosion. Flow
perturbation was conducted at different time points and mice were eutha-
nized by CO2 inhalation and bilateral thoracotomy. Mice were then perfused
via left ventricular cannulation with cold PBS, and then fixed with 4% parafor-
maldehyde (PFA). Distal and proximal LCCA samples were collected and
embedded in optimal cutting temperature medium. For immunohistochemi-
cal/immunofluorescence investigation, 6 lm cryosections were prepared and
stained. For en face microscopy experiments, carotid arteries were perfused
as described above followed by a fixation with cold 4% PFA. They were then
dissected and opened longitudinally on a Sylgard dish and fixed in 4% PFA for
48–72 h. Fixation was quenched with 100 mM glycine (pH 7.4).

Immunohistochemistry/immunofluorescence

and endothelial permeability analysis
Immunostaining of frozen cross-sections used a rat monoclonal anti-
mouse Ly6G (clone 1A8), a rabbit polyclonal anti-citrullinated Histone H3
(H3cit, Abcam), a rat monoclonal anti-CD31 (BD Pharmingen), or a rabbit
polyclonal anti-collagen IV (anti-Col IV, Abcam). Immunostaining was am-
plified using peroxidase-conjugated streptavidin complexes (Vector
Laboratories), and peroxidase was detected using AEC (Vector
Laboratories) substrate. Sections were lightly counterstained with haema-
toxylin, mounted in gelatin glycerol, and examined with a bright field mi-
croscope (Nikon Optiphot-2 equipped with a Nikon digital camera DXM
1200F). For double immunofluorescence studies, cross sections were in-
cubated with primary antibodies followed by incubation with fluorophore-
coupled anti-species antibody (Life Technologies), stained with DAPI, and
mounted with fluorescent mounting medium (DAKO). Slides were kept in
the dark at 4�C. Downstream NET burden was quantified by measuring
the area of H3 staining within the luminal surface normalized for intima
area. Endothelial continuity is expressed as percentage of CD31 staining
within the luminal area.

Targeted nanoparticles combat NETs and intimal erosion 2655
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Endothelial permeability was assessed in vivo by an Evans Blue dye (EBD,

Sigma) extravasation assay as previously reported.9 Briefly, we retro-orbitally
injected EBD (50mL, 7% EBD in PBS) at 24 after the last treatment adminis-
tration. After 10 min from EBD injection, we euthanized, perfused and fixed
mice (n = 5–8) as above reported. LCCA were harvested by longitudinal
opening from the aortic arch to the bifurcation and stabilized on glass with
hardening mounting medium (Vector, Vecta Mount H-5000). Carotids were
examined by bright field imaging.

In vivo biodistribution
ApoE-/- mice (n = 3) that underwent superficial erosion procedure as de-
scribed above were injected with the rhodamine labelled NPs or Col IV–NPs
at 1 h after CC placement and sacrificed at 24 h post-injection. After perfu-
sion, both carotids were collected and visualized using the fluorescence re-
flectance imaging (FRI) system (Kodak Image-Station 4000, Carestream
Health, Rochester, NY, USA). The fluorescence intensities from the NPs (liss-
amine rhodamine B; excitation/emission 560 nm/583 nm) were quantified fol-
lowing manufacturer’s instructions. The values are represented as relative
fluorescence units. For drug accumulation studies, Cy5.5 (excitation/emission
675 nm/720 nm) was loaded into both NPs and Col IV-NPs to mimic GSK.
NPs were injected in PBS as vehicle. Briefly, ApoE-/- mice (n = 3–5) that
underwent the superficial erosion procedure received cy5.5-loaded NPs or
Col IV–NPs at 1 h after CC placement and sacrificed at 4 and 24 h post-
injection. Cy5.5 accumulation downstream and upstream to the site of flow
perturbation was evaluated through FRI analysis on carotids collected as de-
scribed above.

In vivo evaluation of the therapeutic efficacy of

GSK484
ApoE-/- mice (n = 8–12 per group) underwent superficial erosion procedure
as described above and previously reported.9,22 At 1 h after CC placement,
GSK (4 mg/kg) was administered either once per day for 7 days or three
times in 7 days either free or encapsulated into NPs, respectively. At 7 days,
mice were sacrificed and perfused as above described. Carotids were then
harvested and embedded in OCT blocks, which were immediately frozen at
-80�C. GSK treatment effects were evaluated by the ability to reduce NET
accumulation and to preserve endothelial continuity at the site of flow
perturbation.

Statistical analysis
Animals were randomly allocated to treatment or control groups.
Investigators were blinded to the group allocation during both the experi-
ment and image analysis. Data were analysed to assess normality of distribu-
tion. Data are expressed as mean ± SD and analysed by one-way analysis of
variance (ANOVA) as appropriate for multiple comparisons. P-values were
calculated using the Student’s t-test or one-way ANOVA with post hoc Tukey
analysis for normally distributed data. For non-normally distributed data, the
Mann–Whitney rank sum test was used. A P < 0.05 was considered statisti-
cally significant.

Results

Synthesis and characterization of Col IV-
targeted nanoparticles
We recently described the development and physicochemical properties
of Col IV-NPs, as well as their biological features in a mouse setting of ad-
vanced atherosclerosis.15 In particular, the targeting of these lipid-
polymer hybrid NPs depends on the length of polyethylene glycol (PEG)
coating molecules on the NPs relative to the ligand linker.15 Using this for-
mulation strategy, we prepared Col IV-NPs composed of poly
(D, L-lactide) (PLA) as a core and PEGylated phospholipid layer (DSPE-

PEG1000/DLPC/Col IV-DSPE-PEG2000) as a shell. We then tuned
ligand density to optimize Col IV-NPs by changing the molar ratio of
Col IV-DSPE-PEG2000 from 1% to 30% (Supplementary material online,
Figure S1). We assessed the binding capabilities of the targeting ligand to
Col IV-coated wells as previously reported.10 Evaluation of binding prop-
erties of Col IV-NPs at different heptapeptide densities to Col IV-coated
wells revealed that a ligand density of 15% had the highest binding affinity
(Supplementary material online, Figure S1). Further experiments used
these optimized NP. Next, we tested in vitro NP adhesion to a basement
membrane deposited by primary HSVECs previously seeded on a
fibronectin-coated glass slide (see Methods section) under both static
(2D) and dynamic (3D) conditions. When compared to bare NPs, Col IV-
NPs showed a 40-fold increased adhesion to the EC-derived basement
membrane (Figure 1A and B). Experiments with a microfluidic chip contain-
ing perfusable blood vessel-like tubular structures extended these findings
to a 3D configuration. These structures consist of ECs, supported by peri-
vascular mesenchymal cells, that self-assemble inside the chip within 5
days, as previously described.23 The endothelial monolayer forms adhe-
rens and tight junctions, as demonstrated by immunostaining for vascular
endothelial-cadherin and platelet EC adhesion molecule-1/CD31 and
Zona Occludens 1, while Col IV staining indicated secreted basement
membrane components on the basolateral aspect of the microtubules.23

Dynamic perfusion of the microfluidic chip containing 3D blood microves-
sels composed of human ECs and mesenchymal cells demonstrated supe-
rior binding ability of the Col IV-NPs to basement membrane after
detachment of ECs by ammonium hydroxide treatment (Figure 1C and D).
In particular, while Col IV-NPs strictly adhered to denuded walls (arrows
in Figure 1C, middle panel), indicating firm adhesion of Col IV-NPs to their
target; bare NPs mainly diffused within the tubules without adhering to
the basement membrane (arrows in Figure 1C, right panel). DsRed-
labelled ECs (in red) and immunostained Col IV (in green) in Figure 1D
qualitatively reveals the efficiency of EC removal after ammonium
hydroxide treatment and shows Col IV-NP co-localization with Col IV
expressed in the basement membrane.

Col IV-targeting nanoparticles localize at
the site of denuded intima in vivo and
increase payload accumulation
After testing the adhesion properties of Col IV-NPs in vitro both in a 2D
and 3D setting, we then investigated their targeting properties in vivo in
an experimental mouse preparation of arterial intimal injury that recapit-
ulates features of superficial erosion.22 Briefly, 8-week-old ApoE-/- mice
that consumed a normal chow diet underwent electrical injury of the
LCCA using a bipolar microcoagulator (Erbe ICC 200, USA) as previ-
ously described.22 Twenty-eight days later, a neointima formed that repli-
cated characteristics of human plaques complicated by erosion. We then
induced local flow disturbance in proximity of the healed injury by placing
perivascular constrictive polyethylene cuffs. This flow perturbation at the
site of arterial neointima induces EC activation, apoptosis, and desquama-
tion, uncovering the basement membrane (shown by black dashed line)
exposed, processes implicated in superficial erosion (Figure 2A). This in-
tervention resulted in neutrophil recruitment, activation, and degranula-
tion, with subsequent NET release, which amplified and propagated the
local inflammation.22

At 1 h after constrictive cuff placement, we tested the ability of
injected rhodamine-labelled Col IV-NPs vs. bare NPs to target lesions
that recapitulate features of superficial erosion. Ex vivo fluorescence
analysis of NP accumulation in both LCCA (injured) and right common
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..carotid artery (RCCA) (control) at 24 h after NP administration revealed
a significantly higher accumulation of Col IV-NPs compared to bare NPs
(1.8-fold increase, P < 0.0001) (Figure 2B and C). In addition, analysis of
both downstream and upstream fluorescent signals showed a preferen-
tial accumulation of Col IV-NPs downstream of the injury, while bare
NPs showed no significant difference (Supplementary material online,
Figure S2). Immunofluorescence investigation of NP localization down-
stream of the injury revealed a differential accumulation of bare vs. Col

IV-NPs. While untargeted particles localized around the adventitia, the
artery’s outer layer, Col IV-NPs adhered from the luminal side to areas
of denuded endothelium (white arrows in Figure 2D, middle panels). In
addition, Col IV staining using an anti-Col IV antibody revealed colocaliza-
tion with the targeted but not the bare NPs, thus delineating the effective
targeting capabilities provided by the heptapeptide (Figure 2E). On the
contrary, Col IV-NPs did not accumulate on the RCCA (Supplementary
material online, Figure S3). For comparison, Supplementary material

Figure 1 Collagen IV-targeting nanoparticles adhere in vitro to basement membrane produced by endothelial cells in both 2D and 3D settings. (A and B)
Compared to non-targeting NPs, Col IV-NPs showed 40-fold increased adhesion to HSVEC-produced basement membrane on a glass slide (n = 4). (scale
bar = 100 mm) (C) When tested in a 3D setting, we observed a tubule-shaped binding for Col IV-NPs and a more diffuse deposition for the non-targeting
NPs (red arrows). (D) DsRed-labelled ECs (in red), Col IV (in green), and Col IV-NPs (in white) reveals co-localization of NPs at sites of exposed Col IV after
EC removal. Mann–Whitney test. *P < 0.05.
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..online, Figure S3 (middle panel, CD31) shows a control healthy artery
with an intact endothelium. En face fluorescent visualization of cy5.5-
labelled NPs validated the immunofluorescence results, revealing an

increased accumulation of Col IV-NPs in areas corresponding to intimal
denudation (Supplementary material online, Figure S4).

We further investigated the ability of the targeted NPs to deliver a
payload selectively. As a proof of concept, we encapsulated

Figure 2 In vivo targeting of Col IV to exposed basement membrane after induction of flow disturbance to recapitulate aspects of superficial erosion.
(A) Immunohistochemical analysis of in vivo preparation of superficial erosion in mice. Microscopic observation reveals neo-intima formation (ni) and
areas of denuded endothelium (red arrows) and exposed basement membrane (black dashed line). (Scale bar 100 mm). (B) A constrictive cuff was
placed on previously injured and healed LCCA to perturb flow. Representative Evans Blue staining reveals increased endothelial permeability in areas
of disturbed flow. Fluorescence reflectance images of RCCA (healthy carotid) and LCCA (‘eroded’ plaque) in mice injected with bare NPs and Col IV-
NPs at 24h post-injection. (C) Quantitative assessment of fluorescence intensities of bare and Col IV-NPs reveals a 1.8-fold higher accumulation for
Col IV-NPs to denuded endothelium compared to bare NPs (n = 3–4). (D and E) Immunofluorescent staining of CD31 (D) and Col IV (E) shows NP lo-
calization downstream of the flow perturbation. Col IV-NPs co-localize with areas of desquamation (white arrows in D) and rich in Col IV (E). (Scale
bar = 25 mm). (F–H) Quantitative assessment of fluorescence intensities using fluorescence reflectance imaging analysis of bare or Col IV-NPs loaded
with cy5.5 shows higher payload accumulation when delivered by Col IV-NPs at both 4 and 24 h after injection (n = 3–5): Tukey’s multiple comparisons
test: **P < 0.01; ****P < 0.0001.
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.
cyanine—an indicator small molecule—into bare and Col IV-NPs,
and evaluated their accumulation to the target tissue 4 and 24 h after
their systemic administration. Fluorescence evaluation from the fluo-
rescence reflectance imaging analysis of harvested carotids indicated
a substantially enhanced accumulation in regions of eroded plaques in
mice that bear such lesions compared to control NPs at both 4
(P < 0.01) and 24 h (P < 0.0001) (Figure 2F and G). In addition, the pay-
load remained within the lesion for at least 24 h (Figure 2H). These
findings prompted in vivo study in mice of the ability of a nanoparticle-
delivered PAD4 inhibitor to limit local NET formation at sites of en-
dothelial disturbance.

Targeted local administration of the small
molecule PAD4 inhibitor GSK484 reduces
NETrelease in vivo
Having assessed the physicochemical and targeting properties of Col
IV-NPs, we then tested the therapeutic efficacy of NPs that incorpo-
rated the PAD-4 inhibitor GSK484 (GSK) in mice with experimental
superficial erosion. GSK encapsulation within Col IV-NPs slightly in-
creased their average diameter, as revealed by DLS analysis
(Figure 3A). Indeed, compared to empty Col IV-NPs (hydrodynamic
size of empty Col IV-NPs = 65.3 nm; PDI = 0.24), GSK encapsulation
induced an increase of the hydrodynamic size of about 30 nm (hydro-
dynamic size of GSK-loaded Col IV-NPs 94.6 nm), while drug loading
did not significantly alter size distribution (PDI = 0.23) and surface
charge, which was around -12 mV for both empty and GSK-loaded
Collagen IV-targeted nanoparticles (Col IV NPs) (Figure 3A and B). We
observed a similar trend for both empty and GSK-loaded bare NPs in
terms of hydrodynamic size, size distribution and surface charge
(Supplementary material online, Figure S5). TEM analysis validated DLS
results and revealed a spherical morphology for both GSK-loaded NPs
(Figure 3C). The encapsulation efficiency of GSK into Col IV-NPs was
55% of the initial amount, equivalent to a loading amount of 2.8% by
weight. Kinetic studies showed slow release of GSK, which reached
around 70% at 3 days (Figure 3D).

We then tested the uptake of Col IV-NPs by neutrophils isolated
from mouse blood, which had adhered to the basement membrane
deposited by HSVECs using the conditions described above for the
in vitro adhesion studies. Co-localization experiments of fluorescently
labelled NPs and neutrophils revealed internalization of both bare
and Col IV-NPs (Figure 4A and B). Targeting experiments in vivo vali-
dated the in vitro results. After administration to mice with experimen-
tal superficial erosion, Col IV-NPs targeted the Col IV on denuded
areas (Figure 2E) and co-localized with activated neutrophils
(Figure 4C).

This finding engendered the hypothesis that PAD4 inhibition alleviates
EC injury in experimental superficial erosion. We administered GSK,
both free (4 mg/kg, once per day for 7 days) and encapsulated (4 mg/kg,
three times in 7 days) into NPs, and evaluated the ability of its delivery to
reduce NET accumulation at the site of denuded endothelium, to pre-
serve endothelial continuity, and limit local neutrophil accumulation. At
7 days after treatment, both carotids were harvested for immunohisto-
chemical and endothelial permeability analyses. The measurement of the
LCCA neo-intimal area affirms the reproducibility of the surgical proce-
dure, as well as the consistency of the injury among the groups
(Supplementary material online, Figure S6). While free GSK did not signif-
icantly affect endothelial continuity, the treatment with Col IV-NPs

protected ECs downstream of the flow disturbance against denudation
(a four-fold increase in endothelial continuity percentage for Col IV NP-
encapsulated GSK compared to free GSK, P < 0.001) (Figure 5) and re-
duced the amount of intimal NETs (a 2.5-fold reduction for the group
treated with GSK-loaded Col-IV NPs vs. free GSK, P < 0.01) (Figure 5).
Neither treatment altered neutrophil recruitment in the region of exper-
imental superficial erosion (Supplementary material online, Figure S7).
Endothelial permeability assessed by Evans Blue extravasation revealed
that GSK-Col IV NPs preserved intimal barrier function in regions of
flow perturbation significantly better that the other treatment groups
(P < 0.01 vs. free GSK; P < 0.0001 vs. GSK-NPs) and to the untreated
control (P < 0.05) (Supplementary material online, Figure S8).
Encapsulation of GSK within Col IV-NPs provided better endothelial
protection than free GSK or GSK loaded into non-targeted NPs, sup-
porting the efficacy of this strategy for targeted delivery of a therapeutic
payload.

Discussion

To date, the bulk of experimental investigations of ACS have focused on
plaque rupture, a well-understood mechanism that is currently on the
wane in an era of mastery over elevated low-density lipoprotein. This
study used targeted delivery of an agent that inhibits NET formation to
probe the mechanisms and explore a novel therapeutic approach using a
recently validated mouse preparation that mimics features of human pla-
que erosion. We tested Col IV-NPs’ adhesion properties both in vitro to-
wards basement membrane naturally deposited by HSVECs and in vivo in
a mouse preparation that recapitulates features of superficial erosion. In
vitro experiments revealed that a ligand density of 15% conferred to Col
IV-NPs the highest binding affinity, thus allowing them a 40-fold increased
adhesion to the EC-derived basement membrane when compared to
bare NPs (Figure 1A and B). In addition, when tested in a 3D setting, Col
IV-NPs firmly adhered to denuded tubules while bare NPs diffused
through them without adhering (Figure 1C). In vivo experiments showed
that Col IV-NPs selectively targeted denuded regions downstream of
flow disturbance induced by constrictive cuff placement in arteries with a
tailored neointima. Immunofluorescence investigation showed luminal
NP localization in areas of exposed basement membrane, while non-
targeted NPs localized in the adventitia. The targeted release of
the PAD4 inhibitor GSK by Col IV-NPs improved endothelial continuity
and reduced NET accumulation at sites of intimal lesions compared to ei-
ther free systemically-administered GSK or GSK-NP treatments
(Graphical abstract). Evans Blue extravasation assay validated IHC results
and confirmed a protective effect of GSK-Col IV NPs towards the endo-
thelial barrier function in regions of superficial erosion.

These data provide further support for the participation of neutrophils
and PAD4 in superficial erosion. This study also illustrated a novel ap-
proach to use targeted NP therapeutics to disrupt NETosis locally with
high drug loading capacity, lesion-targeting capabilities, and tunable con-
trolled release properties as potential tool to solve a heretofore largely
neglected critical medical problem of growing clinical importance.

This study offers several points of interest: first, from a mechanistic
standpoint, it extends current knowledge regarding the involvement
of NETosis in aggravating endothelial injury related to superficial ero-
sion. Moreover, from a pharmaceutical standpoint, basement mem-
brane targeting through Col IV binding may furnish a diagnostic as well
as a therapeutic tool. Indeed, in the context of superficial erosion, Col
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IV PLGA nanoparticles could localize to the basement membrane at
early stages of erosion development, while not targeting stable lesions
with an intact endothelium. Such nanoparticles could not only carry a
therapeutic payload, but could contain an imaging agent, an example

of a theranostic agent. The versatility in formulation of polymeric
nanoparticles renders them able to carry various imaging beacons, i.e.
fluorescent, PET, near-IR, MRI. This approach could provide a tool for
non-invasive diagnosis of superficial erosion, a point of potential

Figure 3 Physicochemical characterization of Col IV-targeting NPs. (A) Dynamic light scattering (DLS) analysis of empty and GSK484 (GSK)-loaded Col
IV-NPs reveals a slight increase of the hydrodynamic size after GSK encapsulation (64 and 94 nm for empty and GSK Col IV-NPs, respectively). GSK encapsu-
lation did not significantly affect the homogeneity of the formulations, as indicated by the polydispersity index values before and after GSK encapsulation
(PDI = 0.24 and 0.23, respectively). (B) Zeta potential analysis reveals a negative surface charge for both empty and GSK-loaded Col IV-NPs, without signifi-
cant changes after GSK encapsulation. (C) Representative TEM images of GSK NPs and Col IV GSK NPs validates DLS analysis. (D) Cumulative release of
GSK from Col IV NPs at 37�C.
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..clinical relevance.24 This approach clearly requires considerable devel-
opment before human application. Many steps, from scalable
manufacturing to regulatory, require consideration before clinical
translation of this strategy.

From a therapeutic standpoint, instead, such adjunctive therapy should
permit less intense antiplatelet therapy, for example omitting the upfront
administration of glycoprotein IIb/IIIa inhibitors used in many patients in
the EROSION study, thus reducing the risk of bleeding complications.24

Thus, the present results both augment pathophysiologic insight into su-
perficial erosion as a cause of ACS and illustrate a novel potential thera-
peutic intervention for this relatively neglected driver of arterial
thrombosis.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
We have implicated neutrophil extracellular traps (NETs) in superficial erosion, a growing cause of acute coronary syndromes (ACS) in the current
era. The enzyme protein arginine deiminase (PAD)-4 permits NET formation. Here, we describe the development of nanotherapeutics targeted to
type IV collagen, a major basement membrane protein, that delivers selectively a PAD-4 inhibitor payload to experimentally eroded plaques.
Improved endothelial integrity with this treatment supports PAD-4’s mechanistic contribution to erosive lesion evolution. Targeted PAD4 inhibition
thus provides a promising approach to block local NET formation, and to limit the propagation of intimal injury and thrombosis during ACS.
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