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Atherosclerotic development is exacerbated by two coupled pathophysiological phenomena in plaque-resident cells:
modified lipid trafficking and inflammation. To address this therapeutic challenge, we designed and investigated the ef-
ficacy in vitro and ex vivo of a novel ‘composite’ nanotherapeutic formulation with dual activity, wherein the nanoparticle
core comprises the antioxidant a-tocopherol and the shell is based on sugar-derived amphiphilic polymers that exhibit
scavenger receptor binding and counteract atherogenesis.

Amphiphilic macromolecules were kinetically fabricated into serum-stable nanoparticles (NPs) using a core/shell con-
figuration. The core of the NPs comprised either of a hydrophobe derived from mucic acid, M3, or the antioxidant
a-tocopherol (a-T), while an amphiphile based on PEG-terminated M, served as the shell. These composite NPs
were then tested and validated for inhibition of oxidized lipid accumulation and inflammatory signalling in cultures
of primary human macrophages, smooth muscle cells, and endothelial cells. Next, the NPs were evaluated for their
athero-inflammatory effects in a novel ex vivo carotid plaque model and showed similar effects within human tissue.
Incorporation of a-T into the hydrophobic core of the NPs caused a pronounced reduction in the inflammatory
response, while maintaining high levels of anti-atherogenic efficacy.

Sugar-based amphiphilic macromolecules can be complexed with a-T to establish new anti-athero-inflammatory
nanotherapeutics. These dual efficacy NPs effectively inhibited key features of atherosclerosis (modified lipid uptake
and the formation of foam cells) while demonstrating reduction in inflammatory markers based on a disease-mimetic
model of human atherosclerotic plaques.

Atherosclerosis ® Nanotechnology e Macrophages e Inflammation e Alpha-tocopherol

1. Introduction

Atherosclerosis, the build-up of lipid-laden plaques within arterial walls,
is one of the primary triggers for cardiovascular disease (CVD). As the
principal mortality factor for nearly 50% of deaths in western countries
despite vast improvement in the understanding and therapeutic inter-
ventions, CVD remains a multifocal disease in need of novel manage-
ment strategies.” The key pathway for CVD pathogenesis involves
the recruitment and deposition of high levels of circulating low-density

lipoproteins (LDL) in the arterial wall, where they are modified to
oxidized low-density lipoproteins (oxLDL).% This initiates inflamma-
tory cytokine secretion and adhesion molecule up-regulation, which
signals enhanced recruitment of monocytes. Adherent monocytes
undergo diapedesis and differentiation into macrophages, at which
point they exhibit unregulated uptake of oxLDL via scavenger recep-
tors (SRs), exacerbating inflammatory signalling, leading to plaque
growth and narrowing of the artery.>* In the absence of inflammation,
plaque development is severely restricted.>® SRs play a critical role in
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foam cell formation and plaque build-up, which can lead to increased
susceptibility to the inflammatory phenotype.” " Thus, atheroscler-
osis embodies a self-perpetuating coupling of unregulated atherogen-
esis and inflammation.

While we have an understanding of the molecular changes in vascu-
lar wall biology that originate, sustain, and amplify the atherosclerotic
process, the use of therapeutic agents to interfere with the uptake
and/or processing of the LDL remains only modestly effective at local
interventions. Statins are unable to address the localized oxidative
damage and inflammation that accompany atherosclerosis.”" Antioxi-
dant therapeutics could play a role in mitigating the pro-atherogenic ef-
fects of oxidized lipids and reactive oxygen species (ROS)."?
clinical studies with orally administered antioxidants have not shown a
clear benefit and many offer contradictory results, possibly due to the
lack of specific localized delivery.”*~"> A more lesion-directed,
pharmacologic approach offers significant opportunity for reducing
the negative sequelae of the atherosclerotic process.

Several synthetic approaches have been recently proposed to for-
mulate lesion-targeted therapeutics for plaque stabilization."®"” We
have previously advanced sugar-derived amphiphilic macromolecules
(AM), designed to competitively bind SRs, which have the potency to
arrest lipid accumulation.® The constituent AM unimers, designed
around a charged sugar backbone that was modified with aliphatic
chains and polyethylene glycol, were shown to have inherent affinity
for macrophage SR."*° Additionally, it was shown that AMs could
significantly reduce oxLDL uptake and foam cell formation.>"**

However, AMs exhibit an inherent limitation under physiological
conditions, as they form micelles that have poor stability in vivo. To de-
velop consistently efficacious AM formulations, we designed nanopar-
ticles (NPs) fabricated from the bioactive AMs using a flash
nanoprecipitation process (FNP).2> FNP utilizes the rapid, confined
mixing of an amphiphile and hydrophobe dissolved in a water-miscible
organic solvent with an excess of water, which results in rapid nucle-
ation of the hydrophobe and stabilization into NPs by the encapsulating
amphiphile.>*2° The hydrophobic core of the NP traps the amphiphile
and prevents thermodynamic dissociation, minimizing partitioning into
the lipid sinks that would reduce bioactivity. Packaging AMs into NPs
also resulted in down-regulation of SR expression in primary human
macrophages, reversing the atherogenic phenotype.”” When adminis-
tered to an animal model of atherosclerosis, AM NPs demonstrated
localization to both early-stage intimal fatty streaks and later stage
lesions with minimal off-target organ accumulation.®®

Despite the promise of AM-based NPs for treatment of lipid traffick-
ing, addressing the inflammatory response of plaque-resident macro-
phages continues to pose a critical challenge.?’ Because NPs bind
strongly to macrophages, they provide a selective route to alter the
inflammatory phenotype. We hypothesize that, given the intimate
role of LDL oxidation and inflammation in the progression of athero-
sclerosis, composite nanoparticles that release antioxidant therapeutics
could concomitantly attenuate the athero-inflammatory responses.
a-Tocopherol (a-T), a potential cardioprotective antioxidant, was found
to impart elevated resistance to oxidation of LDL and decreased plaque
development.’®?? Intracellularly, a-T inhibits cyclooxygenase (COX)
activity and expression of PGE2 in macrophages, resulting in lower
peroxynitrite levels.®! Additionally, a-T has been shown to reduce
adhesion molecule expression in endothelial cells.** Thus, we hypothe-
sized that incorporation of a-T into AM NPs could provide a mechanism
for enhanced delivery to plaque-resident cells, where the antioxidant
effect could be amplified and mitigate inflammation.

However,
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Figure | (A) AMs were fabricated into core/shell NPs with anti-
atherogenic shells and either antioxidant or anti-atherogenic cores.
(B) The flash nanoprecipitation process used to kinetically create
serum-stable NPs from AMs. (C) Structures of the core and shell mo-
lecules. (D) AM NPs were characterized by DLS to identify hydro-
dynamic diameter (Dy,) and PDI. The NP naming convention used is
shell[core]. n = 3 for each NP formulation.

In this work, we fabricated AM NPs incorporating the antioxidant
o-T and evaluated their athero-protective capabilities in both human
primary cells (macrophages, smooth muscle and endothelial cells)
and a novel ex vivo carotid plaque model that utilizes excised plaque
specimens from human patients (Figure 1A). The human carotid plaque
model developed in our lab provides a clinically relevant, three-
dimensional multi-cellular tissue system for evaluating drug efficacy.
By utilizing these different models, we sought to identify an athero-
protective and anti-inflammatory therapeutic. Our hypothesis is
that incorporating antioxidant compounds (a-T) into bioactive AM
NPs would create innovative therapeutics with potential capabilities
to counteract atherogenesis and attenuate the athero-inflammatory
cycle.

2. Materials and methods

2.1 Materials

All chemicals/materials were of molecular biology grade and purchased
from Sigma-Aldrich (Milwaukee, WI, USA) or Fisher Scientific (Pittsburgh,
PA, USA) unless otherwise noted. Deionized (DI) water with 18 MQ cm
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resistivity was obtained using PicoPure 2 UV Plus (Hydro Service and
Supplies, Durham, NC, USA). The following items were purchased from
the indicated vendors: 1.077 g/cm? Ficoll-Paque Premium from GE health-
care (Pittsburgh, PA, USA), RPMI 1640 from ATCC (Manassas, VA, USA),
macrophage colony-stimulating factor (MCSF) from PeproTech (Rocky
Hill, NJ, USA), FBS and AlexaFluor 680 carboxylic acid succinimidyl
ester from Life Technologies (Grand Island, NY, USA), unlabelled
oxLDL from Biomedical Technologies Inc. (Stoughton, MA, USA),
3,3’-dioctadecyloxacarbocyanine (DiO)-labelled oxLDL from Kalen Bio-
medical (Montgomery Village, MD, UDA), and human buffy coats from
the Blood Center of New Jersey (East Orange, NJ, USA).

2.2 Nanoparticle fabrication

AMs were synthesized and fluorescently labelled as previously de-
scribed.**2® Kinetically assembled NPs were prepared via flash nanopreci-
pitation (Figure 1B).2>**3% All fabrication equipment was sterilized in an
autoclave, with 0.5 M NaOH + 1 M NaCl solution or 70% ethanol for
30 min and flushed with sterile DI H,O prior to use. Shell and core materi-
als were dissolved in tetrahydrofuran (THF) and filtered with a 0.22 um
sterile nylon syringe filter. A confined impinging jet mixer was utilized to
mix 500 pL of an aqueous stream with 500 pL of a THF stream containing
40 mg/mL shell (AM) and 20 mg/mL core solute. After mixing, the exit
stream was immediately introduced into 4.5 mL of sterile DI H,O (H,O:
THF volume ratio of 9: 1) and subsequently dialyzed against sterile PBS.
For all NPs, the AM [’1]M12PEGSK (hereafter referred to as AM,
Figure 1C) was used as the NP shell. The core was composed of mucic
acid acylated with lauroyl groups (M4,) or a-T. Control NPs were created
from polystyrene-block-poly(ethylene glycol) shells and polystyrene
cores. To track NP fate and cellular association, selected experiments
had 1.5 mol% of the shell amphiphiles labelled with Alexa Fluor 680. NP
size and poly dispersity index (PDI) were determined by dynamic light
scattering (DLS) using a Zetasizer Nano (Malvern).

2.3 Caell culture

Peripheral blood mononuclear cells (PBMCs) were isolated from human
buffy coats and differentiated into macrophages using MCSF at 50 ng/mL
in RPMI 1640, 1% penicillin/streptomycin, and 10% fetal bovine serum,
as previously described.?’ After differentiation, macrophages were
trypsinized, scraped from flasks, and transferred into well plates at 50 000
cells/cm?. Treatments were administered after 24 h to allow for macro-
phage adherence. Human coronary artery endothelial cells (hCAECs)
and human coronary artery smooth muscle cells (hRCASMCs) were
cultured according to the manufacturers protocol (Lonza, Walkersville,
MD, USA).

2.4 oxLDL uptake

To measure AM NP anti-atherogenic efficacy at inhibiting oxLDL uptake,
hMDMs, hCAECs, and hCASMCs were incubated with 5 wg/mL oxLDL
(1 pg/mL DiO labelled, 4 pg/mL unlabelled) and 107 M or 107> M AM
NPs in growth media for 24 h. Cells were removed from plates by vigorous
pipetting in cold PBS with 2 mM EDTA, washed with PBS, centrifuged,
and fixed in 1% paraformaldehyde. Uptake of fluorescently labelled
oxLDL (DiO) was quantified using a Gallios flow cytometer (Beckman
Coulter). Data for a minimum of 10 000 cells per sample was collected
and quantified using the geometric mean fluorescence intensity (MFl) of
oxLDL fluorescence associated with the hMDMs using FloJo software
(Treestar). Results are the mean of three independent experiments
with two technical replicates per experiment. Data are presented as
% oxLDL uptake inhibition, which was calculated using the following
formula:

MFI of AM containing condition
MFI of oxLDL control

%Inhibition of oxLDL uptake = 100 — 100 x

For evaluation of oxLDL uptake by microscopy, hMDMs were washed
and fixed with 4% paraformaldehyde and counterstained with Hoechst
33342 in a Labtek slide chamber. Cells were imaged on a Leica TCS SP2
confocal microscope using a x 63 oil immersion objective.

2.5 Foam cell formation

To measure foam cell formation, hMDMs were incubated with 50 pg/mL
oxLDL and 107> M AM NPs in growth media for 24 h before fixation in
4% paraformaldehyde. Cells were washed with 60% isopropanol, stained
with 3 mg/mL Oil Red O in 60% isopropanol, counterstained with Hoechst
33342, and imaged on a Nikon Eclipse TE2000S using a x40 objective.

2.6 NP uptake

To measure cellular association of NPs, hMDMs, hCAECs, and hCASMCs
were incubated with 1076 M NPs with 1.5% shell amphiphile labelled with
AF680 in growth media for 24 h. Cells were assessed using the same flow
cytometry and microscopy procedure as described for oxLDL uptake.

2.7 NP inflammatory response

To measure the inflammatory response to AM NPs, hMDMs and hCAECs
were incubated with 107> M AM NP in growth media for 24 h. RNA was
isolated from hMDMs and hCAEC:s for quantitative gene expression stud-
ies, cell culture supernatant from hMDMs was collected for IL-8 cytokine
quantification using ELISA, and hCAECs were collected and stained for
VCAM.

2.8 Gene expression

RNA was extracted by RNeasy Plus Mini Kit with Qiashredder columns
(Qiagen) following the kit instructions. RNA was reverse transcribed to
cDNA with High Capacity cDNA Kit (Life Technologies) using a Rapid-
Cycler thermal cycler (Idaho Technology). Real-Time PCR was performed
on a Lightcycler 480 (Roche) with Fast SYBR Green Master Mix (Life Tech-
nologies) for 40 cycles and a melting curve. Fold change was analysed using
the AACt method with endogenous controls (ACTB and GAPDH) relative
to the basal condition. Primers were designed by Harvard Primer Bank or
Primer-BLAST and synthesized by Integrated DNA Technology; sequences
are available in Supplementary materials.

2.9 Cytokine secretion

Sandwich enzyme-linked immunosorbant assays (ELISAs) were used to
quantify IL-8 protein secretion from hMDMs. ELISA kits were purchased
from Biolegend and the protocol followed accordingly.

2.10 VCAM expression

To measure AM NP effects on VCAM expression, hCAECs were incubated
with 10> M AM NPs and/or 10 ng/mL TNFa in growth media for 24 h.
Cells were removed from plates by vigorous pipetting in cold PBS with
2 mM EDTA, washed with PBS, and centrifuged. Cells were incubated
with blocking buffer (PBS containing 0.5% BSA, 0.1% sodium azide, and
1% normal goat serum) for 30 min. Following blocking, they were incubated
with labelled antibodies for human PE VCAMT1 (Biolegend) for 1 h at 4°C.
After the incubation, they were washed with PBS, fixed in 1% paraformal-
dehyde, and analysed using the same flow cytometry procedure as
described for oxLDL uptake.

2.11 Human carotid plaque treatment

Plaque specimens were excised from human carotid arteries in accordance
with IRB-approved protocols for de-identified specimens. The plaques
were washed with RPMI 1640, sectioned into uniform 2—5 mm cylindrical
sections, and incubated in media (RPMI 1640, 1% penicillin/streptomycin,
and 10% fetal bovine serum) at 35°C and 5% CO, for 24 h. The ex vivo
carotid artery sections were then treated with fluorescent AM NPs
(1 x 107> M) and 5 pg/mL DiO oxLDL for 24 h (Figure 2A).
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Figure 2 (A) Plaque specimens were excised from human carotid
arteries, sectioned into uniform 2—5 mm cylindrical sections, and
treated with fluorescent AM NPs (1 x 107° M) and 5 p.g/mL DiO
oxLDL. Cell subsets within the plaque were evaluated for NP and
oxLDL uptake, including CD206+ (surface protein of M2 pheno-
type), VCAM+ (surface protein of inflamed endothelial cells),
CD14+ (surface protein of monocytes and macrophages), and
a-actin+ (surface and intracellular protein of smooth muscle cells).
(B) To ensure proper evaluation via flow cytometry of the cellular
population within the plaque, Cytrak orange was used as a nuclear
label, and only populations positive for this marker were used in the
data analysis.

2.12 Ethics statement

Plaque tissue specimens were taken in accordance with approved proto-
cols that conform to the principles outlined in the Declaration of Helsinki
(Rutgers University IRB protocol #E12—-132 and Robert Wood Johnson
Hospital IRB Protocol #0220080081). Patients were given informed con-
sent, and tissue specimens were de-identified prior to inclusion in the study.

2.13 Cellular analysis of plaques

Following treatment, tissues were homogenized (Tissue Tearor) and then
passed through a 40 um cell strainer and washed with PBS. Solids were
allowed to settle for 2 min and the cell suspension removed. Cells were

incubated with blocking buffer (PBS containing 0.5% BSA, 0.1% sodium
azide, and 1% normal goat serum) for 30 min. Following blocking they
were incubated with labelled antibodies for human Pacific Blue CD14 (Bio-
legend), PE-Cy7 CD206 (MMR) (Biolegend), APC CD106 (VCAM1) (Bio-
legend) and Cy3 a-smooth muscle actin (Sigma-Aldrich) for 1 h at 4°C.
After the incubation they were washed twice with PBS, incubated with Cy-
TRAK Orange (eBioscience) for 30 min, fixed in 400 pL of 1% paraformal-
dehyde, and then analysed for CyTRAK orange positive cellular events
using a Gallios flow cytometer (Beckman Coulter). Samples were quanti-
fied with FloJo (Treestar) by gating on the cellular events (cells positive
for CyTRAK orange) as seen in Figure 2B. Data points for cellular events
were then gated on for different surface markers (CD14, CD206,
VCAM1, or a-actin) to identify different cell types within the plaque tissue.
From these cell subsets, oxLDL and/or NP uptake was evaluated by quan-
tifying the MFI of that component. Results are the mean of three independ-
ent experiments. NP uptake data are presented as fold change in NP MFI
(MFI), which was calculated using the following formula:

NP MFI of AM containing condition
MFI of negative control ’

Fold change in NP MFI = 100 x

OxLDL uptake data are presented as % oxLDL uptake inhibition, which
was calculated using the following formula:

MFI of AM containing condition
MFI of oxLDL control

% Inhibition of oxLDL uptake = 100 — 100 x

2.14 Histologic analysis of plaques

Plaques were sectioned to examine morphology and binding of AM NPs
via microscopy. Plaques were fixed in formalin and prepared for cryosec-
tioning by immersion in 30% sucrose. Tissue was embedded in OCT media
(Tissue Tek), frozen, and sectioned into 10 um serial sections on a cryostat
(Leica). NP accumulation was evaluated on a Leica TCS SP2 confocal micro-
scope using a x 63 oil immersion objective following counterstaining with
ProLong Gold with DAPI (Life Technologies). To visualize areas of lipid de-
posits, sections were washed in 60% isopropyl alcohol before staining with
3 mg/mL Oil Red O in 60% isopropyl alcohol, counterstaining with Mayers
haematoxylin, and coverslipped with Prolong Gold. To determine levels of
inflammation in tissue, sections were incubated with rabbit polyclonal
anti-COX-2 (Abcam, ab15191) or rabbit control IgG (Pro-Sci). Sections
were delipidized in xylene (8 min) and a decreasing series of alcohol
(2 min each) for before steam antigen retrieval and neutralization with
3% H,O,, followed by washing and blocking with 100% goat serum with
streptavidin (Vector Labs) for 2 h at room temperature. Sections were in-
cubated with primary antibodies (1 pg/mL COX-2) in blocking buffer with
biotin (Vector Labs) overnight at 4°C and then washed before secondary
incubation with Vectastain Elite anti-rabbit IgG (Vector Labs). Staining
was visualized with DAB peroxidase (Vector Labs) and counterstained
with Mayers haematoxylin for 1 min. Sections were mounted on coverslips
with permount and imaged with an Olympus VS5120.

2.15 Statistical analysis

Results are presented as mean + S.E.M. and data evaluated by one-way
ANOVA and post hoc Tukey’s test for comparisons between multiple con-
ditions. A P-value of 0.05 or less was considered statistically significant.

3. Results
3.1 NP fabrication

NPs were fabricated via flash nanoprecipitation, using the varied hydro-
phobic cores My, and a-T. AM NPs had an average Dy, of 230 nm and
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exhibit narrow size distributions (Figure 1D). Non-biologically active
control NPs based on polystyrene were fabricated as a control for in
vitro studies (see Supplementary material online, Figure ST).

3.2 NP inhibition of oxLDL uptake

The ability to block oxLDL uptake was used as the key measure of
anti-atherogenic efficacy of NPs. Figure 3A shows the uptake inhibition
potential of the NP formulations in all three key cell types, hMDMs,
hCAECs, and hCASMCs. Variation in the core material of the NPs
did not significantly affect their ability to reduce oxLDL uptake at
1075M, as both AM NP formulations were able to inhibit ~85% of
oxLDL uptake, even in the presence of 10% serum. However, when

administered at one order of magnitude lower concentration of
10" °M NP, the a-T core NPs had a significant reduction in oxLDL in-
hibition potential. Control NPs minimally inhibited oxLDL uptake at
both concentrations and elicited similar oxLDL uptake levels as cells
treated only with oxLDL (see Supplementary material online, Figure
S2A).

3.3 NP cellular association

Cellular internalization of NPs by cultured hMDMs, hCAECs, and
hCASMCs is shown in Figure 3B. AM NPs with My, in the core displayed
high levels of association with hMDMs and were readily internalized at
10"°M concentration. In contrast, hCAECs and hCASMCs had
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Figure 3 The ability of NPs to inhibit oxLDL uptake (A) and be internalized (B) was examined in smooth muscle cells (SMCs), macrophages (M®), and
endothelial cells (EC). (A) NPs with My, cores were most effective at preventing oxLDL uptake while AM[a-T] lost efficacy at lower concentrations. (B)
NP uptake in SMCM;, core NPs had significantly higher levels of cellular internalization relative to a-T core NPs. Macrophages had approximately three-
fold higher NP uptake relative to endothelial and smooth muscle cells. (C) Representative images of macrophages after treatment with oxLDL (green)
and AF680-labelled NPs (red). Nuclei were counterstained with Hoechst 33342 (blue). hMDMs were also stained with Oil Red O to indicate transition to
the foam cell phenotype. For oxLDL and NP uptake, (MDMs, HCAECs, and HCASMCs were co-incubated with 5 pg/mL oxLDLand 107> Mor 107° M
NPs for 24 h. For foam cell, h(MDMs were co-incubated with 50 pwg/mL oxLDL and 107> M NPs for 24 h and then stained with Oil Red O. n = 3, all
conditions had P < 0.001 from the control (no AM, oxLDL only for oxLDL uptake, and basal cells for NP uptake). Treatments with the same letter are

not statistically significant from one another.
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significantly lower internalization of M4, core NPs relative to macro-
phages (approximately three-fold less). a-T core NPs were internalized
to a lesser extent by all three types of cultured cells. Control NPs were
minimally internalized (see Supplementary material online, Figure S2B).

3.4 Gene regulation of macrophages
and endothelial cells after treatment
with AM NPs

The infllammatory response was evaluated following treatment with the
NPs in hMDMs and hCAECs by assessing gene expression, cytokine
secretion, and adhesion molecule expression. qRT—PCR was used to

measure expression changes in hMDMs treated with NPs for an array
of genes that modulate inflammation (IL-1(, IL-6, IL-8, IL-10, TNFa,
NFkB1, MCP-1, MMP9), oxLDL uptake (CD36, MSR1), and lipid
trafficking (NR1H3, PPARy, ABCA1). The quantitative fold change in
mRNA levels is shown in Figure 4A and B.

NPs with M4, in the core up-regulated pro-inflammatory gene
expression, notably IL-13, IL-6 and IL-8. M, cores also had the effect
of down-regulating scavenger receptor expression for CD36 and
MSR1. a-T core NPs elicited basal, low levels of inflammatory gene
expression. Control NPs did not affect gene regulation (see Supple-
mentary material online, Figure S2D).
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Figure 4 The ability of NPs to modulate the inflammatory and atherogenic phenotype was examined by qRT—PCR gene expression in macrophages
(A) and endothelial cells (B), IL-8 cytokine secretion by macrophages (C), and VCAM expression by endothelial cells (D). (A) M1, core NPs increased
inflammatory cytokine expression while down-regulating scavenger receptor expression in macrophages. Data are presented as fold change relative to
untreated cells. Positive numbers (green) represent gene up-regulation and negative (red) represent gene down-regulation. (B) Mq, core NPs up-
regulated inflammatory cytokine and adhesion molecule expression. (C) AM[M;] NPs amplified IL-8 secretion while a-T core NPs maintained basal
levels. (D) Both NP formulations did not increase VCAM expression when added to resting endothelial cells and lowered VCAM expression on EC
that had been exposed to TNFa. For these experiments, (MDMs and HCAECs were incubated with 107>M NP for 24 h. TNFa was added to HCAECs
prior to (pre-inflamed) or during (co-inflamed) NP treatment to induce external inflammation relative to resting (quiescent) cells. n = 3, conditions with
the same letter are not statistically significant from one another and the asterisk (*) indicates statistical significance (P < 0.05) from the control

(basal cells).


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv237/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv237/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv237/-/DC1

Nanotherapeutics for atherosclerosis

289

3.5 IL-8 secretion by human macrophages
after treatment with AM NPs

ELISAs were used to quantitatively measure cytokine secretion by
hMDMs after treatment with AM NPs. Given its role in monocyte
recruitment, IL-8 was chosen as a representative protein as it
was consistently highly up-regulated.” The secretion profile of the
inflammatory cytokine, IL-8, following differential treatment of
hMDMs with the NP conditions is graphed in Figure 4C. M4, core
NPs significantly increased secretion of IL-8, while a-T core NPs
did not induce an increase in secretion relative to basal cells. Control
NPs did not induce IL-8 secretion (see Supplementary material
online, Figure S2C).

3.6 Endothelial cell VCAM expression after
treatment with AM NPs

VCAM expression was used as a marker of endothelial inflammation
and represents a necessary step in the recruitment of macrophages
to a growing lesion. NPs with a-T cores lowered VCAM expression
in resting cells relative to the basal cell control. Both My, and a-T
core NPs lowered VCAM expression for cells pre-treated and
co-treated with TNFa, an inflammatory agent that significantly
increases adhesion molecule expression.

3.7 Interactions of AM NPs and oxLDL with
cellular sub-cultures of human carotid
plaques
The clinically relevant human carotid plaque model was utilized to
further evaluate the ability of AM NPs to interact with the plaque com-
ponents. The ability of AM NPs of varying core solutes to enter the
plaque and be internalized by plaque-resident cells was examined
with flow cytometry and confocal microscopy. NPs were found to
penetrate thoroughly into the plaque as seen by the overall
~2.5-fold increase in cell-associated NP fluorescence (Figure 5A).
This infiltration is also seen in a representative cross-section of the
plaque, in which AM NP presence is seen throughout the section
(Figure 5B). The ability of NPs to be internalized was found to be inde-
pendent of the core hydrophobe, as both NP formulations had similar
overall cellular accumulation. Cell subsets within the plaque were
evaluated for NP uptake and correlated with the expression of
CD206 (surface marker of M2 macrophage phenotype), VCAM (sur-
face marker of inflamed endothelial cells), CD14 (surface marker of
monocytes and macrophages), and a-SMC actin (surface and intracel-
lular marker of smooth muscle cells) (Figure 5A). Minimal NP uptake
was observed in CD14+ cells, which is to be expected as monocytes
exhibit minimal phagocytosis. However, significant NP uptake was
observed in CD2064, VCAM4, as well as a-actin+ cells with the
a-T core NPs showing stronger cell internalization and association.
This may be related to the presence of SRs on these cell types
as NPs were previously shown to demonstrate the ability to bind
to SRs.2”3

The ability of NPs to prevent oxLDL uptake within each cell subset
was examined following oxLDL administration to the plaque cultures
(Figure 5C). The NPs best inhibited oxLDL uptake in CD206+ and
a-actin+ cells, which may again be, related to their increased expres-
sion of the SRs MSR1, and CD36, on the cell surface.

A 20 .
18] CD14
T 16, CD206

= I o-SMC actin

L 14+ ZZ]veAm
12

£

o 104

o

=

(]

=

Q

=)

S

(18

| X ] o-SMC actin

@]

cD14 VCAM
CD206

704 ‘

% oxLDL uptake inhibition

AM[M, ] AM[o-T]

Figure 5 (A) Evaluation of the entire cellular population of the pla-
que and specific subsets within the cellular population (CD14, C206,
a-SMCactin, or VCAM) for NP uptake. AM NPs readily associate with
plaque-resident cells, exhibiting the strongest uptake within CD206+-,
a-actin+, and VCAM+ populations. (B) Representative cross-section
images of plaque showing NP co-localization with plaque-resident
cells. (C) Evaluation of the entire cellular population of the plaque
and specific subsets within the cellular population (CD14, C206,
a-SMC actin, or VCAM) for inhibition of oxLDL uptake. All cellular
population subsets exhibited inhibition of oxLDL uptake following
treatment with AM NPs, with the CD206+ and a-actin+ population
showing the greatest reduction in uptake. n = 10 plaque samples and
error bars represent the S.E.M. All conditions shown are P < 0.05
from the control (non-treated plaque).


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv237/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv237/-/DC1

290

D.R. Lewis et al.

A 0%

9%

37%

_Qil Red O

COX-2

£1] 0-SMC actin

Figure 6 (A) Cellular composition of plaque sections. AM NPs are able to reduce the percentages of cells positive for CD206 and a-actin markers in
human carotid plaques. n = 10 plaque samples. (B) Plaque cross-sections were stained to show lipid deposits (Oil Red O) and inflammation (COX-2).
Both AM NPs reduced amounts of lipid deposits and severity of inflammation.

3.8 Influence of AM NPs on cell markers
and lipid uptake of human carotid plaque
specimens

NPs reduced the inflammatory phenotype of cells resident to the
human carotid plaque specimens (Figure 6A). Both M4, and a-T core
NPs reduced CD206 and a-SMC actin expression on cells within the
human plaques. Qualitatively, the a-T core NPs had a more pro-
nounced effect on the reduction of the surface expression of these pro-
teins on plaque cells, particularly CD206 and a-actin. This may be
related to the anti-inflammatory nature of a-T, rescuing cells from
the athero-inflammatory phenotype. When these plaques were sec-
tioned and stained for evaluation of lipid accumulation and inflamma-
tory signalling (Figure 6B), similar anti-athero-inflammatory effects
were observed as both AM NPs reduced lipid deposits (Oil Red O)
and inflammatory marker expression (COX-2).

4. Discussion

Molecular interventions to block lipid uptake and the ensuing inflamma-
tory phenotype are among the possible strategies for the inhibition of

plaque development in atherosclerosis.”’*73? While AM micelles
have been demonstrated to inhibit oxLDL uptake in vitro, they are
not ideal for in vivo applications as micelles often exhibit relatively short
half-lives due to the natural thermodynamic dissolution that results
from hydrophobic partitioning."® Using flash nanoprecipitation, we
have created serum-stable anti-atherogenic NPs from AMs, which
can further enhance the therapeutic utility of AMs in vivo. The NP ar-
rangement is able to stabilize the AMs with a hydrophobic core, there-
by potentially extending the circulation half-life of AMs. In this work, a
second generation of NPs was envisioned to enhance anti-atherogenic
potential of these serum-stable particles by reducing inflammation and
oxidized lipid uptake in primary human cells as well as a clinically rele-
vant human carotid plaque model.

The development of non-inflammatory AM NPs is critical to their
success as a viable therapeutic. FNP remains an attractive way of syn-
thesizing NPs due to the consistent size of NPs generated and a uni-
modal size distribution. AM NPs created with flash nanoprecipitation
have a larger size (100—250 nm) than AM micelles which have an aver-
age hydrodynamic diameter (Dy,) of 22 nm. As size is a critical factor for
cellular internalization, being able to generate consistently sized mate-
rials with a narrow size distribution is important for process scale up
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and clinical studies.*® Using flash nanoprecipitation, NP size can be
predictably controlled by altering the strength of hydrophobic interac-
tions between the core and shell molecules. Increasingly, hydrophobic
core molecules lead to smaller NPs due to increased nucleation sites
as supersaturation is enhanced. It can also lead to more stable NPs,
with individual unimers having slower release kinetics from the particle
into other matrix or cellular sinks. The larger size of nanoparticles
relative to micelles protects them from renal filtration, which has a
size cut-off of ~8 nm, enabling longer circulation times.*' However,
the NP formulation may also modulate an immune response from
the macrophages, making inflammatory responses a critical aspect to
consider in the design and development of nanoscale therapeutics.***
One potential consideration in the design of AM NPs is the inherent
pro-inflammatory nature of nanosized materials.”® Two imaging
nanosystems exploited this selective association/internalization by
monocytes/macrophages for the visualization of plaques using PET
and MRI.*** Nanoparticles, in particular, can stimulate inflammatory
pathways that could exacerbate the signalling cascade that leads to
atherogenesis.*® Ensuring that NPs do not cause cellular or systemic
inflammatory responses is a major consideration in the design of
implantable or injectable nanosystems.*’

In this work, NPs were fabricated with different core materials
using a consistent amphiphilic shell to evaluate both the anti-
atherogenic and anti-inflammatory capabilities of the NPs. Polystyrene-
based amphiphilic NPs were used as a control system for primary cell
work and were found to be non-bioactive, consistent with previous
studies.””?® Examining the inhibition of oxLDL uptake (anti-
atherogenic bioactivity) demonstrated that the core composition of
the NP is critical for efficacy. NPs with a-T cores showed a significant
diminution of oxLDL inhibition bioactivity when tested at the lower
concentration (10~® M), while NPs containing My, in the core were ef-
fective at inhibiting ~80% of oxLDL uptake at both concentrations.
The My, solute was originally chosen for incorporation into the NP
core as it corresponds to the hydrophobic portion of the bioactive
AM, 1IM5Ps, and had increased miscibility when formulated in this
way. It is hypothesized that the M4, hydrophobic core contributes to
more complete blockage of the SRs, thus inhibiting oxLDL uptake to
a greater extent than the a-T core NPs, which do not demonstrate
comparable efficacy at the lower concentration.”” However, when
evaluated at the higher concentration with the human carotid plaque
specimens, both cores containing NPs resulted in equivalent levels
of oxLDL uptake inhibition. Furthermore, enhanced inhibition of
oxLDL uptake was observed in the CD206+ and a-SMC actin+ cell
types, which may be related to their increased expression of SRs.*®*
Previous studies have shown that AM NPs bind MSR1 and inhibit
oxLDL uptake.?® These results in this clinically relevant model suggest
that the a-T NPs are likely to be efficacious in vivo as long as their local
concentration is optimally maintained.

The cellular association of AM NPs with macrophages appears to be
strongly correlated with oxLDL uptake inhibition. NPs with M4, cores
had high levels of internalization by hMDMs, whereas a-T core NPs
showed lower levels of internalization. This is consistent with previous
work which suggests that the My, core promotes SR binding and in-
ternalization by hMDMes, thus lowering SR expression, further inhibiting
oxLDL uptake.?” Cell types likely to express SRs are also those that
up-regulate other atherogenic markers (VCAM+, CD206+, and
a-actin+) in the human carotid plaque specimens, which exhibit the
strongest uptake of the AM NPs. The scavenger receptor profiles not-
withstanding, the analysed cell populations indicate that the a-T core

NPs bind most strongly to these three cell subtypes. The a-T in the
core may facilitate cellular uptake via different receptor interactions
than typically observed with AMs.*° Despite the PEG shell surrounding
the bioactive AM NPs, all of the different cell types examined in this
work elicited significant NP uptake, consistent with previous stud-
ies.>?” Thus, specific cellular delivery of other therapeutic drugs that
have limited targeting capability (lipid efflux enhancers, antioxidants, or
anti-inflammatory agents) to cells with high levels of lipid accumulation
could be achieved by incorporation into AM NPs, with the goal of
further reducing the cellular atherogenic phenotype.

Recent work has clarified the phenotypic distribution of plaque
macrophages with plaque progression.*”>" Alternatively activated
macrophages (M2) are primarily responsible for oxidized lipid uptake
and early-stage growth of the plaque when cholesterol homeostasis
is lost due to dyslipidaemia.*® However, inflammatory signalling is piv-
otal for exacerbation of late-stage disease and increased risk of plaque
rupture, when cells in the necrotic core shift to a M1 phenotype.>**?
Reducing this early-stage lipid uptake in conjunction with lowering in-
flammatory signalling or preventing further exacerbation of it remains a
therapeutic challenge. In this work, the first-generation AM NPs utiliz-
ing My, for the hydrophobic core were found to induce an elevation in
the extent of the inflammatory phenotype in human macrophages.
Cytokines such as IL-18, IL-6, and IL-8, which are classical markers of
macrophage activation, were up-regulated as was secretion of |L-8,
indicating a potential transition from the alternative M2 to a more
M1-like activated macrophage phenotype.>® In the context of a disease
lesion signalling, this could then lead to further monocyte recruitment
and macrophage differentiation. The high charge density of the My,
hydrophobic NP core may be the stimulus for this inflammatory
gene up-regulation and subsequent cytokine secretion. Interestingly,
the SRs responsible for oxLDL uptake, CD36 and MSR1, were down-
regulated by the My, core NPs, also indicating a potential shift to the
M1 macrophage phenotype. This is consistent with previous work
that revealed the AM NP’s ability to down-regulate surface expression
of SRs on hMDMs.*” The a-T core NPs demonstrated a different pro-
file in their ability to reduce inflammatory gene expression back to basal
levels and minimize secretion of IL-8. However, these NPs have a
limited ability to down-regulate scavenger receptor expression. On
the other hand, the human plaque model revealed that the a-T core
NPs retained the potential to down-regulate surface expression of
CD206 and a-actin, key cell markers of M2 macrophages and smooth
muscle cells.*”* These findings suggest a unique dual property profile
of the a-T core NPs, namely, strong anti-inflammatory and anti-lipid
uptake outcomes, which may also have an effect on reducing SMC pro-
liferation and stenosis. While the M4, core may contribute to inflamma-
tion, it also plays a key role in scavenger receptor down-regulation,
thought to prevent oxLDL uptake. Thus, a combination particle with
smaller fraction of Mq, and larger fraction of a-T, or M4, with a
more potent anti-inflammatory agent can be envisioned. Additionally,
the ability to modulate macrophage phenotype from M2 to M1 and
vice versa is a promising avenue that merits further study.

To more effectively treat atherosclerosis, anti-atherogenic therapeu-
tics must be able to not only counteract lipid accumulation but also able
to minimize inflammation. To address this therapeutic challenge, we
created a second-generation nanotherapeutic formulation, incorporat-
ing the antioxidant a-T into the core with the anti-atherogenic
[=1IM,,PEGsy in the shell. These AM NPs inhibited key features of
atherosclerosis (modified lipid uptake and the formation of foam cells)
while minimizing inflammation in the most advanced ex vivo models



292

D.R. Lewis et al.

available today. These studies suggest that by integrating anti-

inflammatory molecules with bioactive AM,

innovative anti-

atherosclerotic nanotherapeutics can be realized.
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