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Background: Atherosclerosis-related cardiovascular diseases (CVDs) are the leading cause of mortality world-
wide. Cholesterol crystals (CCs) induce inflammation in atherosclerosis and are associated with unstable pla-
ques and poor prognosis, but no drug can remove CCs in the clinic currently.
Methods: We generated a phospholipid-based and high-density lipoprotein (HDL)-like nanoparticle, miNano,
and determined CC-dissolving capacity, cholesterol efflux property, and anti-inflammation effects of miNano
in vitro. Both normal C57BL/6] and Apoe-deficient mice were used to explore the accumulation of miNano in
atherosclerotic plaques. The efficacy and safety of miNano administration to treat atherosclerosis were evalu-
Nanoparticle ated in the Ldlr-deficient atherosclerosis model. The CC-dissolving capacity of miNano was also detected
Cholesterol crystal using human atherosclerotic plaques ex vivo.
HDL Findings: We found that miNano bound to and dissolved CCs efficiently in vitro, and miNano accumulated in
Inflammation atherosclerotic plaques, co-localized with CCs and macrophages in vivo. Administration of miNano inhibited
atherosclerosis and improved plaque stability by reducing CCs and macrophages in Ldir-deficient mice with
favorable safety profiles. In macrophages, miNano prevented foam cell formation by enhancing cholesterol
efflux and suppressed inflammatory responses via inhibiting TLR4-NF-«B pathway. Finally, in an ex vivo
experiment, miNano effectively dissolved CCs in human aortic atherosclerotic plaques.
Interpretation: Together, our work finds that phospholipid-based and HDL-like nanoparticle, miNano, has the
potential to treat atherosclerosis by targeting CCs and stabilizing plaques.
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CVDs are the leading cause of mortality worldwide, most of which
are contributed by a heart attack and stroke due to atherosclerosis
[1,2]. Atherosclerosis is a chronic inflammatory disease initially
induced by low-density lipoprotein cholesterol (LDL-C) retention in
the arterial wall [3]. Although lipid-lowering drugs substantially pre-
vent cardiovascular events in atherosclerosis [2,4], some patients still
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Research in context

Evidence before this study

Atherosclerosis contributes to most cardiovascular diseases
(CVDs), which are the leading cause of mortality worldwide.
Cholesterol crystals (CCs) induce inflammation in atherosclero-
sis and are associated with unstable plaques and poor progno-
sis. Drugs that can remove CCs or prevent CC formation may
provide new strategies to treat atherosclerosis. However, no
drug can remove CCs in the clinic currently.

Added value of this study

We developed a phospholipid nanoparticle, miNano, which
shows biological function as a CC dissolving agent and choles-
terol acceptor in the cholesterol efflux process. miNano had the
most robust CC-dissolving ability compared to HDL and cyclo-
dextrin. miNano accumulated in atherosclerotic plaques. Using
the Ldlr-deficient mouse model, we demonstrated that admin-
istration of miNano inhibited atherosclerosis and improved pla-
que stability by reducing CCs and macrophages with favorable
safety profiles. We also demonstrated that miNano prevented
foam cell formation by enhancing cholesterol efflux and sup-
pressed inflammatory responses via inhibiting TLR4-NF-«B
pathway in macrophages.

Implications of all the available evidence

Our data strengthen the importance of developing and explor-
ing innovative and new treatment strategies for atherosclerosis
by modulating components in plaques and counteracting CC-
induced inflammation. Our findings provide a novel approach
for developing phospholipid-based miNano as a promising
option to alleviate plaque burden and treat atherosclerosis.

suffer from high residual risk despite a dramatic reduction in LDL-C
[5,6]. Anti-inflammation therapy has been pursued to decrease car-
diovascular events further. However, only two strategies among vari-
ous anti-inflammation treatments, canakinumab, a human
monoclonal antibody against interleukin-1 beta (IL-18), and colchi-
cine, have shown beneficial effects in large clinical trials [7—11]. One
of the potential explanations is that other therapeutic agents failed to
reduce residual inflammatory stimuli such as CCs in the plaques.

Originated from the excess LDL-C that has penetrated the arterial
wall [12,13], CCs appear early and accumulate along time within pla-
ques [14—16], making it a characteristic of atherosclerosis. CCs induce
inflammation in various cells via multiple pathways in atheroscle-
rotic plaques. Atherosclerotic CCs stimulate neutrophils to form neu-
trophil extracellular traps (NETs), exaggerating immune response
[17]. CCs can also directly activate the NLRP3 inflammasome in mac-
rophages, resulting in the release of pro-inflammatory IL-18 [15,18].
Furthermore, crystallization of liquid cholesterol causes volume
expansion, leading to mechanical vascular injury by plaque erosion
or rupture [19]. Abundant evidence has shown that CCs are related to
vulnerable plaques and poor prognosis [20—26]. Hence, new drugs
that can remove CCs or prevent CC formation may provide new strat-
egies to prevent atherosclerosis development, stabilize plaque, and
reduce cardiovascular events.

Lipid-lowering drugs are estimated to reduce CCs in plaques due
to the overall lower circulation cholesterol level [27], but direct evi-
dence lacks in clinical studies. 2-hydroxypropyl-S-cyclodextrin
(HPBCD), a cyclic oligosaccharide, is a promising treatment for Nie-
mann-Pick type C disease by reducing lysosome lipid accumulation
[28]. HPBCD has been reported to dissolve CCs and promote

atherosclerosis regression in mice [29]. However, hearing loss is
reported to be associated with HPBCD treatment [30,31] due to the
role of propyleneglycol in HPBCD or outer hair cell death induced by
high dose of HPBCD [32-34]. High-density lipoprotein (HDL) exerts
multiple protective roles against atherosclerosis [35]. However, rais-
ing HDL levels and administration of reconstituted HDLs (rHDLs)
have not shown further beneficial effects on top of cholesterol-lower-
ing treatments [5,36—38]. Recently, our and others’ studies have
demonstrated that components of synthetic HDLs (sHDLs) particles
greatly affect their functions [39] and that different phospholipids
and proteins in sHDLs exert differential impacts on the capacity of
cholesterol efflux and anti-inflammation [40—42]. Importantly, HDL
particles can dissolve CCs and inhibits CC-induced inflammatory
responses [43,44], albeit few studies have focused on this property.

Based on the structure of HDL and previous studies [41,45—47],
we developed a phospholipid-based nanoparticle (NP), namely Mich-
igan Nanoparticle (miNano), which is directly bound to CCs and dis-
solved CCs more robustly than HDL and HPBCD do. In vivo, we
demonstrated that miNano accumulated in atherosclerotic plaques,
inhibited atherosclerosis, and stabilized plaques in Ldlr-deficient
mice by reducing CCs and macrophage infiltration. Mechanism study
indicated that miNano prevented foam cell formation via enhancing
cholesterol efflux and suppressing inflammatory responses via inhib-
iting TLR4-NF-«kB pathway in macrophages. Moreover, miNano is
capable of dissolving CCs in human atherosclerotic plaques ex vivo.
Our study provides a new treatment strategy for atherosclerosis by
modulating components in plaques, counteracting CC-induced
inflammation, and stabilizing plaques.

2. Methods
2.1. Animals

C57BL/6] (RRID:IMSR_JAX:000664), Apoe-deficient (B6.129P2-
Apoet™1Un¢/ - RRID:IMSR_JAX:002052), or Ldir-deficient mice
(B6.129S7-Ldlr"™Her)) RRID:IMSR_JAX:002207) of 7, 8 weeks old
were bought from Jackson Laboratories. All animal procedures were
performed according to protocols approved by the Institutional Ani-
mal Care & Use Committee (IACUC) at the University of Michigan.
C57BL/6] mice were fed ad libitum with a standard laboratory diet
(LabDiet, 13% of calories from fat). For atherosclerosis studies [46,48],
Apoe-deficient or Ldlr-deficient mice were fed on a western diet
(ENVIGO, 42% of calories from fat and 0.2% cholesterol) ad libitum for
12 weeks. In the biodistribution study [46], one dose of vehicle or
250 mg/kg DiD-miNano was given either to C57BL/6] or Apoe-defi-
cient atherosclerotic mice, and then mice were sacrificed 24 h after
injection. In the atherosclerosis treatment study, after 12-week west-
ern diet, animals were switched to a standard laboratory diet and
were randomly divided into four groups to be either sacrificed as
baseline or to be treated with vehicle, 250 mg/kg miNano, or 400 mg/
kg HPBCD via tail vein injection twice a week for 6 weeks [41,46]. To
minimize potential confounders such as body weight, randomization
was achieved by random-numbers table based on body weight. Sam-
ples were harvested 48 h after the last dosage of treatment. Aorta
was collected for plaque quantification. Aortic sinus was sectioned
for plaque characterization. Blood, liver, kidney, heart, spleen, lung,
and small intestine were harvested for safety analysis. Animals were
housed up to 5 mice/cage with a 12 h-light/12 h-dark circadian. For
each study, samples were analyzed altogether to avoid batch bias.
Sample sizes (n = 10 for each group) were determined using G*Power
3 software [49] and based on previous studies in our laboratory,
enabling power of 0.9 and p < 0.05. Animal was excluded from analy-
sis if died before endpoint. No outlier is excluded for in vivo studies.
Investigators were not blinded during conducting the experiment
but were blinded during the allocation, sample collection, and data
analysis.
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2.2. Preparation of sHDL and HDL-like NPs

Chemicals: 22A (PVLDLFRELLNELLEALKQKLK) was synthesized by
Genscript (Piscataway, NJ). All the phospholipids and PEGylated lipids
used to make sHDL and HDL-like NPs were purchased from NOF
America Corporation.

Preparation of sHDL [41,50]: Briefly, ApoA-1 mimetic peptide 22A
and phospholipids (DMPC, DLPC, POPC, or DPPC) were dissolved and
mixed in acetic acid, followed by lyophilized for 24 h (mass ratio of
22A: lipids = 1:2). The lyophilized powders will be rehydrated by PBS
(pH = 7.4). Three heat-cooling cycles above and below lipid transition
temperatures will be performed to form sHDL particles. Dynamic
Light Scattering (DLS) was used to examine the particle size.

Preparation of HDL-like NPs: Briefly, HDL-like NPs were prepared
by dissolving DPPC and DSPE-PEG2k/DSPE-PEG5k in glacial acetic
acid at different molar ratios indicated by Table S1. After freeze-dry-
ing for over 24 h, PBS (pH = 7.4) was added to hydrate the powders.
The mixture was sonicated briefly, heated to 50 °C for 10 min, and
cooled to room temperature for 10 min. This cycle was repeated three
times. The miNano solution was stored at -20 °C till use. miNano was
prepared as described above, with the composition being DPPC and
DSPE-PEG2k and the molar ratio at 1:2. The particle size was deter-
mined by DLS, and the morphology was observed by transmission
electron microscopy (TEM) as described previously [41,50]. Briefly,
miNano solution was diluted and deposited on a carbon film-coated
400 mesh copper grid (Electron Microscopy Sciences) and dried for
1 min. Samples were then negatively stained with 1% (w/v) uranyl
formate, and the grid was dried before TEM observation. All speci-
mens were imaged on a 100kV Morgagni TEM equipped with a Gatan
Orius CCD.

DiD-miNano and Rhodamine PE-miNano preparation [45,46].
DiD-miNano and Rhodamine PE-miNano were prepared in the same
way as miNano except that before rehydrating, DiD dye (Thermo
Fisher, D307) or 16:0 Liss Rhodamine PE (Avanti, 810158) was added
to the DPPC and DSPE-PEG2k mix to a final concentration of 0.03%
(w/w) for DiD-miNano and 10% (w/w) for Rhodamine PE-miNano.
The particle size was determined by DLS.

2.3. Preparation of CCs

2 mg/ml cholesterol (Sigma, C8667) solution or NBD-cholesterol
(Invitrogen, N1148) solution was made in 100% ethanol. CCs or NBD-
CCs were formed by mixing the cholesterol solution with a 1.5-time
volume of sterile water followed by drying under 56 °C overnight.
NBD-CCs were protected from light in the whole process.

2.4. CC-dissolving test

200 pg/well CCs were prepared in 96-well plates (Falcon,
353072). After drying, 200 u1 indicated solutions were added to each
well, and 4 ul supernatant was used for cholesterol detecting by Cho-
lesterol E kit (Fujifilm, 999-02601) 24 and 72 h after incubation.

CCs were coated in 8-chamber culture slides (Falcon, 354108) to
observe the CC shapes and structure after incubation with indicated
solutions. The slides were imaged under a microscope at indicated
time points.

2.5. The binding of NBD-CCs with miNano

To detect if miNano can directly bind with CCs, NBD-CCs were
generated in 8-chamber culture slides and incubated with Rhoda-
mine PE-miNano solution for one hour. After washing to remove
unbound Rhodamine PE-miNano, the slides were imaged under a
confocal microscope.

2.6. Cholesterol efflux assay [41,46]

J774A.1 cells were radiolabeled by incubating with 1 xCijml [*H]
cholesterol (PerkinElmer, NET139001MC) in DMEM (Gibco,
11995065) containing 0.3% fatty acid-free bovine serum albumin
(BSA) (Sigma, A8806) and 5 ug/ml ACAT inhibitor Sandoz 58-035
(Sigma, S9318) overnight. After washing twice with PBS twice,
J774A.1 cells were equilibrated with DMEM containing 0.3% BSA and
5 pg/ml Sandoz 58-035 overnight. Next, cells were incubated with
indicated solutions in 0.3% BSA DMEM for 4 h at 37 °C. Cell culture
medium was collected and centrifuged at 10000 rpm for one minute
to remove detached cells. Cells were lysed with 1N sodium hydroxide
solution (Fisher Scientific, SS266-4) for 2 h on an orbital shaker at
300 rpm at room temperature. [*H] cholesterol of medium and cell
lysis solution was detected using a liquid scintillation counting cock-
tail (RPI, 111175). Cholesterol efflux was calculated as medium
counts / (medium counts + cell lysis counts) x 100%. PBS and com-
mercial HDL (Alfa Aesar, J64903) were used as the negative and posi-
tive control, respectively.

2.7. Biodistribution of miNano [46]

One dose of vehicle or 250 mg/kg DiD-miNano was injected via
tail vein to either C57BL/6] mice fed on a standard laboratory diet or
Apoe-deficient mice fed on a western diet for 12 weeks. Twenty-four
hours later, mice were sacrificed and perfused with 10 ml saline.
Blood, heart, aorta, liver, kidney, spleen, lung, duodenum, adipose tis-
sue, muscle, femur, and brain were collected in cold PBS protected
from light. Blood and tissues were images by in vivo imaging system
(IVIS) immediately, and the average radiant efficiency was quanti-
tated. Aortas were then fixed in formalin (Fisherbrand, 245-685)
overnight, protected from light, and stained with ORO staining.
Images of stained aortas were collected using SPOT 5.2 software. Aor-
tic sinus slides were sectioned and counterstained with DAPI and
galectin 3. Images were taken under polarized light of fluorescent
microscope and confocal microscope.

2.8. Histology and immunofluorescent stainings

2.8.1. Aortic sinus sections [46,51]

Frozen sections of the aortic sinus were processed for CC imaging,
galectin-3 staining, and Masson’s trichrome staining. Briefly, mice
were sacrificed by CO, and then perfused with 10 ml normal saline
followed by 10 ml formalin via the left ventricle. Hearts were col-
lected and fixed in formalin for at least two weeks. Frozen heart tis-
sues were sectioned at 7 m thick from the appearance of any one of
the aortic valves to the disappearance of all three valves. Sections
were stored at -80 °C until staining.

2.8.2. Tissue sections

Frozen sections of the heart, liver, spleen, kidney, lung, and duo-
denum were used for H&E staining. Mice were sacrificed by CO, and
perfused sequentially with normal saline and formalin. Heart, liver,
spleen, kidney, lung, and duodenum were harvested and kept in for-
malin before sectioning. H&E staining of frozen sections of the heart,
liver, lung, spleen, kidney, and duodenum was performed at the IVAC
Histology Laboratory at the University of Michigan.

2.8.3. Galectin 3 staining

Aortic sinus sections were fixed with 4% (v/v) paraformaldehyde
(Thermo Scientific, J19943-K2) in PBS for 15 min, followed by wash-
ing with PBS three times, then slides were incubated with blocking
buffer (2% donkey serum [Sigma, D9663] with 0.3% Triton X-100
[Sigma, T8787]) for one hour at room temperature. Sections were
then incubated with anti-galectin 3 antibody (Invitrogen, 50-5301-
82) at 1:200 diluted in dilution buffer (1% donkey serum with 0.1%
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Triton X-100) at 4 °C overnight. Sections were then washed in PBS
three times and incubated with secondary antibody (Jackson Immu-
noResearch, 712-585-153) at 1: 500 in dilution buffer for one hour at
room temperature. After washing with PBS, sections were mounted
with ProLong™ Gold antifade reagent with DAPI (Invitrogen,
P36935), and images were taken under the fluorescent microscope
under the same settings.

2.8.4. Masson’s trichrome staining

Masson’s trichrome staining of frozen aortic sinus sections was
performed by the In Vivo Animal Core (IVAC) Histology Laboratory at
the University of Michigan.

2.8.5. Oil Red O (ORO) staining of the aorta trees [46,48,51]

Aorta trees were carefully isolated and fixed in formalin at least
overnight. Aorta trees were then stained in ORO solution (1.6 mg/ml
ORO [Sigma, 00625] and 77.8% [v/v] methanol [sigma, 179337]in 1N
sodium hydroxide solution) for 50 min, incubated in 70% ethanol for
30 min and then kept in distilled water until imaging. Images were
taken using SPOT 5.2 software under the same settings.

2.8.6. Quantification of atherosclerotic lesions [46,48,51]

Three aortic sinus sections with at least two intact valves were
used for quantification to obtain an average value for each animal.
CCs were determined under a polarized light microscope, and the
macrophage area was defined as Galectin 3/Mac 2-positive area.
Necrotic core (NC) was selected as a vacant area, and collagen area
was determined as a blue-stained region in Masson’s trichrome stain-
ing. For the aortic tree, the plaque area was determined by the red-
stained area after ORO staining. Quantification of each section was
achieved using Image ] under the same settings.

2.9. Plasma analysis

Whole blood was withdrawn from mouse orbit upon the sacrifice
and centrifuged at 6000 rpm for 15 min, after which plasma was col-
lected and stored at -80 °C until analysis. Plasma ALT, AST, ALB, TBil,
ALP, CREA, and BUN were detected by the IVAC Diagnostic Laboratory
at the University of Michigan.

2.10. Fecal bile acids measurement

400 1L 80% methanol/water solution was added per 100 g feces
sample. The mixed solution was homogenized and centrifuged at
13500 rpm for 10 min. 30 uL of supernatant was dispensed into a
96-well plate; then 120 L methanol and 10 uL internal standard
solution were added and vortexed for 10 min. The plate was centri-
fuged at 3500 rpm for 10 min at 4 °C to precipitate protein. The
supernatant of 100 uL were transferred to another injection 96-well
plate and 5 L was injected into LC-MS/MS for analysis.

2.11. Quantitative real-time PCR (qPCR) analysis

Total RNA from cells was extracted using RNeasy Mini Kit (Qiagen,
74106). Reverse transcription was performed using SuperScript III
First-Strand (Invitrogen, 18080-051) with random primers. SYBR
green fast qQPCR mix (ABclonal, RM21203) was used to perform qPCR
with specific gene primers (Table S2). AACt method was used to
quantitate gene expression, which was normalized to Ppia (mouse)
or PPIA (human).

2.12. Cells
2.12.1. Primary human coronary artery endothelial cells

Primary human coronary artery endothelial cells were obtained
from Lonza (Catalog #: CC-2585). Cells were kept in EGM™ -2 MV

Microvascular Endothelial Cell Growth Medium (Lonza, Catalog #:
CC-3202) and passaged every three days.

2.12.2. Primary human aorta smooth muscle cells

Primary human aorta smooth muscle cells were obtained from
Lonza (Catalog #: CC- 2571). Cells were kept in SmGM™- 2 Smooth
Muscle Cell Growth Medium (Lonza, Catalog #: CC-3182) and pas-
saged every three days.

2.12.3. Primary peritoneal macrophages (PMs) [51]

7, 8-week-old C57BL/6] male mice were injected with 1 ml 5% (w/
v) thioglycolate (Becton Dickinson, 211716) peritoneally. 72 h later,
PMs were isolated from the peritoneal cavity by washing with cold
PBS three times. Then, PMs were centrifuged at 1000 rpm for 5 min,
and red blood cells (RBCs) were lysed by RBC lysis buffer (8.02 g/L
ammonium chloride [Sigma, A9434], 0.84 g/L sodium bicarbonate
[Sigma, S5761] and 0.37 g/L Ethylenediaminetetraacetic acid [Sigma,
E9884] in water) for 5 min at room temperature. After that, PMs
were washed with PBS twice and then plated at 10"6/ml in DMEM
(Gibco, 11995-065) with 10% (v/v) fetal bovine serum (FBS) (Gibco,
10438-026), 100 U/ml penicillin (Gibco, 15140-122), 100 ug/ml
streptomycin (Gibco, 15140-122). Experiments were performed at
least 72 h after PMs being plated to let inflammation down.

2.12.4. THP-1-derived macrophages [51]

THP-1 cells were obtained from the American Type Culture Collec-
tion (ATCC) (ATCC, Cat# TIB-202, RRID:CVCL_0006) and kept in RPMI
Medium 1640 (Gibco, 11875-093) with 10% (v/v) FBS, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, and 55 wM 2-mercaptoethanol
(Gibco, 21985-023). Short-tandem repeat (STR) profiling of THP-1
cell line was performed by ATCC. Cells were replenished with 3 ml
fresh medium every 2, 3 days and passaged every 6 days. THP-1-
derived macrophages were differentiated in the medium containing
PMA (Sigma, P1585) at a final concentration of 100 ng/ml for 72 h.
The differentiated macrophages were cultured in a fresh medium
without PMA for at least 72 h to let the inflammation die down before
further experiments.

2.12.5. J774A.1 cells

J774A.1 cells were obtained from ATCC (ATCC, Cat# TIB-67, RRID:
CVCL_0358) and passages of 6—8 were used in this study. J774A.1
cells were kept in DMEM with 10% (v/v) FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, and passaged every three days.

2.12.6. HEK-Blue-hTLR4 cells

HEK-Blue-hTLR4 cells were bought from InvivoGen (InvivoGen,
Catalog # hkb-htlr4) and passages of 4—7 were used in this study.
Cells were kept in DMEM with 10% (v/v) FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 100 mg/ml Normocin™, and 1X HEK-
Blue™ Selection. Cells were passaged every three days.

2.13. ORO staining of PMs [46,48,51]

PMs were cultured in 8-chamber cell culture slides at a density of
1 x 106 cells/ml. After treatments, cells were washed and fixed with
4% (v|v) polyformaldehyde for 15 min. After rinsing with 60% (v/v) 2-
propanol (Fisher Chemical, A416-4) for 20 s, cells were stained with
ORO color solution (Merck, HX7061219) for 10 min at room tempera-
ture. Next, cells were rinsed with 60% 2-propanol for 30 s, followed
by distilled water for 20 s. To counterstain nucleus, cells were rinsed
with hematoxylin solution (Thermo Scientific, 72511) for 10 s and
then washed with running water for three minutes. Lastly, cells were
mounted by an aqueous mounting agent (Merck, HC840450) and
imaged freshly under the microscope.
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2.14. Cell lipid extraction and quantification

Chloroform: Isopropanol: NP-40 (v:v:v = 7:11:0.1) mixture was
used to extract lipids. Briefly, cells were washed with cold PBS before
harvest. Add 1ml Chloroform: Isopropanol: NP-40 mix to each well
and let stand for 5 min for full extraction. Transfer the lipid extract to
a clean EP tube and spin the extract 5-10 min at 15,000 g. Transfer
all of the liquid to a new tube, avoiding the pellet. Air-dry the extrac-
tion at 37 °C overnight. Dissolve the dried lipids with 1 ml ethanol
and vortex completely. Total cholesterol and free cholesterol were
detected using the Cholesterol Fluorometric Assay Kit (Cayman,
10007640). Cholesterol esters were calculated by subtracting free
cholesterol from total cholesterol.

2.15. Western blot analysis

Cell protein was lysed by RIPA with proteinase inhibitors and
phosphate inhibitors. Proteins were isolated in 10% SDS-PAGE and
transferred to 0.45 um nitrocellulose membranes. After blocked in
5% non-fat dry milk (LabScientific, M0841) at room temperature for
one hour, membranes were firstly incubated with the primary anti-
bodies against phosphorylated proteins listed below overnight at 4 °
C and imaged after incubated with secondary antibodies. Membranes
were then stripped with stripping buffer (25 mM glycine [Sigma,
G7126], 1% [v/v] SDS, pH=2.0) at 100 °C for 30 min, re-blocked and
incubated with primary antibodies against total proteins and S-Actin
for two hours at room temperature, followed by incubation with sec-
ondary antibodies. Primary antibodies used for phosphorylated pro-
teins: Phospho-NF-«B p65 (Ser536) (93H1) Rabbit mAb (Cell
Signaling Technology, 3033, RRID:AB_331284, 1:1000) and Phospho-
IkBa (Ser32) (14D4) Rabbit mAb (Cell Signaling Technology, 2859,
RRID:AB_561111, 1:1000). Primary antibodies used for total proteins:
NF-«B p65 and (D14E12) XP® Rabbit mAb (Cell Signaling Technology,
8242, RRID:AB_10859369, 1:1000), IxBa (L35A5) Mouse mAb
(Amino-terminal Antigen) (Cell Signaling Technology, 4814, RRID:
AB_390781, 1:1000), and B-Actin Antibody (Rabbit) (Cell Signaling
Technology, 4967, RRID:AB_330288, 1:500). Secondary antibodies
used: IRDye® 800CW Donkey anti-Rabbit IgG Secondary Antibody
(LI-COR, 926-32213, RRID:AB_621848), IRDye® 680RD Donkey anti-
Rabbit IgG Secondary Antibody (LI-COR, 926-68073, RRID:
AB_10954442), IRDye® 800CW Donkey anti-Mouse IgG Secondary
Antibody (LI-COR, 926-32212, RRID:AB_621847), and IRDye® 680RD
Donkey anti-Mouse IgG Secondary Antibody (LI-COR, 926-68072,
RRID:AB_10953628) in 1:5000.

2.16. Cell viability detection

Cell viability was detected using Cell Counting Kit-8 (Sigma,
96992). Briefly, cells were plated in 96-well plates (5000 cells/well)
and pre-incubated overnight in a humidified incubator with 5% CO,
at 37 °C. Cells were then incubated with 100 ©1 medium (as control)
or miNano or HPBCD at different concentrations for 24 h in the incu-
bator. To detect cell viability, 10 ul of CCK-8 solution was added to
each well, and absorbance at 450 nm was measured using a micro-
plate reader (Promega, GloMax Discover System).

2.17. OxLDL preparation

EDTA-free LDL (LEE Biosolutions, 360-10-0.5) was diluted in PBS
to make a final concentration at 1 mg/ml. 30 ul freshly made 1 mM
CuS04 (FisherChemicals, C493-500) was added to 1Tml 1mg/ml LDL,
and the mix was put on an orbit shaker at 37 °C for 4 h protected
from light. Reaction was stopped by adding 1% (w/v) EDTA (Sigma,
E9884). After that, oxLDL was dialyzed using a dialysis device with
10K MWCO (Thermo Scientific, 88404) and stored at 4 °C for no more
than one week before use. The oxidation of LDL was measured by

TBARS Assay Kit (Cayman, 10009055) as about 80 nmol MDA/mg LDL
protein.

2.18. Detection of membrane TLR4 activation

Before the test, HEK-Blue-hTLR4 cells were 50—80% confluent.
20 wl of negative control (PBS), positive control (20 ng/ml LPS), or
tested solution per well was added to a flat-bottom 96-well plate.
HEK-Blue-hTLR4 cells were resuspended in HEK-Blue Detection
medium at around 140,000 cells/ml. 180 ul of the cell suspension
was added per well immediately. Cells were incubated at 37 °C in 5%
CO, for 9 h, and hTLR4 activation was detected by absorbance at
620-655 nm using a microplate reader.

2.19. Human samples

The human samples used in this study were collected from the
patients who were underwent open surgical repair of aortic aneu-
rysm with the Institutional Review Board approval (Hum0077616)
from the Cardiovascular Health Improvement Project (CHIP) and
Institutional Review Boards of the University of Michigan Medical
School. We selected and prepared sections for observing CCs in the
ascending aortas with or without atherosclerotic lesions.

2.19.1. ORO staining of human aortic arteries [46,48,51]

The atherosclerosis-bearing aortas from human ascending aortic
aneurysm lesions were frozenly sectioned at 7 um after fixing. ORO
staining was performed as described above. The aorta area without
atherosclerotic plaques was used as a control.

2.20. Removing CCs in human atherosclerotic plaques

The atherosclerosis-bearing aortas from human ascending aortic
aneurysm lesions were frozenly sectioned at 7 um after fixing. The
same volume of PBS, miNano, or HPBCD diluted in pooled serum was
added to sections and incubated at 37 °C for 24 h, avoiding light.
Adjacent sections of each group without any treatment were used as
a baseline. CCs were detected under polarized light, and quantifica-
tion was analyzed by Image ] software.

2.21. Cell line and antibody validation

Cell lines used in the current study were validated by the institute,
and STR profiling of the cell lines is listed in Supplementary materials
2. Cell lines are free of mycoplasma contamination. All antibodies
used in the current study are commonly used antibodies, verified by
the instistute, and RRID tags are indicated. Relevant references for
application of the antibodies are listed in Table S3.

2.22. Statistics

Statistical analysis was performed using GraphPad Prism 9.0. Nor-
mality was tested for all data using D'Agostino & Pearson test or
Anderson-Darling test. Variance equality was tested for all data using
Brown-Forsythe test. Data are presented as mean + SD or median
(IQR). Outliers were detected and excluded by ROUT method (Q = 1%)
when necessary. When comparing the difference of one variable
among more than two groups, in cases of normal distribution and
equal variance, one-way analysis of variance (ANOVA) followed by
Dunnett's multiple comparisons test, Sidak’s multiple comparisons
test, or Tukey's multiple comparisons test was performed; Otherwise,
Kruskal-Wallis test followed by Dunn's multiple comparisons test
were used. Repeated measures ANOVA followed by Tukey's multiple
comparisons test was performed to compare the difference of body
weight change along with time. A p value < 0.05 was considered sta-
tistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). For in vitro
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Fig. 1. Characterization of miNano. (a) 200 pg/well CCs were incubated with indicated conditions: vehicle, 100 ©g/ml 22A, 100 g/ml sHDL composed of 22A and indicated lipid
components (DMPC, DLPC, POPC, or DPPC), or 50 M nanoparticles constituted with DPPC and DSPE-PEG2k in a 1:1 ratio without 22A. Supernatant cholesterol level was measured
(n=4).(b) 200 pg/well CCs were incubated with vehicle, 300 ;+g/ml native HDL, 300 ;+g/ml sHDL composed of 22A and DPPC, or 0.75 mM NPs (NP1-NP10) constituted with DSPE-
PEG2k/DSPE-PEG5k and/or DPPC in different molar ratios without 22A. The concentration of sHDL was indicated as 22A peptide concentration, and NPs were given at the same
molar concentration of lipids as sHDL. Supernatant cholesterol level was measured (n = 4). (¢) Schematic diagram of miNano (NP2).(d) DLS analysis, and (e) a representative image
of miNano by TEM. (f) Representative images by confocal microscope after incubating NBD-CCs (green) with 0.15 mM Rhodamine PE-miNano (red) for 1 h. (g) 200 pg/well CCs
were incubated with vehicle, miNano at indicated concentrations, or 1 mM HPBCD. Supernatant cholesterol was detected at 24 h or 72 h (n = 6). Results are representatives of at
least three independent experiments. Data are mean = SD. Statistical difference was determined by ordinary one-way ANOVA and followed by Dunnett's multiple comparisons test.
***p < 0.001. Scale bars: (e) 20 nm, (f) 25 pm. Abbreviations: DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine, POPC, 1-pal-
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ethylene glycol)-2000].
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studies, results presented are representative results of three repli- itself did not dissolve CCs (Fig. 1a), indicating that the lipid compo-
cates. nents of sHDL particles execute this CC-dissolving function. Among
different sHDLs, we found that sHDL particles composed of 1,2-dipal-

2.23. Study approval mitoyl-sn-glycero-3-phosphocholine (DPPC) and 22A had the highest
CC-dissolving ability (Fig. 1a). As PEGylation of NPs improves the in

All animal procedures were approved by the Institutional Animal vivo stability and prolongs the circulation [52], we combined DPPC

Care and Use Committee of the University of Michigan with  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(PRO00008239) and performed according to the institutional guide- (polyethylene glycol)-2000] (DSPE-PEG2k) or DSPE-PEG5k to obtain
lines. The human surgery tissues were frozen in liquid nitrogen and amphipathic NPs with hydrophobic fatty acid tails facing the inside,
stored in the CHIP core in the Department of Cardiac Surgery at the making them suitable for carrying hydrophobic molecules such as
University of Michigan. The consent was signed by the patient before cholesterol. Next, we optimized NPs (NP1-NP10) using DPPC and
the surgery. The tissue collection was approved with the Institutional DSPE-PEG2k or DSPE-PEG5k at different molar ratios (Table S1). All
Review Board approval (Hum0077616) from the Human Research the NPs dissolved CCs more efficiently than native HDL or sHDL at
Protection Program and Institutional Review Boards of the University the same molar concentration of lipids (Fig. 1b). Among the NPs, NP2

of Michigan Medical School. exerted the best CC-dissolution as indicated by a threefold increase

compared to HDL or sHDL group. NP2 was then renamed as miNano,

2.24. Role of funding source which was composed of DPPC and DSPE-PEG2K at a 1:2 molar ratio

(Fig. 1c). miNano particles were highly homogeneous with an average

Funders providing financial support for this study do not partici- diameter of 15-8 + 0-2 nm and a polydispersity index (PDI) of
pate in study design, data collection, data analyses, interpretation, or 0-10 £ 0-04 analyzed by DLS and TEM imaging (Fig. 1d and e).

writing of report. To study the interaction of miNano and CCs, we generated NBD-

CCs using 25-NBD cholesterol (green fluorescence) and miNano

3. Results labeled with Rhodamine phycoerythrin (Rhodamine PE-miNano, in

red fluorescence, with a similar diameter to miNano particles as

3.1. Generation of HDL-like and phospholipid-based miNano particles shown in Fig. S1). We visualized the direct binding of miNano to CCs

under a confocal microscope (Fig. 1f). The CC-dissolution test

The phospholipid components determine cholesterol efflux and revealed that miNano particles dissolved CCs more robustly than

anti-inflammatory properties of endogenous HDL and sHDL particles HPBCD (Fig. 1g), which is known to dissolve CC and is widely used to

[41]. Considering the critical role of CCs in atherosclerosis, we first improve the aqueous solubility of various compounds. Thus, we gen-

evaluated the CC-dissolving capacity of sHDL particles composed of erated a novel phospholipid-based NP, miNano, which functions as

different phospholipids and 22A, an ApoA-I mimetic peptide better cholesterol acceptors and has a more robust CC-dissolving
designed for sHDL clinical application [46,47]. Unexpectedly, 22A capability than HDL particles and HPBCD.
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C57-vehicle C57-miNano Apoe “-vehicle

Fig. 2. miNano targets CCs and macrophages in atherosclerotic plaques in vivo. Apoe-deficient mice fed on a western diet or C57BL/6] mice fed on a standard laboratory diet for 12
weeks were given one dose of vehicle or 250 mg/kg DiD-miNano via tail vein (n = 4). 24 h later, aortas were collected for (a) imaging DiD by IVIS and lipids by ORO stain; Aortic sinus
was sectioned for (b and c) visualizing CCs under polarized light and (d and e) staining macrophages by galectin 3 antibody. (b) Representative merged images of DAPI-stained aortic
sinus slides under a fluorescent microscope. (c) Magnified images from the yellow box in (b) under separated channels. (d) Representative merged images of DAPI- and galectin 3-

stained aortic sinus slides under a confocal microscope. (e) Magnified images from the yellow box in (d) under separated channels. (b—e) DiD-miNano was detected by Cy5 fluores-
cent signal. Scale bars: (b) 200 pm, (c—e) 100 pm.
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3.2. miNano accumulates in atherosclerotic plaques

We asked whether miNano could target atherosclerotic plaques in
vivo. A far-red fluorescent dye (DiD) labeled miNano (DiD-miNano)
was administrated via intravenous (IV) injection into atheroma-bear-
ing Apoe-deficient mice and control C57BL/6] mice. 24 h after injec-
tion, isolated aorta trees were imaged for DiD-miNano distribution
by in vivo imaging system (IVIS) and then stained with Oil Red O
(ORO) for labeling atherosclerotic plaques. We found that DiD-fluo-
rescent distribution coincided with atherosclerotic plaques stained
by ORO in aortas from Apoe-deficient mice, while DiD and ORO stain-
ing were almost undetectable in aortas from C57BL/6] mice (Fig. 2a),
indicating that miNano enters and accumulates in the atherosclerotic
plaques but not the normal aorta wall in vivo.

Then the aortic sinus was sectioned to examine CCs under a polar-
ized light microscope and macrophages using an antibody against
galectin 3/Mac2, a widely used macrophage marker in mouse studies.
There were substantial CCs in atherosclerotic plaques from Apoe-defi-
cient mice (Fig. 2b), where DiD-miNano co-localized with CCs
(Fig. 2c). Significant macrophages also accumulated and co-localized
with DiD-miNano in the plaques of Apoe-deficient mice (Fig. 2d and
e). In contrast, CCs, macrophages, and DiD-miNano were nearly
unobservable in sections of the aortic sinus from C57BL/6] mice
(Fig. 2b and d). Biodistribution imaging revealed that miNano mainly
accumulated in the liver with fewer accumulations in the spleen,
bone marrow, lung, small intestine, and kidney (Fig. S2). These find-
ings demonstrate that miNano accumulates in atherosclerotic
plagues, co-localizing with CCs and macrophages.

3.3. miNano inhibits atherosclerosis in Ldlr-deficient mice independent
of lipid profile

To determine the therapeutic potential of miNano, we tested if miN-
ano can ameliorate atherosclerosis in vivo. In a pilot study, Apoe-defi-
cient mice were fed with a 12-week western diet to develop
atherosclerosis, and then the atheroma-bearing mice were grouped ran-
domly to be sacrificed as the baseline or treated with vehicle, miNano,
or HPBCD via tail vein injection twice a week for additional 6 weeks. At
the beginning of treatment, we changed the western diet to a standard
laboratory diet to mimic the fact that individuals are recommended to
consume a healthier diet after diagnosed with coronary artery disease
in the clinic (Fig. S3a). miNano treatment significantly decreased the
aortic plaque area in both male and female mice, but HPBCD only
reduced aortic plaque area in male mice (Fig. S3b—d).

Due to loss-of-function mutations in LDLR, lots of patients with
familial hypercholesteremia suffer from resistance to statins and
PCSK9 inhibitors. To further investigate if miNano would also amelio-
rate atherosclerosis by mechanisms escaping LDLR, we evaluated the
efficacy of miNano in Ldlr-deficient mice, mimicking FH patients.
Ldlr-deficient micebearing atheroma were grouped and treated in
the same way of Apoe-deficient mice as described above (Fig. 3a).
Although none of the treatments regressed atherosclerotic plaques
compared with the baseline, the administration of miNano dramati-
cally decreased the aortic plaque area (Fig. 3b—d), aortic sinus plaque
CC area, and macrophage infiltration compared to vehicle both in
male and female mice (Figs. 3e, f—i, S4). Besides, miNano significantly
increased plaque stability as indicated by diminished necrotic core
and higher collagen content in plaques determined by Masson's tri-
chrome stain (Figs. S5, 7j—m). However, except for an increase in pla-
que collagen area in male mice (Fig. 3i), HPBCD showed a minimal
effect in improving the atherosclerosis parameters in male and
female Ldir-deficient mice. miNano administration exerted no effect
on plasma TNFx and IL-6 levels compared to vehicle both in male
and female mice, which may be because that the general circulating
TNFo and IL-6 levels are very low in mice (Fig. S6).

To determine if miNano benefits atherosclerosis by ameliorating
blood lipids, we measured plasma lipid and lipoprotein profile (Fig.
S7a—h). We observed that plasma triglyceride and HDL levels showed
no difference among the three treated groups. However, plasma TC
and LDL levels were elevated in miNano-treated male and female
mice compared to vehicle control mice. We assumed that the
increased plasma TC level was transient due to cholesterol mobiliza-
tion by CC dissolution. To prove this, we fed Ldlr-deficient mice with
western diet for 2 weeks and treated them with five doses of miNano
as indicated in Fig. S7i. To see the plasma cholesterol changes, we col-
lected the plasma and measured the plasma cholesterol at 0 h, 24 h,
and 72 h after the last dose of miNano. We found that miNano
induced a transient increase in plasma TC 24 h after the injection, but
then the TC level fell back to baseline after 72 h (Fig. S7j).

To further investigate if the mobilized cholesterol can be excreted
outside the body, we measured the fecal bile acids from mice in Fig. 3a.
We found that miNano promoted excretion of multiple bile acids (Fig.
S7k), implying that the mobilized cholesterol would finally be elimi-
nated out of the body. Altogether, the above results indicate that miN-
ano slowed down the development of atherosclerosis independent of
ameliorating lipid profile, but instead most possibly by decreasing CC
burden and macrophage infiltration in Ldir-deficient mice.

3.4. Favorable safety profiles of miNano in Ldlr-deficient mice

During the 6-week treatment period, as indicated in Fig. 3a, all
animals appeared healthy with normal activity, and no significant
body weight change was noted in both male and female mice (Fig. 4a,
b). At the sacrifice, macroscopic examination of organs including
heart, liver, kidney, spleen, lung, intestine, and brain tissue showed
no signs of necrosis, hyperplasia, or inflammation after a 6-week
administration of miNano, as compared to that of control mice.
Administration of miNano did not induce liver and kidney damage,
as indicated by the alanine aminotransferase (ALT), aspartate amino-
transferase (AST), albumin (ALB), total bilirubin (TBil), and alkaline
phosphatase (ALP), creatinine (CREA), and blood urea nitrogen (BUN)
levels (Fig. 4c—i). miNano even reduced plasma CREA level for
unclear mechanism. Besides, no obvious pathological signs were
observed in different tissue sections from miNano- or HPBCD-treated
mice compared to vehicle-treated mice (Figs. 4j, S8). To further evalu-
ate the safety profile of miNano, two cohorts of mice were treated
with five doses of either vehicle or miNano, after which blood was
collected for complete blood count analysis. The results are shown in
Table S4. We found that miNano did not influence blood cells count
and the related indexes. In summary, the above findings illuminated
that miNano ameliorates atherosclerosis development in Ldlr-defi-
cient mice with a favorable safety profile.

3.5. miNano is biocompatible to multipme vascular cells

To investigate if miNano is cytotoxic to vascular cells, we tested
the effect of miNano on the viability of PMs, primary human coronary
artery endothelial cells and primary human smooth muscle cells (Fig.
S9). miNano did not influence cell viability as high as 750 uM.

3.6. miNano prevents foam cell formation in vitro

Since we observed decreased CC and macrophage areas in plaques
of mice treated with miNano, we asked whether miNano has any
effects on foam cell formation. Mouse PMs were incubated with oxi-
dized-LDL (0oxLDL) to induce foam cell formation indicated by intra-
cellular lipid accumulation by ORO stain. miNano treatment
dramatically decreased lipid accumulation, and HPBCD showed a
beneficial but weaker effect (Fig. 5a), which was then confirmed by
intracellular cholesterol ester, total cholesterol, and free cholesterol
levels (Fig. 5b—d). Besides, miNano treatment inhibited oXxLDL-



Y. Luo et al. | EBioMedicine 74 (2021) 103725

a Week 0
Western Diet

Week 12 Week 18
Normal laboratory diet Sacrifice

v

v v

L
male
female @/\

7-8-week-old
LdIr-deficient mice

Baseline

male

female

Tail vein injection
Twice a week

o

2
-
|

Baseline

Vehicle

miNano

HPBCD

Fig. 3. miNano inhibits atherosclerosis in Ldlr-deficient mice. (a) Schematic diagram of treatment. 7, 8-week-old male and female LdIr-deficient mice were challenged with a west-
ern diet for 12 weeks to establish atherosclerosis. Mice were then fed on a normal laboratory diet and randomized to either be sacrificed as a baseline or treated by vehicle, 250 mg/
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(n=6-10). (b) Representative images and quantification of plaque area in (c) male and (d) female aortas stained by ORO. (e) Representative images and quantification of (f, g) CCs
and (h, i) galectin 3-positive area in aortic sinus sections from male and female mice. Quantification of (j, k) necrotic core area and (I, m) collagen content by Masson’s trichrome
staining in aortic sinus sections from male and female mice. Data are mean =+ SD. Statistical difference was determined by ordinary one-way ANOVA and followed by Sidak’s multi-
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Fig. 4. Favorable safety profiles of miNano administration in LdIr-deficient mice. Mice were treated and sacrificed as described in Fig. 3a. Bodyweight of (a) male and (b) female mice
during the treatment period (n = 6—10). The plasma (c) alanine transaminase, (d) aspartate aminotransferase, (e) albumin, (f) total bilirubin, (g) alkaline phosphatase, (h) creatine,
and (i) blood urea nitrogen of both male and female mice (n = 13—16). (j) H&E staining of heart, liver, spleen, lung, kidney, and small intestine. Data are mean =+ SD or median with
IQR. Outliers were detected and excluded by ROUT method (Q = 1%). (a, b) Statistical difference was determined by repeated-measures ANOVA followed by Tukey's multiple com-
parisons test. (c—i) Statistical difference was determined by ordinary one-way ANOVA and followed by Dunnett's multiple comparisons test, or by Kruskal-Wallis test followed by
Dunn's multiple comparisons test. *p < 0.05, *** p < 0.001. Scale bars: 100 ;wm. Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; ALB, albumin; TBil, total

bilirubin; ALP, alkaline phosphatase; CREA, creatine; BUN, blood urea nitrogen.
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induced inflammatory responses in PMs, as implied by decreased
supernatant TNFo and IL-6 levels (Fig. 5e, f) and decreased Tnf, Il1b,
and Nlrp3 transcription (Fig. S10). Since sHDLs function as cholesterol
acceptors to mediate cholesterol efflux from macrophages, we specu-
lated that miNano might also promote cholesterol efflux from macro-
phages, thus reducing foam cell formation and inflammation. Indeed,
we found that miNano induced cholesterol efflux dose-dependently
in J774A.1 cells, a mouse macrophage cell line, while HPBCD showed
a weaker effect (Fig. 5g). The above results demonstrated that miN-
ano particles prevented foam cell formation and inflammation at
least partially via enhancing cholesterol efflux.

3.7. miNano reduces inflammatory responses induced by CCs in
macrophages

Besides oxLDL, CCs are also highly pro-inflammatory in athero-
sclerotic plaques [15,53]. To further investigate if miNano inhibits
CC-induced inflammation in macrophages, we treated THP-1-derived
macrophages with vehicle, miNano, or HPBCD in the presence or
absence of CCs. As expected, CCs induced significant inflammatory
responses in macrophages [15], while miNano treatment inhibited
the CC-triggered release of TNFe, IL-6, IL-18, and CCL2 (Fig. 6a—d) as
well as the transcription of these cytokines (Fig. S11). Surprisingly,
HPBCD seemed to aggravate inflammatory response in macrophages
(Figs. 6¢, S11a, S11c¢), which may be caused by the HPBCD-cholesterol
mixture-mediated cholesterol loading [54].

Considering that membrane cholesterol-rich domains modulate
Toll-like receptors (TLRs)-dependent inflammatory pathways, we
asked whether miNano influenced the TLR4-NF-«B pathway as miN-
ano decreased the transcription of several inflammatory cytokines.
We used HEK-Blue-hTLR4 cells, a commercially available cell line
designed to investigate the stimulation of human TLR4 by monitoring
NF-kB activation. We found that miNano inhibited human TLR4 acti-
vation stimulated by LPS in a dose-dependent manner, while HPBCD
displayed little effect (Fig. 6e). Nuclear factor-«B (NF-«B) is a critical
transcription factor in inflammatory responses, and NF-«B

phosphorylation is required for the induction of its target genes. IkBo
is the endogenous NF-«B inhibitor protein, and phosphorylation of
IkBa leads to its degradation in the proteasome [55]. Western blot
results showed that miNano dramatically reduced LPS-induced phos-
phorylation of p65 and IkBa in THP-1-derived macrophages
(Fig. 6f—1i), indicating that miNano inhibited the transcription of NF-
kB target genes by suppressing the activation of NF-«B and degrada-
tion of I«kBa, while HPBCD did not show any beneficial effect. Thus,
those results demonstrated that besides dissolving CC directly, miN-
ano also inhibited inflammatory responses by suppressing the TLR4/
NF-«B signaling pathway in macrophages.

3.8. miNano dissolves CCs in human atherosclerotic plaques

To further investigate if miNano can dissolve CCs in human ath-
erosclerotic plaques, we sectioned the ascending aortas with athero-
sclerotic lesions from patients who underwent open surgical repair
of aortic aneurysms (Fig. S12). The crystal signal in the plaques was
soluble in xylene, an organic solvent, but resistant to hydrochloric
acid (HCl), a decalcifying agent, proving that the crystals we observed
under a polarized light microscope are CCs, not calcium crystals (Fig.
S13). To better mimic the application of miNano in CAD patients, we
diluted miNano or HPBCD using pooled serum from Apoe-deficient
mice with LDL-cholesterol levels at around 500 mg/dl and triglycer-
ides at about 100 mg/dl, similar to that in familial hypercholestere-
mia patients [56]. After 24 h incubation with the miNano-serum
mixture, CCs in human atherosclerotic plaques were dissolved in a
dose-dependent way (Fig. 7a, b). HPBCD-serum mixture tended to
dissolve CCs but did not reach statistical significance. These results
potentiate the application of miNano as a novel strategy to treat ath-
erosclerosis in the clinic by removing CCs in plaques.

4. Discussion

In the current study, we developed miNano, a novel HDL-mimick-
ing phospholipid-based nanomedicine that inhibited atherosclerosis
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Fig. 6. miNano reduces macrophage inflammation via inhibiting TLR4-NF-«B pathway. (a-d) THP-1-derived macrophages were treated with vehicle, 0.15 mM miNano, or 1 mM
HPBCD in the absence or presence of 300 stg/ml CCs for 24 h. Cell culture supernatant was collected for quantification of (a) TNFe, (b) IL-6, (c) IL-18, and (d) CCL2 by ELISA (n = 6).
(e) HEK-Blue-hTLR4 cell was treated with vehicle, 0.15, 0.30, or 0.45 mM miNano, or 1, 5 mM HPBCD in the absence or presence of 20 ng/ml LPS for 9 h, then human TLR4 activation

was detected (n = 6). (f—i) THP-1-derived macrophages were pre-incubated with vehicle, 0.

15 mM miNano, or 1 mM HPBCD for 20 min, and then either vehicle or LPS at a final con-

centration of 100 ng/ml was added to the medium for 15 min. Cells were harvested for western blot (n = 3). (f) Representative images of western blot against phosphorylated p65,
p65, phosphorylated IxBe, and IkBa in THP-1-derived macrophages. Quantification of (g) phosphorylated p65/p65, (h) phosphorylated IkBe/IkBe, and (i) IkBor/8-Actin of western
blot in THP-1-derived macrophages. Results are representatives of at least three independent experiments. Data are mean =+ SD. Outliers were detected and excluded by ROUT
method (Q = 1%). Statistical difference was determined by ordinary one-way ANOVA and followed by Sidak’s multiple comparisons test or Tukey's multiple comparisons test.
*p < 0.05, ™*p < 0.01, ***p < 0.001. Abbreviations: p-p65, phosphorylated p65; p-l«Bc, phosphorylated IxBa.

development in both genders of Ldir-deficient mice with favorable
safety profiles by removing plaque CCs, promoting cholesterol efflux,
and reducing inflammatory responses in macrophages. miNano is
composed of DPPC and DSPE-PEG2Kk, both of which are biocompatible
and FDA-approved pharmaceutical excipients. Besides, nanoparticles
formulated by DSPE-PEG were reported to decrease cellular choles-
terol contents [57]. Like rHDL particles [46], miNano can accumulate
in atherosclerotic plaques because the average diameter (16 nm) of
miNano facilitates it enter atherosclerotic plaques. Interestingly, we
did not detect the accumulation of miNano in normal arterial walls of
C57BL/6] mice, which may be attributed to the higher physical bind-
ing affinity of DPPC to cholesterol as excessive cholesterol accumula-
tion is the hallmark of atherosclerosis. The increased penetration of
miNano due to the impaired endothelial barrier in atherosclerotic
arteries may be another mechanism. We also observed that miNano
co-localized well with macrophages within plaques, implying that
phagocytosis by monocyte in the circulation followed by accumula-
tion in the plaque may be another way for miNano to enter into pla-
ques, though the latter is less likely since the relatively small
diameter of miNano prevents it from phagocytosis [58]. Like most
rHDLs [59], miNano is eliminated by the liver with limited

elimination by the kidney, as shown by fluorescence signal accumula-
tion. As HPBCD is primarily distributed in the kidney [60], quick elim-
ination after the intravenous injection may be one of the reasons
causing less beneficial effects of HPBCD on atherosclerosis in this
study.

Using Ldlr-deficient mice, we verified that miNano inhibited ath-
erosclerosis and stabilized plaque. We did not observe atherosclerosis
regression after switching the western diet to a standard laboratory
diet, which may be caused by the age-related deterioration of athero-
sclerosis in Ldlr-deficient mice [61]. Administration of miNano effi-
ciently decreased plaque burden and CC burden in both genders of
Ldlr-deficient mice, accompanied by a similar shrink in macrophage
infiltration into plaques and increased stability of plaques. Adminis-
tration of HPBCD showed limited beneficial effects on atherosclerosis
in this study compared to Zimmer et al.'s study [29], possibly because
a relatively lower dosage of HPBCD was administrated (a total of
4.8 g/kg by IV injection in this study vs. 16 g/kg via subcutaneous
injection in Zimmer et al.'s study). Actually, the impacts of HPBCD on
lipid profiles and atherosclerosis vary among studies due to differen-
ces in administration methods, dosage, and animal models [62].
Besides, a prolonged half-life about 16 h (Anna S. Schwendeman,
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lowed by Dunnett's multiple comparisons test. ** p < 0.01, *** p < 0.001. Scale bar: 200 ;m.

unpublished) of miNano also enables it to be more effective than the
rapid elimination of HPBCD [46]. The beneficial effect of miNano in
Ldlr-deficient mice potentiates it as a promising therapy for treating
atherosclerosis in familial hypercholesteremia patients.

Traditional murine atherosclerotic models usually lack features of
plaque rupture as observed in human, including thin cap fibroather-
oma, intraplaque hemorrhage, vasa vasorum, and thrombosis. In the
current study, we did not observe typical features of plaque rupture
in Ldlr-deficient mice. Instead, we try to evaluate plaque stability by
quantifying necrotic core and collagen area, two indexes related to
human plaque vulnerability. In this way, we proved that miNano sta-
bilized plaques. Researchers have tried to establish advanced murine
models to study plaque vulnerability and rupture [63—65], which,

however, is hard to be widely applied due to technique issues. In the
future, it's necessary to evaluate the effects of miNano on plaque sta-
bility in more proper models.

Foam cell formation, which represents dysfunctional macro-
phages, plays an essential role in all atherosclerosis stages. HPBCD
has been proved to reduced foam cell formation at extremely high
dose (40—-80 mM) [66]. Here, we showed that miNano promoted
macrophage cholesterol efflux and prevented foam cell formation
better than HPBCD. Actually, HPCBD is considered to be more like a
bidirectional cholesterol "shuttle" rather than a "sink" in cholesterol
efflux [67]. A recent paper reported that S-cyclodextrin might act as
a "shuttle" at a low dose while a "sink" at a higher dose [26]. In either
situation, B-cyclodextrin may only have limited cholesterol efflux or
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CC-dissolving capacity without additional "sink" or "shuttle" in the
system, which may explain our observation that HPBCD only exerts a
minor effect in dissolving CCs or promoting cholesterol efflux. miN-
ano seemed to have a more robust cholesterol "holding" capacity
since it continued to dissolve CCs as long as 72 h while HPBCD
reached saturation at 24 h.

Besides dissolving CCs directly, miNano also decreased CC-
induced inflammatory responses in macrophages via inhibiting the
TLR4-NF-«kB pathway, corresponding to the reduced macrophage
infiltration in plaques in vivo. Increased TLR4 expression has been
identified in macrophages in both human and mouse atherosclerotic
lesions [68]. Activation of the TLR4-NF-xB pathway induces inflam-
mation and atherosclerotic plaque instability and eventually rupture.
miNano treatment significantly cut down TLR4-NF-«B activation,
implying that miNano may interrupt the interaction between pro-
inflammatory ligands and TLR4 at the membrane. Another possible
mechanism is that miNano may stabilize the cell membrane via
removing excessive cholesterol, as a previous study reported that CC-
induced inflammation was driven by membrane destabilization [69].
Altogether, the diminished CC burden and macrophage inflammation
after miNano treatment contributed to a more stable plaque in Ldlr-
deficient mice.

Lastly, we proved that miNano could remove CCs in human ath-
erosclerotic plaques under a hypercholesteremia condition, in which
the TC and TG levels were comparable to that of heterozygous famil-
ial hypercholesterolemia patients. Familial hypercholesterolemia is a
genetic disease mainly caused by loss-of-function mutations in Ldlr,
which leads to hypercholesteremia and resistance to statin treat-
ment. Together with the fact that miNano prevents atherosclerosis
development in Ldlr-deficient mice, we indicate that miNano may be
a potential strategy to treat atherosclerosis in patients with familial
hypercholesteremia.

Our study encompasses some limitations, which may serve as
directions for future investigation. We have focused on the effect of
miNano on macrophages in the setting of CCs in this study. We will
further evaluate the impact of miNano on CC-induced pathology in
other cells like endothelial cells and vascular smooth muscle cells,
which also play important roles and are impacted by CCs in athero-
sclerosis development [70,71]. Second, although macrophage choles-
terol efflux was studied, the effects of miNano on reverse cholesterol
transport in vivo need to be further studied. Besides, cholesterol ester
crystals may form during preparation of the frozen sections. Hence,
it’s difficult to distinguish the birefringence of CCs and cholesterol
etser crystals. In any case, miNano decreased the “CC” signal, indicat-
ing an absolute capacity to either dissolve cholesterol ester crystals
or cholesterol crystals. Last but not least, due to the technical limita-
tion, we cannot investigate the interaction of miNano with endoge-
nous lipoproteins in vivo, which will be developed in the future.

Based on its strong CC-dissolving, anti-inflammation capacity, and
increased excretion of bile acids, miNano may also be promising in
treating other CC-associated diseases like NASH (non-alcoholic stea-
tohepatitis) [74—76], cholesterol embolization syndrome [77], or bile
stone diseases [78], which would be worth for future research. Biomi-
metic nanoparticles have shown great potential in diagnosing and
treating CVDs due to their biocompatibility and biodegradability [79].
Especially, macrophage membrane-coated biomimetic nanoparticles
exert high targeted delivery efficiency to various inflammatory dis-
eases, including atherosclerotic lesions [80]. The appropriate combi-
nation of phospholipid nanoparticles like miNano with selected cell-
membranes may enhance the therapeutic efficacies of atherosclero-
sis.

In summary, we developed an HDL-based phospholipid nanopar-
ticle, miNano, which binds to CCs directly, has CC-dissolving capabil-
ity, enhances cholesterol efflux, and accumulates in atherosclerotic
plaques. miNano prevents foam cell formation, suppresses inflamma-
tory responses in macrophages, inhibits atherosclerosis, and

stabilizes atherosclerotic plaques. Overall, the phospholipid nanopar-
ticle is a promising approach to treat atherosclerosis by modulating
plaque components and inhibiting inflammation.
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