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ARTICLE INFO ABSTRACT

Keywords: Atherosclerosis is a chronic inflammatory disease that is characterized by the build-up of lipid-rich plaques in the
MicroRNA-145 arterial walls. The standard treatment for patients with atherosclerosis is statin therapy aimed to lower serum
Atherosclerosis

lipid levels. Despite its widespread use, many patients taking statins continue to experience acute events. Thus, to
develop improved and alternative therapies, we previously reported on microRNA-145 (miR-145 micelles) and
its ability to inhibit atherosclerosis by targeting vascular smooth muscle cells (VSMCs). Importantly, one dose of
miR-145 micelles significantly abrogated disease progression when evaluated two weeks post-administration.
Thus, in this study, to evaluate how long the sustained effects of miR-145 micelles can be maintained and to-
wards identifying a dosing regimen that is practical for patients with chronic disease, the therapeutic effects of a
single dose of miR-145 micelles were evaluated for up to two months in vivo. After one and two months post-
treatment, miR-145 micelles were found to reduce plaque size and overall lesion area compared to all other
controls including statins without causing adverse effects. Furthermore, a single dose of miR-145 micelle
treatment inhibited VSMC transdifferentiation into pathogenic macrophage-like and osteogenic cells in plaques.
Together, our data shows the long-term efficacy and sustained effects of miR-145 micelles that is amenable using
a dosing frequency relevant to chronic disease patients.

Vascular smooth muscle cell
Nanoparticle
Gene therapy

1. Introduction secondary event [9-12]. Other drugs such as ezetimibe are also available

to lower blood cholesterol levels by blocking small intestine cholesterol

Atherosclerosis causes death in 1 in 4 people and is a chronic in-
flammatory disease in which calcified, lipid-rich lesions within the
vessel wall can abruptly rupture leading to sudden death [1,2]. Since the
1980’s, drug interventions to slow atherosclerosis progression have
focused primarily on lowering plasma cholesterol levels by inhibiting
cholesterol synthesis using statins. Despite its wide distribution, statins
do not benefit all patients [3-8]. After 5 years of statin therapy, there is
only ~20% reduction of myocardial infarction or stroke incidence, and
~80% of the 35 million patients in the US that take a statin will have a
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absorption, thus, freeing up liver cells to remove low density lipoprotein
(LDL) cholesterol directly from blood. However, the effects of ezetimibe
are modest, reducing cardiovascular risk by only 2% and are only pre-
scribed in combination with statins to patients with high LDL cholesterol
levels [13]. Therefore, there is a significant need for developing new
therapeutic targets and strategies beyond lipid lowering for
atherosclerosis.

Recently, vascular smooth muscle cells (VSMCs) residing within the
medial layer of the vascular wall have become recognized for their

* Corresponding author. Department of Biomedical Engineering, University of Southern California, 1042 Downey Way, DRB 140, Los Angeles, CA, 90089, United

States.
E-mail address: eunchung@usc.edu (E.J. Chung).

https://doi.org/10.1016/j.bioactmat.2023.04.001

Received 20 December 2022; Received in revised form 31 March 2023; Accepted 1 April 2023
2452-199X/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:eunchung@usc.edu
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2023.04.001
https://doi.org/10.1016/j.bioactmat.2023.04.001
https://doi.org/10.1016/j.bioactmat.2023.04.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2023.04.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.D. Chin et al.

Bioactive Materials 27 (2023) 327-336

IV miR-145
micelle and statin
treatment

Analysis
2-month

Analysis
1-month

| |
| |
Week 0 Week 6
Tamoxifen

SMC'" mice

Week 8

Week 10 Week 14 Weﬁk 18

HFD

High Fat Diet (HFD): 20-23% milkfat, 34% sucrose, 0.2% cholesterol

Fig. 1. Timeline of SMC!™ model with high fat diet and treatment for one-month and two-months endpoints.

integral role in the progression of atherosclerosis and represent a novel
target for atherosclerosis treatment [14]. In early atherosclerosis,
quiescent, contractile VSMCs dedifferentiate into a synthetic phenotype
and overproliferate and migrate into the intima [15,16]. Upon disease
progression, VSMCs transdifferentiate into alternative phenotypes that
resemble macrophages, foam cells, and osteochondrogenic cells [14,
17-20]. Inflammatory, macrophage-like cells and foam cells form the
necrotic core and osteochondrogenic-like cells form calcifications that
destabilize the plaque and increase their susceptibility for rupture
[21-24]. However, despite transformation into atherogenic cell types,
VSMCs retain remarkable plasticity that enable them to revert back into
the healthy, contractile state [15,16,25]. Thus, this critical transition
can be used to develop VSMC-targeted, atherosclerosis therapies.

Previously, we reported on the efficacy of microRNA-145 (miR-145)
as a therapy for atherosclerosis when delivered as part of a targeted,
drug delivery system using micelle nanoparticles [26,27]. MicroRNAs
are short, non-coding RNAs that regulate gene expression
post-transcriptionally via complementary base pair matching with
mRNA, and specifically, miR-145 is a key regulator in promoting con-
tractile VSMCs by binding to and inhibiting Kriippel-like factor-4 (KLF4)
and ETS like-1 protein (ELK1) which promote VSMC dedifferentiation
into pathogenic phenotypes [25,28,29]. To incorporate miR-145 into
micelles, we covalently conjugated miR-145 to 1, 2-distearoyl-sn-glycer-
o-3-phosphoethanolamine-poly (ethylene glycol)2000 (DSPE-PEG
(2000)) to create miR amphiphiles. Then, miR-145 amphiphiles were
mixed with amphiphiles containing peptides that bind to C-C chemo-
kine receptor-2 (CCR2) expressed on synthetic VSMCs to form
VSMC-targeting, miR-145 micelles [30,31]. In vivo, we verified that
miR-145 micelles treatment resulted in a 43% reduction in plaque size
compared to non-treated controls when administered throughout dis-
ease progression in the advanced atherosclerotic mouse model [26].
Importantly and surprisingly, early-stage atherosclerotic mice treated
with only a single dose of miR-145 micelles also showed remarkable
efficacy with a 49% reduction in plaque growth compared to no treat-
ment and a 54% reduction compared to free miRs when assessed two
weeks after treatment.

Currently, there are 16 FDA approved RNA therapies using subcu-
taneous and intravenous administration and dosing regimens ranging
from injections biweekly to biannually [32-34]. Particularly for chronic
diseases such as atherosclerosis, ideal RNA-based therapies should have
long-lasting effects that require fewer dosages while still maintaining a
therapeutic response. Thus, a critical step towards translation of
miR-145 micelles into the clinic is to evaluate the longer-term effects
and a practical dosing regimen for patients with chronic disease.

To that end, in the present study, we investigate the prolonged
therapeutic effects of miR-145 micelles for atherosclerosis after one dose
for up to two months post-administration in the Myhl1-CreERT?
ROSA26 STOP-flox eYFP™/* Apoe~ mice (SMC'™ mice) that enables
tracking VSMC-derived cells throughout atherosclerosis progression. We
analyzed the size and extent of lesion formation in the aorta, evaluated
the composition of VSMC-derived cell types within plaques, and assess
the safety or miR-145 micelles. Our studies aim to evaluate the viability

328

of miR-145 micelles as an alternative therapy to current standard of care
medications and to determine a micelle dosing frequency that is
amenable to chronic disease patients towards an effort for their eventual
implementation in the clinic.

2. Experimental

Synthesis of amphiphiles. MCP-1 and scrambled peptides were
synthesized using standard Fmoc solid-phase peptide synthesis proced-
ures previously published [26,30,35-37]. MCP-1 peptide (0.25 mmol)
[YNFTNRKISVQRLASYRRITSSK] or scrambled (NT) peptide (0.25
mmol) [YNSLVFRIRNSTQRKYRASIST] were synthesized on an auto-
mated peptide synthesizer (PS3, Protein Technologies, Tucson, AZ)
using Wang resin. The peptides were cleaved from the resin using a
solution of 94:2:5:2:5:1 vol% trifluoroacetic acid:1,2-ethanedithiol:
water:triisopropylsilane over a 4 h reaction. Peptides were precipi-
tated, washed twice with ice-cold diethyl ether, lyophilized, and stored
at —20 °C until purification via reverse-phase high performance liquid
chromatography system (HPLC, Prominence, Shimadzu, Columbia,
MD). Purified peptides were conjugated to DSPE-PEG (2000)-maleimide
to synthesize peptide amphiphiles. Synthesis reactions occurred in pH
7.4 buffered water before purification via HPLC. Expected m/z peaks
were verified using MALDI-TOF at [M+H]™ = 5830.

miR-145 (5'-GUCCAGUUUUCCCAGGAAUCCCU-3') and control miR
(miR-67) (5'-UCACAACCUCCUAGAAAGAGUAGA-3') were ordered
from IDT (Coralville, IA) with a thiol modified 5’ end of the sense
(functional) strand to covalently conjugate the microRNA to the lipid
tail. miR-145-SH (MW = 14,490 g/mol) was treated with TCEP and
stirred in the dark at room temperature for 4 h at 1600 rpm. Thiolated
miR-145 was conjugated to DSPE-PEG (2000)-maleimide (Avanti Polar
Lipids, Alabaster, AL) via a thioether bond by adding a 10% molar excess
of lipid to reduced thiolated miR in DEPC-treated water. The resulting
products were characterized using MALDI.

VSMC transdifferentiation in vitro. Mouse aortic smooth muscle
cells (ATCC) were cultured in DMEM supplemented with 10% FBS to
60-70% confluency followed by treatment with either 250 nM miR-145
micelles or PBS for 12 h. Following treatment, cells were either incu-
bated with 10 pg/mL methyl-B-cyclodextrin cholesterol (MBD-Chol;
Millipore Sigma) for 3 days to induce macrophage differentiation or 2.5
mM NayHPO4 and 2.7 mM CaCl, for 5 days to induce osteoblast dif-
ferentiation [38,39]. Cells were then immunostained. Briefly, cells were
fixed in 4% paraformaldehyde and permeabilized with 0.05%
Tween-20. Cells were washed in PBS, incubated for 30 min with mouse
FCR blocking solution (Miltenyi), and then incubated overnight at 4 °C
with either Alexa Fluoro-488 conjugated anti-CD68 antibody (1:200,
Thermofisher 25747-1-AP) or PE-conjugated anti-RUNX2 antibody
(1:200, CellSignaling 98059S) in blocking solution. Cells were then
washed in PBS and analyzed by flow cytometry on a Attune NXT cy-
tometer (Thermofisher) with 488 nm and 561 nm laser lines, gating to
remove cell debris, aggregates, and maintaining singlets.

Mice. Animal protocols were approved by the University of Southern
California Institutional Animal Care and Use Committee (IACUC). Male
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Myh11-CreER™ ROSA26 STOP-flox eYFP™'* Apoe™'~ mice and female
Apoe™'~ mice. Male littermate controls were used for all studies as the
Myh11 transgene is expressed only in male mice. Mice were genotyped
by qPCR. Following previously reported methods [28], mice received
ten intraperitoneal injections of 1 mg tamoxifen from 6 weeks of age to 8
weeks for 10 mg total of tamoxifen per 25 g of mouse body weight to
activate eYFP expression in MYH11 expressing SMCs.

Subsequently, mice were fed a high fat diet (20-23% milkfat, 34%
sucrose, 0.2% cholesterol, Teklad Envigo) for 2 weeks before intrave-
nous tail vein injection of treatment (miR-145 micelles, miR-67 micelles,
scrambled MCP-1 (NT) miR-145 micelles, free miR-145 (1 mg/kg miR or
0.7 mM total micelle), or PBS). Mice in the statin treatment group were
administered atorvastatin (Sigma Aldrich, St. Louis, MO) at a dose of 10
mg/kg in saline via oral gavage. Mice continued high fat diet for an
additional 4 weeks or 8 weeks for short- and longer-term efficacy ana-
lyses (Fig. 1). Mice were then euthanized via CO» asphyxiation and
perfused with PBS, 4% paraformaldehyde (PFA), and PBS again. Organs
and aorta were carefully dissected and saved for additional analyses.

Analysis of atherosclerotic lesions. Atherosclerotic plaques were
analyzed in two ways: 1) en face analysis of entire aorta with Oil Red O
(ORO) lipid stain and 2) hematoxylin and eosin (H&E) stains of cross
sections of aortic roots. Briefly, aortas were dissected from the root to
the common iliac arteries. Excess adventitial fat was carefully removed
and the aorta was fixed in 4% PFA overnight. The tissue was then
cleaned in 78% methanol for 5 min before staining for 1 h with 0.2%
ORO solution in methanol. The aortas were then washed twice with 78%
methanol for 5 min each and cut open longitudinally before imaging
with a stereomicroscope (Leica, Wetzlar, Germany). Quantification of
positively stained lesions was done using ImageJ software (NIH,
Bethesda, MD). Aortic roots were embedded in optimal cutting tem-
perature compound (OCT) and flash frozen in 2-methylbutane and
liquid nitrogen. Roots were sectioned at 10 pm thick sections and stained
using H&E. Plaque and necrotic core area in three aortic root sections
were quantified and averaged for each sample to obtain a mean + S.D.
measurement.

In vivo miR-145 expression. Aortic roots and liver tissue were
obtained from treated mice. Tissues were weighed and lysed with Trizol
(Invitrogen, Carlsbad, CA). miRNeasy Mini Kit (Qiagen, Hilden, Ger-
many) was used to extract microRNA and the miScript I RT Kit (Qiagen,
Hilden, Germany) was used to synthesize cDNA according to manufac-
turer’s instructions. Real-time RT-qPCR was performed on the Light-
Cycler 480 Real-Time PCR System (Bio-Rad Laboratories, Hercules, CA)
to evaluate miR-145 levels. RNU-6 was used as an internal control and
the 2-AACT method was used to calculate relative expression changes.

In vivo immunohistochemistry. Aortic roots were cryosectioned as
mentioned above. Tissue sections were blocked in 10% donkey serum
with 1% BSA. Sections were subsequently stained with antibodies to GFP
(Abcam ab6673) to amplify YFP signal, a-SMA (Abcam ab5694), CD68
(Abcam ab125212), and RUNX2 (Abcam ab192256) overnight at 4 °C.
Donkey anti-rabbit IgG Alexa Fluor 594 (Thermo Fisher, Waltham, MA,
USA) and donkey anti-goat IgG Alex Fluor 488 (Thermo Fisher, Wal-
tham, MA, USA) were used as secondary antibodies. Sections were
counterstained with DAPI for the nuclei, mounted in ProLong Gold
Antifade (Thermo Fisher, Waltham, MA, USA), and imaged using a
confocal microscope (Nikon C2 CLSM, Nikon, Tokyo, Japan). Cells were
then counted using ImageJ software. Current expression of alternative
phenotype markers in VSMCs was compared with eYFP expression to
determine transdifferentiation or retention of SMC phenotype.

Histological analysis of organs. Heart, lung, liver, spleen, intes-
tine, and kidneys were removed from the euthanized mice. Organs were
flash frozen in OCT and cryosectioned at 10 pm thick slices. Tissue
sections were stained with H&E, imaged (Leica DMi8, Leica, Wetzlar,
Germany), and tissue morphology was analyzed.

Cholesterol quantification. Serum cholesterol levels were quanti-
fied using a high-density lipoprotein (HDL) and low-density lipoprotein
(LDL) quantification kit (Sigma-Aldrich). Following the manufacturer’s
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protocol, HDL and LDL were separated in serum using precipitation
buffer. HDL and LDL samples were subsequently incubated with Reac-
tion Mixes and fluorescence (ex: 535 nm/em: 587 nm) was measured
using a plate reader (Varioskan LUX, Thermo Fisher, Waltham, MA,
USA).

Statistical analysis. Results are stated as means + standard devia-
tion (S.D.). Statistical analyses of the data were performed using a one-
way analysis of variance (ANOVA) for more than two groups. A p value
< 0.05 was considered statistically significant. All statistical analyses
were performed using GraphPad Prism 8 (GraphPad Software, San
Diego, CA).

3. Results and discussion

3.1. Single dose miR-145 micelle effects on atherosclerosis after one
month

3.1.1. Therapeutic evaluation after one month

miR-145 micelles were synthesized by self-assembling miR-145
amphiphiles, MCP-1 amphiphiles, and DSPE-PEG (2000)-methoxy am-
phiphiles at a 1:49:50 mol ratio as previously described, to formulate a
micelle nanoparticle with optimized particle charge, size, and thera-
peutic dose that enabled efficient cellular uptake, endosomal escape,
and gene regulation [26,30]. Non-targeting miR-145 micelles (NT
miR-145 micelles) and control miR-67 micelles were synthesized as
previously described [26]. miR-145 micelle nanoparticles are approxi-
mately 21.7 nm with zeta potential of 15.1 mV, NT miR-145 micelles are
approximately 23.3 nm with a zeta potential of 8.06 mV, and miR-67
micelles are 21.5 nm in size with a zeta potential of 11.8 mV [26].

We previously observed sustained miR-145 upregulation in aortic
tissue two weeks after a single IV injection of miR-145 micelles in
ApoE—/— mice despite an elimination half-life of 10.3 h [26], suggest-
ing miR-145 micelles may have prolonged therapeutic effects beyond
the initial circulation period, as also previous found for similar siRNA
therapies [40,41]. For the treatment of chronic diseases such as
atherosclerosis, long-term therapeutic effects of drugs are desirable as
they lead to fewer dosages and enhanced patient compliance. To
determine the optimal dosing interval of miR-145 micelles, we assessed
the therapeutic effect and miR-145 upregulation one month after
injection.

The primary mechanism of action for miR-145 micelles is through
inhibition of VSMC transformation into pathogenic phenotypes such as
macrophages that form the necrotic core and osteochondrogenic cells
that produce plaque destabilizing calcifications [42,43]. We confirmed
that miR-145 micelle treatment inhibits mouse aortic smooth muscle
cell transdifferentiation into proatherogenic macrophage- and
osteoblast-like phenotypes in vitro using flow cytometry (Supplemental
Fig. 1). For in vivo analyses, the assessment of VSMC cell composition in
plaques involves immunohistochemical analysis of vascular plaque tis-
sue with conventional VSMC markers such as myocardin and Myosin
Heavy Chain 11 (MYH11). However, as VSMCs dedifferentiate, they lose
expression of these markers, making it difficult to assess the pathogenic
cells in the plaque that have transformed from VSMCs, and subse-
quently, the effect of any therapy after disease development [44]. As
such, for our studies, we utilized atherosclerotic SMC!™ mice due to the
unique capability to identify VSMCs despite transdifferentiation. When
SMC'™ mice are intraperitoneally administered tamoxifen, eYFP
expression is activated in MYH11-expressing cells. Despite trans-
differentiation, newly differentiated osteochondrogenic-like and
macrophage-like cells of VSMC origin will continue to express eYFP,
which enables tracing of pathogenic cells back to their SMC origin. Thus,
this model allows for evaluating the effects of therapies like miR-145
micelles that target VSMCs throughout their evolution and throughout
atherosclerosis disease progression [28,44].

Briefly, mice were given a high fat diet for two weeks to induce a
state of developing atherosclerosis and treated with miR-145 micelles,
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non-targeting scrambled MCP-1 micelles with miR-145 (NT miR-145
micelles), MCP-1 micelles with non-therapeutic miR-67 (miR-67 mi-
celles), free miR-145 at 1 mg/kg miR, atorvastatin (statin) at 3 mg/kg, or
PBS [26]. After one-month after treatment, miR-145 micelle-treated
mice were found to have the smallest plaque area within the aortic root
compared to all other treatments (miR-145 micelle: 1.5 + 0.6%, NT
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miR-145 micelle: 7.0 + 1.0%, miR-67 micelle: 4.6 + 1.9%, free
miR-145: 2.1 £+ 0.9%, statin 16.4 &+ 7.9%, PBS: 5.5 + 2.0%, p < 0.01 for
miR-145 micelle compared to PBS, Fig. 2A and B). However, the necrotic
core area for the miR-145 micelle group at this time point was not
significantly different compared to PBS treatment (Fig. 2C).
Additionally, the overall lesion area of the aortas, from the aortic
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root to the iliac arteries, were quantified using ORO en face staining. to other treatments, no statistically significant differences were found at

Although miR-145 micelle resulted in smaller total lesion area compared this time point (miR-145 micelle: 5.1 + 2.0%, NT miR-145 micelle: 7.6
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ment of a single dose of miR-145 micelles. 0.6%) and RUNX2+YFP + cells (10.8 + 0.3%) in the plaque with miR-
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Fig. 6. Cellular composition of early-stage atherosclerotic plaque two months after treatment with a single dose of miR-145 micelles. (A) Inmunohisto-
chemistry of aortic root plaques for eYFP (green), a-SMA, CD68, RUNX2 (red), and nuclei (blue). Red boxes on H&E images indicate zoomed in areas of the aortic
root (bottom). Quantification of cells expressing (B) a-SMA+/DAP], (C) a-SMA + YFP+/YFP+, (D) CD68+/DAPI, (E) CD68 + YFP+/YFP+, (F) RUNX2+/DAPI, and

(G) RUNX2+YFP+/YFP+. * indicates p < 0.05, **p < 0.01, ***p < 0.001.

145 micelle treatment compared to controls (PBS: 46.6 + 9.8% and 31.3
+ 4%, respectively, Fig. 3E, G). Collectively, miR-145 micelles increase
contractile SMC phenotype in plaques and reduce the overall presence of
VSMC-derived macrophage-like and osteogenic cells at one month post
single IV injection. The significant inhibition of plaque growth as seen in
the smaller lesion sizes of miR-145 micelle-treated mice as well as the
elevated miR-145 expression at the one-month time point suggest miR-
145 micelles have a longer duration of action than the nanoparticle
bioavailability in circulation (0.3 h half-life [26]).

3.2. Single dose miR-145 micelle effects on atherosclerosis after two
months

3.2.1. Therapeutic evaluation after two months

Encouraged by the results from the one-month time point, we
investigated even longer, sustained effects of miR-145 micelles in mice
and studied its effects at two months after a single dose treatment. In the
context of atherosclerosis therapies, hyperlipidemia drugs such as
atorvastatin, are prescribed as daily medications, or for the recently FDA
approved siRNA drug, inclisiran, every 3—6 months [45,46]. As shown in
Fig. 4, miR-145 micelle treatment resulted in smaller plaques and
reduced lesion area in the aortic root as compared to other treatment
groups even after two months post-administration of a single dose of
miR-145 micelles (miR-145 micelle: 6.7 + 4.8%, NT miR-145 micelle:
14.5 4 5.6%, miR-67 micelle: 16.9 & 0.7%, free miR-145: 10.8 & 5.0%,
statin: 10.7 + 3.6%, PBS: 14.6 + 4.5%, p < 0.05 compared to PBS,
Fig. 4A and B), which was validated by en face ORO staining (miR-145
micelle: 6.0 + 2.2%, NT miR-145 micelle: 7.3 + 0.7%, miR-67 micelle:
9.6 £+ 0.9%, free miR-145: 8.0 + 2.0%, statin: 8.2 + 1.3%, PBS: 10.2 +
1.8%, p < 0.05 compared to PBS, Fig. 4D and 5). Importantly, no sig-
nificant decreases in plaque area were observed for statin treatment
compared to the PBS control, indicating greater efficacy of miR-145
micelle compared to the clinical standard. No distinct trends were
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seen for the necrotic core area based on treatment groups, although the
necrotic core areas were smaller at this later time point for all treatment
compared to the 1 month (1-month: 32.1 + 22.3% vs 2-months: 30.4 +
13.3%). This may be because advanced plaques are characterized by
necrotic cores consisting of fibrosis and calcification, which have been
reported to condense plaques and result in smaller lipid area [47].

Notably, when miR-145 expression in the aortic root was analyzed,
miR-145 micelle treatment maintained a 1.3-fold increase in miR-145
expression compared to PBS treatment even after 2 months post-
treatment. Our previous studies show that 90% of micelle constructs
are eliminated within 10 h to 7 days [26,36]. Other miRs, such as
miR-208 in rat hearts, have been shown to persist for weeks despite
cessation of miR production, and in other cases, transfected miRs within
fibroblasts show half-lives exceeding 100 h [48-51]. Thus, these studies
demonstrate that miR stability or its effects may be longer lasting
beyond its persistence in circulation [48]. Although it is unlikely that
miR-145 micelles remain in circulation, it is possible that miR-145 mi-
celles are retained within VSMCs due to their plaque-targeting capa-
bilities [26], and thus, the extended therapeutic effect of miR-145
micelles may be due to the continued presence of miR-145 within cells
and the long-lasting maintenance of contractile, healthy VSMC pheno-
type [26,36].

Additionally, endothelial cells and contractile VSMCs have been re-
ported to release miR-145-containing exosomes that can reinforce the
upregulation of miR-145 [52]. Thus, treatment of atherosclerosis with
miR-145 micelles may help sustain vascular homeostasis resulting in
healthy endothelial cells which in turn promote contractile VSMC
phenotype via miR-145 exosome signaling [53,54].Overall, miR-145
micelles show prolonged effects in significantly inhibiting atheroscle-
rosis progression which highlights their potential as a preventative
treatment for atherosclerosis and will warrant future investigations into
studying potential feedback mechanisms and cellular crosstalk within
the vascular wall that may contribute to their sustained therapeutic
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Fig. 7. Liver and cholesterol effects of miR-145 micelles. (A, D) miR-145 expression in the liver tissue determined via RT-qPCR for one month and two months
post treatment. Serum (B, E) HDL and (C, F) LDL levels in treated mice. * indicates p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

effects [17,25,53].

3.2.2. Cellular composition of atherosclerotic plaques after two months

Similar to the one-month post treatment evaluation, cellular
composition analyses were conducted to measure the effect of miR-145
micelles in VSMC phenotypic modulation two months after treatment.
The overall trends at the two-month time point were similar to the one-
month time point: miR-145 micelle treatment showed a larger propor-
tion of a-SMA + cells (miR-145 micelles: 50.0 4+ 20.1% vs PBS: 41.5 +
11.3% vs statins: 20.6 + 6.8%) and smaller proportion of CD68" (miR-
145 micelles: 32.6 + 6.9% vs PBS: 46.8 + 10.5% vs statins: 40.1 +
4.1%) and RUNX2+ cells (miR-145 micelles: 17.1 + 2.1% vs PBS: 36.6
+ 21.5% vs statins: 34.8 + 7.0%) in plaques compared to PBS control,
although not statistically significant (Fig. 6A). However, there were
notable differences in the ratio of transformed VSMCs within plaques
cells. The miR-145 micelle treatment showed the highest ratio of a-SMA
+ YFP + cells (48.8 + 0.9%), lowest ratio of CD68 + YFP+ (14.5 +
1.4%) and RUNX2+YFP + cells (12.5 + 3.4%) compared to other
treatment controls and PBS (22.5 + 7.8%, p < 0.05; 41.7 + 6.9%, p <
0.001; and 36.8 + 12.0%, p < 0.05, respectively). Thus, miR-145 mi-
celles continue to maintain the contractile VSMC phenotype, while
inhibiting transdifferentation of VSMCs into inflammatory macrophages
or calcium-producing osteochondrogenic cells.

At both timepoints, the overall percentage of a-SMA + cells did not
change within the plaque and a-SMA + YFP + cells remained high and
unchanged with miR-145 micelle treatment. Similarly, the ratio of
RUNX2+ cells and RUNX2+YFP + cells were lowest with miR-145
micelle treatment. Notably, the percentage of CD68 + YFP +
decreased with miR-145 micelle treatment compared at two months,
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despite an increase in the percentage of overall inflammatory CD68™
cells in the plaque. Based on these findings, we hypothesize that the
early treatment with miR-145 micelles inhibits VSMC dedifferentiation
and as a result, leads to sustained, downstream therapeutic conse-
quences by minimizing VSMC transformation, migration, and prolifer-
ation, and thereby, resulting in limiting lesion growth [18]. As such, the
results strongly support the viability of miR-145 micelles in mitigating
atherosclerosis with dose intervals that are practical for atherosclerosis
patients.

3.3. Effects of miR-145 micelles on liver and cholesterol

miR-145 micelles are primarily eliminated through the liver [26,55],
similar to the majority of nanoparticles and drug delivery systems that
have been developed. Thus, to analyze possible off-target effects, we
analyzed miR-145 expression in the liver after treatment. As expected,
miR-145 expression levels were higher in the liver upon miR-145
micelle treatment at both one month (9.5-fold increase compared to
PBS) and two months (1.4-fold increase compared to PBS) post treat-
ment (Fig. 7A, D). At the one-month timepoint, a 1.5-fold increase in
liver miR-145 was also observed with free miR-145 treatment. However,
histological analyses of the liver and other peripheral organ tissues with
H&E stains show no significant differences in tissue morphology be-
tween different treatment groups (Figs. 8 and 9) and previous studies
show no elevation in inflammatory cytokines [26]. This suggests that
there are minimal toxic off-target effects that lead to damaging of pe-
ripheral organs rising from miR-145 micelle treatment.

Additionally, we analyzed the effects of miR-145 on cholesterol
production and the reverse cholesterol transport system as an alternative
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mechanism for lipid and necrotic core reduction in plaques, given miR-
145 micelles are cleared in the liver. While there were no significant
differences in serum HDL and LDL levels at one month post injection,
miR-145 micelle treatment showed a significant upregulation of HDL at
two months comparable to that of the statin treatment group (Fig. 7).
HDL is involved in the reverse cholesterol transport system and is
responsible for removing excess cholesterol from tissues and vessel walls
through the liver, and it is possible that miR-145 is increasing macro-
phage cholesterol efflux of HDL [56,57], thus, providing an additional
anti-atherogenic benefit [58-62]. However, additional studies are
needed to determine the effects of miR-145 micelles on HDL biogenesis,
function, circulation, and catabolism.

4. Conclusions
In summary, miR-145 micelles show anti-atherogenic effects lasting

up to two months post single dose treatment, without causing toxicity.
Specifically, miR-145 micelles maintained the healthy VSMC phenotype
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and inhibited transition of VSMCs into alternative pathogenic cells such
as macrophage-like and osteogenic cells. Furthermore, we show that
miR-145 micelles can target the liver and play a role in reverse choles-
terol transport through the elevation of HDL. As such, we demonstrate
that miR-145 micelles have strong potential as a therapy for athero-
sclerosis, are more efficacious than the clinical standard statin treat-
ment, and can be practically implemented with long dosing intervals for
patients with chronic disease.
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