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Abstract

Atherosclerotic plaques exhibit high deposition of cholesterol and macrophages. These are not
only the main components of the plaques but also key inflammation-triggering sources. However,
no existing therapeutics can achieve effective removal of both components within the plaques.
Here, we report cargo-switching nanoparticles (CSNP) that are physicochemically designed

to bind to cholesterol and release anti-inflammatory drug in the plaque microenvironment.

CSNP have a core—shell structure with a core composed of an inclusion complex of methyl-5-
cyclodextrin (cyclodextrin) and simvastatin (statin), and a shell of phospholipids. Upon interaction
with cholesterol, which has higher affinity to cyclodextrin than statin, CSNP release statin

Corresponding Author: Ji-Ho Park — Department of Bio and Brain Engineering and KAIST Institute for Health Science and
Technology, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic of Korea; jihopark@kaist.ac.kr.
Author Contributions

H.K. and J.-H.P. conceived and designed the research. H.K. and S.K. carried out the experiments. H.K., S.K., D.-W.K., H.J., and
J.-H.P. analyzed the data. H.K. and J.-H.P. wrote the manuscript.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsnano.9b08216.

Competitive binding and cargo-switching assay using size exclusion chromatography; CC-mediated disruption of DOPC-based
liposomal membrane at 37 °C; preparation and physiochemical properties of CSNP; FRET assay for demonstration of cargo-
switching; antiatherogenic effects of CSNP /i vitro; pharmacokinetics and plaque targeting of CSNP, cyclodextrin, and liposomal
statin; liver and spleen toxicity of CSNP after antiatherogenesis therapy; assessment of systemic side effects and plaque vulnerability
after CSNP treatment; change of HMG-CoA reductase (HMGCR) activity after CSNP treatment in wild-type mice (PDF)

Complete contact information is available at: https://pubs.acs.org/10.1021/acsnano.9b08216
The authors declare no competing financial interest.


https://pubs.acs.org/doi/10.1021/acsnano.9b08216
https://pubs.acs.org/doi/suppl/10.1021/acsnano.9b08216/suppl_file/nn9b08216_si_001.pdf
https://pubs.acs.org/10.1021/acsnano.9b08216

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 2

and scavenge cholesterol instead through cargo-switching. CSNP exhibit cholesterol-sensitive
multifaceted antiatherogenic functions attributed to statin release and cholesterol depletion in
vitro. In mouse models of atherosclerosis, systemically injected CSNP target atherosclerotic
plaques and reduce plaque content of cholesterol and macrophages, which synergistically leads to
effective prevention of atherogenesis and regression of established plaques. These findings suggest
that CSNP provide a therapeutic platform for interfacing with cholesterol-associated inflammatory
diseases such as atherosclerosis.
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Progression of atherosclerosis is deeply associated with the accumulation of cholesterol

and macrophages in the arterial wall, which results in the formation of cholesterol

crystals (CC) and foamy macrophages.1=* The presence of cholesterol crystals and foamy
macrophages induces inflammation and promotes further accumulation thereof within
plaques,>—8 establishing a vicious positive feedback loop. Therefore, effective removal of
both components within plaques would provide significant therapeutic benefits. The advance
in nanotechnology has provided chances to improve management of atherosclerosis via
efficient delivery of a drug to atherosclerotic plaques, overcoming biological barriers and
improving the therapeutic index of a drug.®-12 However, no existing drug delivery system
has yet to achieve effective intervention on the key inflammatory sources within plagues.

Statins are widely used as cholesterol-lowering drugs to prevent and manage cardiovascular
and coronary heart diseases.13 In addition, the cholesterol-independent or pleiotropic effects
of statins on atherosclerotic plaques, including anti-inflammatory and antithrombogenic
effects, endothelial function improvement, and plaque stabilization, have been recognized
in many studies.1415 Recently, the systemic injection of simvastatin using reconstituted
high-density lipoproteins has shown to be effective for reducing inflammation in plaques of
mice by inhibiting macrophage proliferation.16:17 Cyclodextrins are cyclic oligosaccharides
that can host small hydrophobic molecules in the inner hydrophobic cavity and form
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inclusion complexes,18 and can further self-assemble into nanoparticles.® In addition,
cyclodextrins preferentially retain hydrophobic molecules, thus enabling the switching of
cargo molecules depending on their affinity.20 Recently, 2-hydroxypropyl-A-cyclodextrin
treatment has shown to promote the removal of extracellular and intracellular CC in plaque
and reduce atherosclerotic plague size,2! but its high-dose administration required for the
antiatherogenic effect may cause severe hearing loss due to the death of cochlear hair
cells, 22 posing a therapeutic challenge. Nanoparticle-mediated delivery enables preferential
accumulation of multiple drugs in plaque via the disrupted endothelium and macrophage
uptake,23:24 thus allowing their therapeutic synergy with reduced side effects.

Herein, we describe the affinity-driven design of cargo-switching nanoparticles (CSNP)
that can leverage a cholesterol-rich microenvironment for plaque-targeted drug delivery
and scavenge cholesterol for its depletion. We show that potent antiatherogenic agents,
cyclodextrin and statin (indicating methyl-S-cyclodextrin and simvastatin in this study,
respectively), can form an inclusion complex via self-assembly and then be coated with
phospholipids and homogenized into nanoparticles (Figure 1A). We sought to demonstrate
that cargo-switching between statin within CSNP and cholesterol takes place based on
their physicochemical properties. In mouse models of atherosclerosis, CSNP effectively
accumulate within plaques and significantly reduce the content of plaque cholesterol
and macrophages though therapeutic synergy of cyclodextrin and statin, which leads to
prevention of atherogenesis and regression of established plaques.

RESULTS AND DISCUSSION

Affinity-Driven Cargo-Switching between Statin and Cholesterol.

First, we examined whether cyclodextrin can form inclusion complexes with statin or
cholesterol in a controlled manner, and can switch cargo molecules in the complex
depending on their affinity. When cyclodextrin was mixed with statin or cholesterol,
cyclodextrin—statin or cyclodextrin—cholesterol complexes were formed in an aqueous
solution, and their hydrodynamic size decreased as the molar ratio of cyclodextrin to

statin or cholesterol increased (Figure 1B). A 6:1 molar ratio of cyclodextrin to statin

or cholesterol was used in all subsequent experiments, as this allowed the formation

of submicron-sized complexes with minimal concentration of cyclodextrin that can be

eluted through a size exclusion column. The complex prepared at the 6:1 molar ratio was
easily separated from free statin or cholesterol that self-aggregated without interacting with
cyclodextrin (Figure S1A,B). Then we performed a competitive binding assay to examine
which molecule binds to cyclodextrin more preferentially. We found that the elution of
cholesterol was not significantly altered in the presence of statin, while that of statin was
markedly decreased in the presence of cholesterol (Figures 1C,D and S1C). When the total
eluted amount was measured, the amount of eluted statin was markedly decreased in contrast
to cholesterol, indicating that cholesterol binds competitively with cyclodextrin in place of
statin.2526 These observations reflect that the binding constant of methyl-A-cyclodextrin

for cholesterol (7800 + 110 M~1)27 is higher than that for simvastatin (1700 + 24 M~1).28
Having observed preferential binding of cyclodextrin to cholesterol, we investigated whether
statin preloaded in the complex can be replaced with cholesterol via a cargo-switching
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process. We prepared cyclodextrin—statin complexes and then incubated with cholesterol at
37 °C. After 1 h of incubation, the elution of statin was dominant, while cholesterol was
not eluted effectively (Figures 1E and S1D). However, after 6 h of incubation, the elution of
cholesterol increased significantly over time, while that of statin decreased, indicating that
the cargo in the complex was switched from preloaded statin to cholesterol. These results
suggest that the physicochemical properties of cyclodextrin to form an inclusion complex
with statin and to preferentially retain cholesterol by different binding constants can be
leveraged to confer a cargo-switching property to the complex.

Preparation of Cargo-Switching Nanoparticles.

Having verified that the cyclodextrin—statin complex can efficiently switch its cargo to
cholesterol, we formulated the cyclodextrin—statin complex into homogeneous and stable
nanoparticles for systemic injection. A liposomal formulation was exploited to prolong the
blood circulation of the cyclodextrin—statin complex and deliver the complex efficiently to
the target tissue.29 To optimize a liposomal coating layer that can facilitate cargo-switching
between inner cyclodextrin—statin complex and outer cholesterol, we prepared two kinds of
liposomal formulations encapsulating free cyclodextrin molecules composed of either 1,2-
dioleoyl-sr-glycero-3-phosphocholine (DOPC) with low phase transition temperature (-16.5
°C)30 or hydrogenated soy L-a-phosphatidylcholine (HSPC) with high phase transition
temperature (52.5 °C)3! that generated the lipid bilayer in the liquid crystalline or gel phase
at body temperature, respectively (Figure S2A). While both DOPC-based and HSPC-based
liposomes stably encapsulated free cyclodextrin at 37 °C, the addition of CC induced
significant loss of free cyclodextrin only in the DOPC-based liposomes (Figure S2B), which
implies that CC can disrupt liquid crystalline structure of DOPC-based liposomal membrane
at 37 °C. Consequently, a significant effect of the incorporated cyclodextrin on dissolution
of CC was observed in the DOPC-based liposomes, although both empty liposomes slightly
dissolved CC due to the function of lipid bilayer as cholesterol sink32:33 (Figure S2C).
These results suggest that the fluidic lipid coating layer can allow efficient interaction
between encapsulated cyclodextrin and external cholesterol. Therefore, for nanoparticle
formulation, the cyclodextrin—statin complex was coated with a lipid bilayer composed

of DOPC and 1,2-distearoyl-sr-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG) at the molar ratio of 95:5 and then homogenized through
nanoporous (100 nm) membrane extrusion. The molar ratio of total lipids to complexes

was optimized to stabilize the cyclodextrin—statin complexes with the minimum amount

of lipids (Figure S3A). In transmission electron microscopy, the nanocomplexes appeared
fairly spherical with a lipid coating layer (Figure 1F). The nanocomplexes were stable in the
presence of 10% serum at 37 °C over an incubation period of 72 h (Figure 1G). The mean
hydrodynamic size and surface charge measured using dynamic light scattering were 104 +
13 nm and —20 + 0.8 mV, respectively (Figure S3B,C). 1H NMR spectroscopy revealed that
the nanocomplex effectively incorporated cyclodextrin, statin, and lipid with a final molar
ratio of approximately 2:1:1.5 (Figure S3D). Importantly, size exclusion chromatography
showed that the nanocomplex maintained the pattern of cargo-switching observed by

the bare complex after lipid coating (Figure 1H). To further verify the cargo-switching
process, we employed a fluorescence resonance energy transfer (FRET) assay where
rhodaminylthioureido-conjugated cyclodextrin (RBITC-cyclodextrin) was incorporated into
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the lipid-coated nanocomplex as the FRET acceptor, and nitrobenzoxadiazole-conjugated
cholesterol (NBD-cholesterol) was used as the FRET donor (Figure S4A). When the
RBITC-cyclodextrin-incorporated nanocomplexes were incubated with CC containing 2%
NBD-cholesterol, the FRET efficiency increased over time (Figure S4B), demonstrating the
formation of a cyclodextrin—cholesterol inclusion complex. The pattern of FRET efficiency
was similar to that of the cholesterol elution observed in Figure 1H. Taken together, these
results suggest that cargo-switching in the lipid-coated nanocomplex can take place via
efficient interaction of the incorporated cyclodextrin—statin nanocomplex with external CC
through the fluidic lipid layer (Figure S4C). Thus, the hanocomplexes with cargo-switching
functions can be prepared through fluidity-based engineering of the surface coating; we
named these nanocomplexes cargo-switching nanoparticles (CSNP).

Cholesterol-Scavenging Functions In Vitro.

Next, we studied whether CSNP can bind to and dissolve cholesterol crystals /n vitro.
Confocal microscopic observations revealed that CSNP actively interacted with CC within 5
min at 37 °C (Figure 2A). For quantitative assessment of cholesterol dissolution, fluorescent
CC were incubated with CSNP at different cyclodextrin concentrations for 24 h at 37 °C

and then filtered out to quantify only dissolved fluorescent cholesterol. We found that CSNP
exhibited effective dose- and time-dependent dissolution of CC (Figure 2B and Figure S5A).
It was estimated that 6.5 mg of CSNP could dissolve around 0.2 mg of cholesterol crystals at
24 h post-treatment at 37 °C. Next, we examined whether CSNP can enter macrophages and
dissolve intracellular cholesterol crystals. Confocal microscopic observations indicated that
CSNP were actively taken up by CC-laden Raw 264.7 murine macrophages and colocalized
with intracellular CC (Figure 2C), showing that the negative surface charge of CSNP did not
hamper its cellular uptake.34 To evaluate the ability of CSNP to dissolve intracellular CC,
Raw 264.7 cells pretreated with fluorescent CC were treated with CSNP for 24 h. CSNP
treatment reduced intracellular CC and increased supernatant cholesterol significantly, which
was similar to cyclodextrin treatment (Figure 2D,E). These results suggest that CSNP can
scavenge both extracellular and intracellular cholesterol effectively via the incorporated
cyclodextrin as observed in the previous finding.2!

Cholesterol-Sensitive Anti-Inflammatory Functions In Vitro.

Considering that most of macrophages within advanced plaques exhibit a pro-inflammatory
phenotype,3° we evaluated whether CSNP can modulate inflammatory status in the activated
macrophages and exert antiproliferative effects on macrophages. For anti-inflammatory
study, Raw 264.7 cells pretreated with lipopolysaccharide (LPS) (and CC for inflammasome
activation) for 24 h were treated with either PBS, CSNP, free cyclodextrin, free statin, or
empty liposomes at the dose where the cell number was minimally affected36-37 (Figure
S5B,C). The secretion of MCP-1 and TNF-a was measured to assess anti-inflammatory
effects of CSNP and that of IL-14to assess their inhibitory effects on inflammasome
activation. The secretion of MCP-1 and TNF-a was reduced significantly in both CSNP

and statin treatments, and that of IL-14 was reduced in both CSNP and cyclodextrin
treatments (Figure 2F-H), indicating that CSNP effectively reduced pro-inflammatory status
in the activated macrophages via the released statin and inhibited cholesterol-mediated
inflammasome activation via the incorporated cyclodextrin. These results suggest that CSNP
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can exert anti-inflammatory effects of both statin and cyclodextrin. Next, to assess the
antiproliferative effects of CSNP, Raw 264.7 cells were treated with either PBS, CSNP,

free cyclodextrin, free statin, or empty liposomes. CSNP effectively inhibited macrophage
proliferation, which was similar to statin treatment (Figure S5D,E). At higher doses, we also
found that CSNP reduced macrophage viability in a dose-dependent manner (Figure 21).
These results suggest that CSNP can exert multiple anti-inflammatory functions attributed to
both cyclodextrin and statin.

Since we observed that the presence of cholesterol promotes the release of statin from
CSNP, we next studied whether intracellular cholesterol affects the onset of action of CSNP
within cells. Macrophages were pretreated with low-density lipoprotein (LDL) for 24 h

to induce the accumulation of cholesterol within cells3® (Figure S5F). When treated with
CSNP, they showed high colocalization with intracellular LDL (Figure 2J). At 1 day post-
treatment, CSNP significantly reduced the viability of LDL-laden macrophages compared
to unladen macrophages (Figure 2K). CSNP did not exhibit such effect on macrophages
activated with LPS (Figure 2L). These results indicate that the presence of intracellular
cholesterol renders macrophages susceptible to CSNP treatment by facilitating the release of
statin, although they are still functional without supplementary cholesterol feeding possibly
because they naturally go through lysosomal degradation (Figure S5G). Collectively, these
results suggest that the antiproliferative effect of CSNP can be amplified within cholesterol-
laden cells that are likely to disturb resolution of inflammation within plaques.

Pharmacokinetics, Biodistribution, and Antiatherogenic Functions In Vivo.

Next, we assessed the pharmacokinetics, biodistribution, and plaque accumulation of
CSNP to determine their potential for targeted drug delivery to atherosclerotic plaques /in
vivo. When intravenously injected, the blood half-life of CSNP in wild-type mice was
determined to be approximately 9 h (Figure 3A). It was significantly longer than that of
free cyclodextrin (39 min) (Figure S6A), which is similar to its reported half-life (31.2
min)39 and that of statin (2 h) reported by another group.4? These results suggest that
CSNP can significantly improve the pharmacokinetics of encapsulated drugs. To observe
the accumulation of CSNP in plaque and other organs, we used a partial carotid ligation
model that forms robust atherosclerosis in the left carotid artery (LCA) of ApoE ™~ mice
within 2 weeks.#142 CSNP were injected intravenously on days 8 and 11 after left carotid
ligation (Figure 3B). The mice were sacrificed 3 days after the last injection of CSNP

to analyze plaque targeting and biodistribution of CSNP. We found that CSNP mainly
accumulated in the liver, spleen, and LCA (Figure 3C), showing that CSNP can effectively
target atherosclerotic plaques via passive targeting through the disrupted endothelium of
the atherosclerotic plaques.?3 Plaque accumulation of CSNP was about 10-fold higher than
that of free cyclodextrin (Figure S6B,C). Dissected carotid artery images revealed that
CSNP accumulated specifically in the plaque lesions of LCA, while their accumulation was
negligible in the RCA (Figure 3D). Histological analysis revealed that CSNP effectively
colocalized with macrophages and cholesterol within plaques in the LCA (Figures 3E,F and
S6D,E). These results suggest that CSNP can effectively deliver the encapsulated drugs to
atherosclerotic plaques, especially to macrophages and cholesterol.
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Next, we investigated whether CSNP can exert therapeutic effects on macrophages

and cholesterol in the plaques. To assess antiproliferative effects of CSNP on plaque
macrophages, mice were treated with CSNP at day 8 and 11 after partial ligation surgery,
and the LCA were collected at day 14. Immunohistochemistry images of the LCA

sections revealed that CSNP treatment significantly inhibited proliferation of macrophages
in the treatment condition unaffecting plaque size (Figure 3G-I). Considering that the
antiproliferative effect of CSNP on macrophages was statin-dependent /n vitro (Figure
S5D,E) and cyclodextrin did not directly alter macrophage content in vivo,22 it is plausible
that statin within CSNP played a significant role in the reduction of plaque macrophages.
Then, to assess whether CSNP can dissolve out plaque cholesterol, mice were treated with
CSNP at the maximal single dose where the body weight was unaffected (30 mg/kg statin
and 200 mg/kg cyclodextrin, Figure S6F) at day 13 after partial ligation surgery and the
arteries were collected at day 14 (Figure 3J). The collected arteries were immediately
incubated in phosphate-buffered saline (PBS) for 24 h, and the cholesterol dissolved in

the PBS was quantified. Ex vivo plaque cholesterol dissolution assay revealed that CSNP
induced significant dissolution of cholesterol from the dissected plaques (Figure 3K).
Monotherapy with free cyclodextrin at a two-fold higher dose (400 mg/kg) did not induce
significant cholesterol dissolution presumably due to its poor pharmacokinetics and plaque
targeting efficacy. Monotherapy with free statin or liposomal statin with comparable plaque
targeting efficacy to CSNP (Figure S6G,H) at an equivalent dose (30 mg/kg) did not induce
significant cholesterol dissolution. These observations demonstrate that CSNP enabled the
incorporated cyclodextrin to play a crucial role in the dissolution of plaque cholesterol.
Overall, we observed that CSNP exert antiatherogenic functions of both cyclodextrin and
statin within plaques.

Atherogenesis Prevention by CSNP.

Having observed the antiatherogenic functions of CSNP within plaques, we assessed
whether CSNP can prevent atherogenesis in the ligation model. Since two injections of
CNSP at day 8 and 11 after ligation had no significant effect on plaque size (Figure 3G,H),
we initiated treatment earlier by injecting CSNP on days 2, 5, 8, and 11 after ligation
(Figure 4A). Interestingly, we found that the treatment regimen significantly inhibited

lesion formation (Figure 4B,C), plaque growth (Figure 4D,E), and macrophage content
(Figure 4F) within plaques. These results show that early treatment is required to prevent
atherogenesis in the ligation model that forms atherosclerosis rapidly within 2 weeks.41
However, monotherapy with free cyclodextrin, free statin, and liposomal statin did not
show such significant therapeutic effect. Plasma cholesterol level was not altered in all
groups (Figure 4G), which is consistent with pervious findings that statins are ineffective in
lowering plasma cholesterol level in mice.17:43 Therefore, these results indicate that CSNP
exerted local antiatherogenic effects within plaques independent of plasma cholesterol
lowering. All treatment groups showed no significant difference in body weight gain (Figure
4H) and enzymatic production by the liver (Figure S7B,C). Furthermore, multiple injections
of CSNP along the treatment plan did not affect the weight (Figure S7D,E), size (Figure
S7F,G), and histology (Figure S7H,I) of the liver and spleen, where CSNP were mainly
cleared.
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Atherosclerotic Plaque Regression by CSNP.

Next, we examined whether CSNP can regress existing atherosclerotic plaques in the
chronic high-fat diet (HFD) mouse model.#** At 12 weeks after HFD, a baseline group was
sacrificed. Treatment groups were divided into HFD and normal chow diet (NCD) groups

to assess the effect of diet on the therapeutic outcome by CSNP therapy, and each group
received intravenous injections of either PBS or CSNP twice a week for another 4 weeks
(Figure 5A). Mice in the NCD group exhibited significantly lower systemic cholesterol level
compared to those in the HFD group, and CSNP treatments did not change the cholesterol
level significantly in both groups (Figure 5B), which shows again that the plasma cholesterol
level is dependent on the type of diet, not CSNP treatment. In both HFD and NCD groups,
the lesion areas in the aortic root, aortic arch, and thoracic aorta in the CSNP-treated mice
were significantly smaller than those in the untreated mice (Figure 5C—F), showing the
notable therapeutic effect of CSNP regardless of systemic cholesterol level. These findings
have significant clinical implications because some patients who fail to lower systemic
cholesterol level with statins could still benefit from local anti-inflammation therapy using
nanotherapeutics such as CSNP. Importantly, when compared to baseline, mice in the

NCD group showed significant regression of established plaques after CSNP treatments,
particularly in the lesion areas of the aortic root and arch, while those in the HFD group
showed regression only in the lesion area of the aortic root. As CSNP does not directly
affect systemic cholesterol, it is plausible that the accumulation of cholesterol within plaques
and its pro-inflammatory functions reduced the anti-inflammatory functions of CSNP in

the HFD group. These results show that plaque-targeted anti-inflammation therapy using
CSNP can synergistically contribute to plaque regression with systemic cholesterol-lowering
regimen. CSNP treatment on advanced atherosclerosis did not affect body weight and liver
toxicity (Figure S8A-C), and plaque vulnerability (Figure S8D,E). Overall, these results
suggest that CSNP have great potential for the treatment of cholesterol-rich atherosclerotic
plaques at least in mice.

Hepatic Responses.

Clinically, statins inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
in the liver after oral administration, which in turn increases the expression of LDL
receptors and reduces blood cholesterol level. However, orally taken statins are reported
to be ineffective in lowering the blood cholesterol level in mice.*3 Similar to the previous
findings,16:17 we also observed that intravenous injection of CSNP at a statin dose of

15 mg/kg did not induce significant cholesterol-lowering effects in mice, by which we
attributed the effective prevention and regression of atherosclerosis to the local effects

of CSNP within the plague. However, since it has been previously known that orally
administered statins increase HMG-CoA reductase activity in humans, rats, and mice
regardless of changes in the systemic cholesterol level, %48 we investigated whether the
CSNP accumulated in the liver after systemic administration affects the activity of HMG-
CoA reductase. Wild-type mice were injected intravenously with CSNP every 3 days (a
total of four times). At 3 days after the last injection, the livers were harvested, and the
HMG-CoA reductase activity was measured. CSNP treatment exhibited ~10-fold increase
in the HMG-CoA reductase activity in the liver (Figure S9), indicating that systemically
administered CSNP can induce hepatic responses similar to orally administered statin. These
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results indicate that, although ineffective in mice, CSNP may have the potential to lower
systemic cholesterol level in humans, which can be synergistically combined with their local
therapeutic effects in the plaque for effective treatment of atherosclerosis.

CONCLUSIONS

Therapeutic nanomedicine can be engineered to exploit various microenvironmental factors
of a disease such as pH, temperature, reduction/oxidation status, and enzymes to improve
disease-specificity and therapeutic efficacy.4%20 Thus, far, no drug delivery system has

been developed to exploit a cholesterol-rich microenvironment for effective treatment of a
disease. Furthermore, while these disease-associated abnormal microenvironmental factors
were exploited simply to stimulate the function of the accumulated nanomedicine, few
attempts have been made to normalize the abnormal microenvironment simultaneously. In
this study, we described an affinity-driven design of CSNP, formed by the self-assembly

of cyclodextrin and a hydrophobic drug, that can effectively exploit the cholesterol-rich
microenvironment for the treatment of atherosclerosis. CSNP were physicochemically
designed to release low-affinity hydrophobic drug in the cholesterol-rich atherosclerotic
microenvironment and scavenge high-affinity cholesterol within the microenvironment. The
inherent capacity of CSNP to scavenge and deplete plaque cholesterol in the process of drug
release led to superior antiatherogenic efficacy in mouse models of atherosclerosis compared
to conventional drug delivery system using liposomes. Although it has been reported that
local delivery of statin resolves inflammation and reduces plaque content, 1617 our affinity-
driven design of CSNP enabled not only local delivery of statin but also depletion of
cholesterol within plaques, which significantly improved atherosclerosis management.

There are various types of cyclodextrins and statins that can form cyclodextrin—statin
complexes depending on their physicochemical properties. However, to use the complexes
for combination therapy, cyclodextrin and statin should form the complexes at a proper
complexation ratio so they can be injected at a dose where both drugs can exert therapeutic
effect. In this study, we chose simvastatin among various statins because its excellent

local anti-inflammatory effects within plaques has been thoroughly studied.18:17 Although 2-
hydroxypropyl--cyclodextrin has previously shown to induce regression of atherosclerosis
in mice*! and rabbit,51 it requires very high-dose administration. Given that the therapeutic
dose of simvastatin (0.036 mmol/kg)'’ is much lower than that of 2-hydroxypropyl-3-
cyclodextrin (1.3 mmol/kg) in mice,?! we assumed that their binding stoichiometry (1:1

or 1:2)52 would make it hard to prepare CSNP formulation for effective combination
therapy. Therefore, we chose methyl-8-cyclodextrin because it exhibits superior efficacy

to 2-hydroxypropyl-g-cyclodextrin in dissolving cholesterol and inducing cholesterol efflux
from cells.33:53:54 Consequently, CSNP composed of methyl-A-cyclodextrin and simvastatin
exerted significant combination therapeutic effects for effective atherosclerosis therapy.

Other than atherosclerosis, there are various diseases associated with defective cholesterol
transportation such as NPC1°° and multiple sclerosis,?® wherein cyclodextrin treatment and
facilitation of cholesterol transport showed significant therapeutic efficacy. However, the
unfavorable pharmacokinetics of cyclodextrin requires high-dose administration to exert
therapeutic effects and expose subjects to dose-limiting side effects such as hearing loss,22
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posing a therapeutic challenge. Nanoparticle formulations of cyclodextrin such as CSNP
will help reduce the adverse effects because they can be incorporated together with other
potent drugs and engineered to confer tissue-selectivity by conjugation with active-targeting
moieties.®23 Thus, we believe that CSNP provide a therapeutic platform for interfacing with
complex diseases featured by cholesterol-rich microenvironment.

METHODS

Preparation and Characterization of Cyclodextrin Inclusion Complexes.

Different amounts of cyclodextrin (methyl-g-cyclodextrin; Sigma-Aldrich, St. Louis, MO)
were dissolved in 1 mL of ethanol containing either cholesterol (5 mM; Avanti Polar
Lipids, Alabaster, AL) or statin (simvastatin; 5 mM; Sigma-Aldrich, St. Louis, MO)

to obtain final cyclodextrin concentrations of 0, 5, 15, 30, and 50 mM. The solutions

were dried completely, rehydrated using 1 mL of phosphate buffered saline (PBS), and
sonicated until complexes were formed. The size of the aggregates was measured using
dynamic light scattering (Zetasizer Nano ZS90; Malvern Instruments, Malvern, UK). To
determine whether interaction with cyclodextrin allows the elution of cholesterol and
statin through a PD-10 desalting column (GE Healthcare, Little Chalfont, UK), solutions
of 100 4L of ethanol containing cholesterol [5 mM, containing 2% nitrobenzoxadiazole
(NBD)—cholesterol], statin (5 mM), cholesterol (5 mM, containing 2% NBD-cholesterol)
+ cyclodextrin (30 mM; Sigma-Aldrich), and statin (5 mM) + cyclodextrin (30 mM) were
prepared. Each solution was dried completely, rehydrated using 1 mL of PBS, and sonicated
until complexes or aggregates were formed. Then 200 £L of each solution was eluted
through the PD-10 column. The eluate was collected in 96-well plates, and elution profiles
were obtained by measuring the amounts of cholesterol and statin in the eluted samples.
Quantification of cholesterol and statin was performed by measuring the fluorescence of
NBD-cholesterol (excitation 480 nm/emission 530 nm) using SpectraMax Gemini XPS
Microplate Reader (Molecular Devices, San Jose, CA) and absorbance of statin (240

nm) using SpectraMax Spectra Max plus 384 Microplate Spectrophotometer (Molecular
Devices), respectively.

Competitive Binding Assay.

A solution of 100 yL of ethanol containing cholesterol (5 mM, containing 2% NBD-
cholesterol), statin (5 mM), and cyclodextrin (30 mM) was prepared. The solution was

dried completely and then rehydrated using 1 mL of PBS to allow formation of cyclodextrin
inclusion complex with either cholesterol or statin. Then 200 £L of the solution was eluted
through the PD-10 column, the eluate containing solubilized cholesterol, and statin was
collected in 96-well plates, and elution profiles were obtained by measuring the amounts of
cholesterol and statin in each well. Quantification of cholesterol and statin was performed by
measuring the fluorescence of NBD-cholesterol (excitation 480 nm/emission 530 nm) and
absorbance of statin (240 nm), respectively.

Cargo-Switching Assay.

To form cyclodextrin—statin inclusion complexes, 100 1 of ethanol containing statin (5
mM) and cyclodextrin (30 mM) was prepared. The solution was dried completely and
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then rehydrated using 1 mL of PBS. Cholesterol aggregates (5 mM, containing 2% NBD-
cholesterol) were formed as described above and then added to the cyclodextrin—statin
complex. The mixture was incubated for 1, 6, and 12 h at 37 °C to allow interaction and then
eluted using the PD-10 column. The eluate containing solubilized cholesterol and statin was
collected in 96-well plates, and elution profiles were obtained by measuring the amounts of
cholesterol and statin in each well. Quantification of cholesterol and statin was performed by
measuring the fluorescence of NBD-cholesterol (excitation 480 nm/emission 530 nm) and
absorbance of statin (240 nm), respectively.

Preparation and Characterization of CSNP.

Cyclodextrin and statin were dissolved in ethanol and mixed to achieve final concentrations
of 30 mM and 5 mM, respectively. The solution was stirred gently for 30 min,

dried completely under a vacuum for 1 h, and then rehydrated using 1 mL of

PBS to obtain cyclodextrin—statin complexes. To coat cyclodextrin—statin complexes

with phospholipids, a lipid film consisting of 1,2-dioleoyl-srglycero-3-phosphocholine
(DOPC; Avanti Polar Lipids) and 1,2-distearoyl-sr-glycero-3-phosphoethanolamine- A+
[methoxy(polyethylene glycol)-2000] (DSPE-PEG; Avanti Polar Lipids) at a molar ratio

of 95:5 was prepared. To optimize the amount of phospholipid for a coating, lipid films
prepared at different phospholipid concentrations (0.5, 1, 2, or 4 mM) were hydrated with
cyclodextrin—statin complex solution containing 6 mM cyclodextrin and 1 mM statin, and
the hydrodynamic size of phospholipid-coated cyclodextrin—statin complexes was monitored
in PBS. A minimal amount of phospholipids that could prevent a size increase was

used for CSNP. After hydration, phospholipid-coated cyclodextrin—statin complexes were
extruded through a 100 nm polycarbonate membrane (Whatman) at room temperature

and then eluted through the PD-10 column to remove free statin and cyclodextrin. The
hydrodynamic size and zeta potential of CSNP were measured using dynamic light
scattering (Zetasizer Nano ZS90). Amicon ultracentrifugal filters (Milipore) were used to
obtain concentrated CSNP for mouse experiments. For preparation of fluorescent CSNP, 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine- A-(lissamine rhodamine B sulfonyl) (Avanti
Polar Lipids) or lipophilic 1,1’-dioctadecyl-3,3,3",3’-tetramethylindotricarbocyanine iodide
(DiR; Invitrogen) was added to the lipid film (3 mol % of total phospholipids). For a statin
release and cholesterol dissolution assay of CSNP, the cholesterol aggregates and CSNP
were incubated for 1, 6, and 12 h at 37 °C and then eluted using the PD-10 column. The
eluate containing solubilized cholesterol and statin was collected in 96-well plates, and
elution profiles were obtained by measuring the amounts of cholesterol and statin in each
well. For assessment of serum stability, fetal bovine serum was diluted in PBS to obtain 10%
serum. CSNP were then incubated with either PBS or 10% serum, and hydrodynamic sizes
were measured at 0, 24, 48, and 72 h.

1H NMR Analysis of CSNP.

1H NMR spectra of cyclodextrin, statin, phospholipids, and CSNP were obtained using a
Bruker Wide-Bore Avance 300 MHz spectrometer (AV300; Bruker, Rheinstetten, Germany).
Acquisition of the spectra was carried out using TOPSPIN 2.0 software (Bruker). The
acquired 1H NMR spectra were processed with Mnova software (Mestrelab Research) for
phase, baseline correction, and quantification.
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Transmission Electron Microscopy.

Aliquots of 10 gL of CSNP (0.5 mM lipid) were deposited on Formvar carbon-coated

EM grids (Ted Pella, Inc., Redding, CA) for 20 min until dry. The CSNP-coated grids

were washed twice with PBS. The grids were then transferred to a 50-zL drop of 1%
glutaraldehyde for 5 min before transferring to a 100-4L drops of distilled water for 2 min.
This fixation procedure was repeated seven times for a total of eight water washes. The grids
were kept wet on the side of the membrane during all steps but dry on the opposite side. For
negative staining, the grids were transferred to a 50-4L drops of 2% PTA solution for 2 min,
and excess solution was removed with filter paper and then dried. Transmission electron
microscopic images were obtained using a JEM-2100F HRTEM operating at 200 kV (JEOL,
Tokyo, Japan).

FRET Measurement.

To prepare CSNP incorporating 6-deoxy-6-[(5/6)-rhodaminylthioureido]-g-cyclodextrin
(RBITC-cyclodextrin, Cyclolab), cyclodextrin, RBITC-cyclodextrin, and statin were used
at a molar ratio of 28.5 mM, 1.5 mM, and 5 mM, respectively. Cholesterol aggregates (5
mM, containing 2% NBD-cholesterol) were formed as described above and then added to
CSNP solution. The mixture was incubated for 1, 6, and 12 h at 37 °C to allow interaction.
FRET efficiency indicates the fluorescence intensity of RBITC (600 nm) normalized to that
of NBD (530 nm) upon excitation at 480 nm. For comparison with bare cyclodextrin—statin
complex, the complex solution containing the same concentration of cyclodextrin was used.

Preparation of Cholesterol Crystals.

Ethanol containing cholesterol (2 mg/mL; Avanti Polar Lipids) was prepared. Crystallization
was induced by addition of distilled water (30% v/v) to the cholesterol solution and drying
the solution completely under a vacuum. The cholesterol crystals (CC) were resuspended in
PBS and sonicated for size control. For fluorescent CC, 25-NBD cholesterol (Avanti Polar
Lipids) was dissolved together with cholesterol in ethanol at a molar ratio of 1:50.

Preparation of Liposomes.
1,2-Dioleoyl-sm-glycero-3-phosphocholine (DOPC; Avanti Polar Lipids) or L-a-
phosphatidylcholine, hydrogenated (Soy) (HSPC; Avanti Polar Lipids) and 1,2-distearoyl-
sr-glycero-3-phosphoethanolamine- A-[methoxy(polyethylene glycol)-2000] (DSPE-PEG;
Avanti Polar Lipids) at a molar ratio of 95:5 were dissolved in chloroform and then
dried completely overnight. The lipid film was hydrated with PBS and extruded through
a 100 nm polycarbonate membrane. For liposomal cyclodextrin, 30 mM cyclodextrin or 400
UM 6-deoxy-6-[(5/6)-rhodaminylthioureido]-B-cyclodextrin (RBITC-cyclodextrin, Cyclolab)
in PBS was used for hydration and free cyclodextrin was removed by size exclusion
chromatography. The hydrodynamic size and zeta potential of liposomes were measured
using dynamic light scattering.

Cholesterol Crystal Binding and Dissolution.

For binding assay, NBD-labeled CC (50 ¢M in PBS) were incubated with lissamine
rhodamine B-labeled CSNP (50 ¢M cyclodextrin) for 5 min at room temperature. Then
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100 4L of the solution was dropped onto a microscope slide, covered with a coverslip,

and imaged under a 60x objective lens on a confocal microscope (Nikon, Tokyo, Japan).

For CC dissolution assay, CSNP, cyclodextrin, or cyclodextrin+liposomes were incubated
with NBD-labeled CC (500 4M in PBS) at different cyclodextrin concentrations (0, 0.1,

0.5, 1, and 3 mM) for 24 h at 37 °C. The mixtures were then filtrated through 0.22-m
syringe filters and the fluorescence of the filtrates was measured. Bright-field images
showing complete dissolution of CC 24 h after CSNP treatment were obtained using a

10x objective lens. To study time-dependent CC dissolution, CSNP (3 mM) were incubated
with NBD-labeled CC (500 xM in PBS) for 0, 2, 6, 12, and 24 h at 37 °C. To study
CC-mediated liposomal membrane disruption, DOPC or HSPC liposomes loaded with
RBITC-cyclodextrin (500 £M) were incubated with or without CC (500 M) for 24 h at

37 °C. The solution was centrifuged to remove CC, and then the liposomes were isolated
using Amicon centrifugal filters with 100 kDa MW cutoff (Millipore). The liposomes were
resuspended in PBS, and the RBITC fluorescence was measured for quantification. To study
CC dissolution with liposomal cyclodextrin, DOPC and HSPC liposomes (1 mM) loaded
with or without cyclodextrin were incubated with NBD-labeled CC (500 M) for 24 h at 37
°C. The mixtures were then filtrated through 0.22-xm syringe filters, and the fluorescence of
dissolved cholesterol in the filtrate was measured for quantification.

Raw264.7 and J774A.1 mouse macrophage cells (ATCC TIB-71 and ATCC TIB-67) were
maintained in Dulbecco’s modified Eagle’s medium (Hyclone, South Logan, UT). The
media were supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin—
streptomycin (Hyclone). All cells were cultured in tissue culture flasks in a humidified
incubator at 37 °C in an atmosphere of 95% air and 5% carbon dioxide.

In Vitro Cell Studies.

To observe cellular uptake of CSNP by Raw 264.7 and J774A.1 cells, the cells were seeded
in six-well plates for 24 h at a density of 5 x 10* cells per well. The cells were treated

with lissamine rhodamine B-labeled CSNP (100 4M statin) for 6 h and observed under a
60x objective lens on a Nikon confocal microscope (Nikon, Tokyo, Japan). Lysosomes were
stained with LysoTracker (Thermo Fisher Scientific, Waltham, MA). For an intracellular CC
dissolution assay, Raw 264.7 cells were seeded in 48-well plates for 24 h at a density of

2 x 10% cells per well. The cells were treated with NBD-CC (50 M) for 24 h. Cells were
washed thoroughly and then treated with CSNP (10 4#M cyclodextrin), cyclodextrin (10 @),
statin (5 M), and liposome (7.5 1M) for 24 h. The supernatant was collected, and then

200 2 of DMSO was added to lyse cells and dissolve intracellular NBD-cholesterol. The
fluorescence of NBD-cholesterol in the supernatant and lysed cell solutions was measured
using SpectraMax Gemini XPS Microplate Reader (excitation 480 nm/emission 530 nm). To
prepare low-density lipoproteins (LDL)-laden macrophages, Raw 264.7 cells were treated
with LDL (50 pg/mL, Catalog Number L35354; Thermo Fisher Scientific) for 24 h. To
observe lipid-droplet formation inside the cell, the LDL-laden macrophages were stained
with Oil Red O (Sigma-Aldrich). To observe cellular uptake of CSNP by LDL-laden
macrophages and its localization, Raw 264.7 cells were treated with Alexa Fluor 488 LDL
(50 tg/mL, Acetylated, Catalog Number L23380; Thermo Fisher Scientific) for 24 h and
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then treated with lissamine rhodamine B-labeled CSNP (100 4M statin) for 4 h and observed
by confocal microscopy utilizing 60x objective lens. To assess the effect of CSNP on cell
viability, Raw 264.7 and J774A.1 cells were seeded in 48-well plates for 24 h at a density

of 2 x 10% cells per well. To assess dose-dependent effects of CSNP on cell viability, each
cell line was treated with CSNP at different statin concentrations (1, 10, 50, and 100 M) for
48 h, and the cell viability was measured using MTT assay. To assess inhibitory effects of
CSNP on cell proliferation, Raw 264.7 cells were seeded in a six-well plate at a density of

2 x 105 cells per well. After 24 h, the cells were treated with CelltraceTM CFSE reagents
(Catalog Number C34554; Thermo fisher Scientific) at 5 zM for 20 min. The cells were
washed with fresh media and then treated with CSNP (10 /M cyclodextrin, 5 ¢M statin, 7.5
LM lipid), cyclodextrin (10 M), statin (5 4M), or lipid (7.5 1M) for 48 h. The percentage of
proliferating cells of the total treated cells was determined using flow cytometry. To assess
the effect of CSNP on the secretion of MCP-1 and TNF-a, Raw264.7 cells were treated
with LPS for 24 h and then with CSNP (10 ¢M cyclodextrin, 5 M statin, 7.5 4M lipid),
cyclodextrin (10 1), statin (5 ¢M), or lipid (7.5 ¢M) for 48 h. The concentration of MCP-1
and TNF-a in the supernatant was measured with ELISA by following the manufacturer’s
instructions. To assess the effect of CSNP on the inflammasome activation, Raw264.7 cells
were treated with LPS for 24 h and then with CC (50 M) for 24 h. The cells were then
treated with CSNP (10 4#M cyclodextrin, 5 ¢M statin, 7.5 ¢M lipid), cyclodextrin (10 ¢M),
statin (5 ¢M), or lipid (7.5 1M) for 48 h. The concentration of IL-14in the supernatant was
measured with ELISA by following the manufacturer’s instructions. To assess the effect of
CSNP on the viability of LDL-laden macrophages, the LDL-treated cells were treated with
CSNP (100 ¢M statin) for 24 h, and the cell viability was measured by MTT assay. To assess
the effect of CSNP on the viability of proinflammatory macrophage, Raw 264.7 cells were
treated with LPS (100 ng/mL; Sigma-Aldrich) for 24 h and then with CSNP (100 M statin)
for 24 h.

Animal Experiments.

Ten-week-old male ApoE ™~ mice were purchased from Jackson Laboratory (Bar Harbor,
ME). Seven-week old male wild-type C57/BL6 mice were purchased from Koatech
(Gyeonggi-do, South Korea). All animal procedures were approved by the Animal Care
and Use committees at Emory University and KAIST.

Pharmacokinetics.

For CSNP, aliquots of 200 /L of DiR-labeled CSNP (15 mg/kg statin) were injected into
wild-type mice via the tail vein. Retro-orbital bleeding to collect blood was performed at
six different time points after injection (0, 4, 8, 24, 48, and 72 h). For free cyclodextrin,

200 i of 30 M RBITC-cyclodextrin was injected, and blood was collected at six different
time points after injection (0, 2, 4, 8, 12, and 24 h). The fluorescence of blood samples

was measured, and the blood half-life was determined by fitting blood fluorescence to a
single-exponential equation for a one-compartment open pharmacokinetic model.

Partial Carotid Ligation Model.

Partial carotid ligation surgery was performed as described previously.4! After ligation
surgery, ApoE~'~ mice were fed with a Paigen’s high-fat diet (HFD, Catalog Number
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D12336; Research Diets, New Brunswick, NJ) containing 1.25% cholesterol, 16% fat, and
0.5% cholic acid for 2 weeks.

Biodistribution and Plaque Targeting.

In the LCA-ligation model, ApoE ™~ mice were injected intravenously with DiR-labeled
CSNP (100 mg/kg cyclodextrin and 15 mg/kg statin) every 3 days (total of 2 times) from 8
days after partial ligation surgery. At 3 days after the last injection, the mice were sacrificed
and their organs were harvested to analyze the biodistribution and plaque targeting. For
biodistribution analysis, CSNP accumulation in liver, spleen, heart, lung, kidney, left carotid
artery (LCA), and right carotid artery (RCA) were imaged and quantified using an NIR
fluorescent imaging system (LI-COR, Lincoln, NE). For the assessment of plaque delivery
efficacy of cyclodextrin, RBITC-cyclodextrin was incorporated into CSNP or dissolved

in PBS and then injected intravenously. For immunofluorescence staining, the left and

right carotid arteries were collected after CSNP treatment. The samples were fixed with
3.7% formaldehyde, embedded in Tissue-Tek optimal cutting temperature (OCT) compound
(Sakura Finetek, Alphen aan den Rijn, The Netherlands), frozen in liquid nitrogen, cut

into sections 10 um thick, and stored at =80 °C until use. For filipin staining, the sections
were washed with PBS and incubated with 50 pg/mL filipin (Sigma-Aldrich) for 30 min at
room temperature. They were then rinsed with PBS and mounted using aqueous mounting
medium. For CD68 staining, the sections were first treated with blocking solution (1% BSA,
5% goat serum, and 0.02% Tween) for 60 min at room temperature. They were incubated
with primary rat antimouse CD68 antibody (2 pg/mL in 10% normal goat serum, Catalog
Number 137001; Biolegend, San Diego, CA) overnight at 4 °C and then incubated with
secondary goat antirat 1gG (4 g/mL in 10% normal goat serum, Catalog Number 405416;
Biolegend) for 60 min at room temperature. The sections were washed with PBS and
counterstained with Hoechst 33342 (5 tg/mL in PBS; Thermo Fisher Scientific) for 2 min
at room temperature. After a final wash with PBS, the sections were mounted using aqueous
mounting medium.

Ex Vivo Plaque Cholesterol Dissolution.

To observe cholesterol dissolution within plaques after CSNP treatment in the LCA-ligation
model, ApoE~/~ mice were injected intravenously with CSNP (200 mg/kg cyclodextrin

and 30 mg/kg statin), liposomal statin (30 mg/kg statin), statin (30 mg/kg), cyclodextrin
(400 mg/kg), or PBS at 13 days after partial ligation surgery. Twenty-four hours after the
injection, the left carotid arteries were collected and put into PBS, respectively. The samples
were then incubated at 37 °C in the shaking incubator for 24 h. Dissolved cholesterol in the
PBS was measured using a cholesterol assay kit (Catalog Number A12216; Thermo Fisher
Scientific) in accordance with the instructions provided by the manufacturer.

Antiatherogenic Therapy In Vivo.

In the LCA-ligation model, ApoE~'~ mice were injected intravenously with CSNP (15
mg/kg statin and 100 mg/kg cyclodextrin), liposomal statin (15 mg/kg statin), statin (15
mg/kg), cyclodextrin (400 mg/kg), or PBS at 2, 5, 8, and 11 days after ligation. The mice
were maintained on the HFD throughout the 2-week treatment period and sacrificed for
analysis at 14 days after ligation.
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Plaque Regression Therapy In Vivo.

In the HFD-induced atherosclerosis model, ApoE~/~ mice were first fed the HFD for

12 weeks. Then a baseline group was sacrificed, and treatment groups were injected
intravenously with either CSNP (100 mg/kg cyclodextrin and 15 mg/kg statin) or PBS twice
a week for an additional 4 weeks. During treatment, the diet was either maintained with
HFD or switched to normal chow diet. The mice were sacrificed at 16 weeks for analysis.

Plaque Lesion Analysis.

For the LCA-ligation model, the carotid arteries were isolated from the ligated mice

after treatment. Left and right carotid arteries were photographed using a charge-coupled
device camera (Moticam 2500; Motic, Richmond, BC) attached to a dissection microscope
(EMZ-8TRD; Meiji Techno, Saitama, Japan) at 3x magnification, and the opaque area
covered by plaque and the total artery area were quantified using NIH ImageJ software.
For the HFD-induced advanced atherosclerosis model, aortic arch and thoracic aorta were
opened longitudinally and stained with Oil-Red-O. The stained aortic arch and thoracic
aorta were photographed using a charge-coupled device camera (Moticam 2500; Motic,
Richmond, BC) attached to a dissection microscope (EMZ-8TRD; Meiji Techno, Saitama,
Japan) at 3x magnification, and the red area covered by plaque and the total artery area were
quantified using NIH ImageJ software.

Histological Analysis of Plaque.

After treatment, the left and right carotid arteries in the partial carotid ligation model,

and the aortic roots in the HFD-induced advanced atherosclerosis model were collected,
respectively. The samples were fixed with 3.7% formaldehyde. Then they were embedded
in Tissue-Tek optimal cutting temperature (OCT) compound (Sakura Finetek), frozen in
liquid nitrogen, cut into sections 10 gm thick, and stored at =80 °C until use. For Oil-Red-O
staining, the sections were washed with distilled water and rinsed with 60% isopropanol
(Sigma-Aldrich). The sections were then stained with 0.3% Oil-Red-O solution for 15

min. Following staining, they were rinsed with isopropanol (60%) and counterstained with
hematoxylin (Sigma-Aldrich) for 2 min. After final washing with distilled water, the sections
were mounted using aqueous mounting medium. The aortic roots were imaged using a 4x
objective lens, and the carotid arteries were imaged using a 20x objective lens on light
microscope (Nikon). For the quantification of plaque sizes, at least three cross-section
images obtained from Oil-Red-O staining were used for each mouse. For the quantification
of plaque sizes in the aortic roots, frozen sections were serially collected when the three
leaflets of aortic valve were recognized on unstained sections. To visualize collagen in

the plaques, a picrosirius red stain kit (Catalog Number ab150681; Abcam) was used in
accordance with the instructions provide by the manufacturer. Necrotic areas were defined
as areas that were free of picrosirius red staining (unstained white areas, and yellowish and
debris-filled areas). A section in the middle was used for the staining. Photographs of the
stained specimens were digitized for data analysis using ImageJ.
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Histological Analysis of Liver and Spleen.

After antiatherogenic therapy, liver and spleen were collected, fixed with 3.7%
formaldehyde for 24 h, washed with PBS, and put into 30% sucrose solution until they sunk.
Then they were embedded in Tissue-Tek optimal cutting temperature (OCT) compound
(Sakura Finetek), frozen in the fridge, and cut into sections 10 xm thick. The sections were
stained with hematoxylin and eosin.

Blood Tests and Cholesterol Analysis.

Whole blood was collected using heparinized syringes when the mice were sacrificed after
treatment. Plasma lipids [total cholesterol, triglycerides, high-density lipoproteins (HDL),
and LDL] were analyzed using a CX7 biochemical analyzer (Beckman Coulter, Brea, CA).
Blood concentrations of alanine transaminase and aspartate transaminase were analyzed
using an AU480 chemistry analyzer (Beckman Coulter).

HMG-CoA Reductase Activity in Liver.

Wild-type mice were injected intravenously with PBS or CSNP (15 mg/kg statin, 100
mg/kg cyclodextrin) every 3 days (total of four times). On day 3 after the last injection,

the mice were sacrificed, and the livers were immediately harvested, weighed, and placed

in PBS at 4 °C. The livers were then homogenized in ice-cold solution containing 0.3 M
sucrose, 10 mM B-mercaptoethanol, and 10 mM sodium EDTA, pH 7.4, for 2 min using

a TissueLyserll at 20-30 Hz (QIAGEN, Hilden, Germany). Homogenization was repeated
until no tissue debris was visible. At each time of operation, tubes were rearranged to
ensure uniform homogenization. After homogenization, cell debris and mitochondria were
removed by centrifugation for 15 min at 12 000 x g. The supernatant was centrifuged again
under the same conditions. To remove soluble enzymes and concentrate microsomes, the
resulting supernatant was transferred to Amicon centrifugal filters with 100 kDa MW cutoff
(Millipore) and centrifuged for 30 min at 5000 x gat 4 °C. Centrifugation was performed
three times, and the final buffer was changed to a solution containing 0.3 M sucrose, 10
mM B-mercaptoethanol, 10 mM sodium EDTA, and 10 mM dithiothreitol. After isolation of
microsomes, BCA assay was performed to measure protein concentration, and the sample
concentration was adjusted to 5 mg/mL. HMG-CoA reductase activity in the sample was
measured using an HMG-CoA Reductase Assay Kit (Sigma) following the manufacturer’s
protocols.

Statistical Analysis.

Data are presented as mean + s.e.m. The significance of differences was calculated using

the paired two-tailed Student’s ftest or one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison post hoc test with GraphPad Prism 7.0 (GraphPad Software,
San Diego, CA). In all analyses, £< 0.05 was taken to indicate statistical significance
(*P<0.05, **P<0.01, ***P< 0.001). No statistical methods were used to predetermine
sample size for animal or other experiments. For /n vivo therapy studies, more than five mice
were assigned randomly to each group. All experiments were repeated at least twice and
representative data are reported.
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Figure 1.
Preparation and physicochemical properties of cargo-switching nanoparticles (CSNP).

(A) Schematic of CSNP preparation and cargo-switching. (B) Hydrodynamic sizes of
cyclodextrin—statin (CD-ST) and cyclodextrin—-cholesterol (CD—-CHOL) complexes prepared
at different CD to ST/CHOL ratios. (C, D) Competitive binding of (C) CHOL and (D)

ST to CD. (E) Release of statin and dissolution of cholesterol by CD-ST complexes via
cargo-switching. (F) Representative transmission electron microscopic images of CSNP. The
scale bar indicates 200 nm. The inset shows a polymer coating layer on the surface of CSNP.
The scale bar in the inset indicates 20 nm. (G) Serum stability of CSNP. Hydrodynamic size
of CSNP incubated in PBS and PBS containing 10% serum at 37 °C was monitored over a
72-h period. (H) Cargo-switching property of CSNP. The results are representative of three
independent experiments. The results are representative of three independent experiments.
Data are means + s.e.m. [n7=5 for B; n=3 for C and D; n= 4 for G and H; NS, not
significant, ***P < 0.001, unpaired two-tailed Student’s ¢test for C and D].
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Figure2.
Multiple anti-inflammatory properties of CSNP /n vitro. (A) Representative confocal

microscopic images of CSNP binding to cholesterol crystals (CC). The scale bar indicates
50 um. (B) Dose-dependent CC dissolution with CSNP. Bright-field images show complete
dissolution of CC 24 h after CSNP treatment at 3 mM CD. (C) Representative confocal
microscopic images of CC-laden macrophages after CSNP treatment. The scale bar indicates
10 pm. (D, E) Assessment of cholesterol (D) within cells and (E) in the supernatant

after CSNP treatment. (F, G) Secretion of (F) MCP-1 and (G) TNF-a from the LPS-
activated macrophages after CSNP treatment. (H) Secretion of IL-18 from the CC-laden
LPS-activated macrophages after CSNP treatment. (I) Dose-dependent effects of CSNP

on macrophage viability. (J) Representative confocal microscopic images of LDL-laden
macrophage after CSNP treatment. The scale bar indicates 10 xm. (K) LDL-dependent
effects of CSNP on macrophage viability. (L) LPS-independent effects of CSNP on
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macrophage viability. The dotted circles indicate individual cells. Data are mean * s.e.m.
[n= 4 for B-E; n=5 for F-K; n=6 for L; NS, not significant, *~£< 0.01, **P < 0.005, ***P
< 0.001, unpaired two-tailed Student’s #test for K and L, compared with the PBS group for
D-H].
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Figure 3.

Characterization of CSNP /n vivo. (A) Pharmacokinetics of CSNP. (B) Schematic of
experimental plan for biodistribution and plaque targeting studies. (C) CSNP accumulation
in various organs. (D) Representative ex vivo bright-field and fluorescence images of the
dissected carotid artery. (E, F) Representative confocal fluorescence images of the LCA
sections after (E) macrophage and (F) cholesterol staining. Anti-CD68 antibody, Filipin, and
Hoechst were used to stain macrophage, cholesterol, and nucleus, respectively. The scale
bar indicates 100 4m. (G) Representative fluorescence images of the LCA sections showing
macrophage content and distribution in plaques. The dotted lines indicate plaque area. (H, I)
Quantification of (H) plaque area and (I) macrophage content in panel G. (J) Schematic of
experimental plan for ex vivo cholesterol dissolution assay. (K) Quantification of dissolved
cholesterol in the PBS. CSNP+ and CSNP- indicate intravenous injection of CSNP and
PBS, respectively. Data are mean + s.e.m. [n=5 for A; n=4for C,H,and I; n=10

for K; NS, not significant; **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s #test,
compared to CSNP- for H and I, and PBS for K].
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Figure 4.

Antiatherogenic effect of CSNP. (A) Schematic of experimental plan for antiatherogenic
therapy. Doses per injection were 15 mg/kg ST and 100 mg/kg CD for CSNP group, 400
mg/kg CD for CD group, and 15 mg/kg ST for ST and LP-ST groups. (B) Representative
bright field images of dissected carotid arteries. The arrows indicate where cross-sectional
images were obtained. (C) Quantification of lesion areas in panel B. (D) Representative
histological images of the LCA sections after Oil-Red-O staining. The scale bar indicates
200 1. (E) Quantification of plaque area in panel D. (F) Quantification of macrophage area
in the LCA sections after CD68 staining. (G) Plasma cholesterol level. (H) Body weight
during treatment. Data are mean = s.e.m. [7=5 (LP-ST) or 7 (PBS, CD, ST, and CSNP) for
C, E, F, and G; n=5 for H; NS, not significant; *£< 0.05, ***£ < 0.001, one-way ANOVA
and Tukey’s multiple comparison test].
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Figure5.

Rggression of atherosclerotic plaques using CSNP. (A) Schematic of experimental plan for
regression therapy of advanced atherosclerosis. Mice fed with HFD for 12 weeks (baseline)
were injected intravenously (black triangles) with PBS (CSNP-) or CSNP (CSNP+) twice
a week for 4 weeks, and the diet was either maintained (HFD group) or switched to a
normal chow-diet (NCD group). (B) Plasma cholesterol concentrations. Plasma cholesterol
concentrations were measured after 4 weeks of atherosclerosis regression therapy. (C)
Representative images of aortic root sections and en face aortic arch and thoracic aorta
after Oil-Red-O staining. The scale bar indicates 200 ¢ym. (D-F) Quantification of plaque
area in (D) aortic root, and lesion areas in (E) aortic arch and (F) thoracic aorta after
CSNP treatment. CSNP+ and CSNP- indicate intravenous injection of CSNP and PBS,
respectively. Data are means + s.e.m. [/7= 8 (baseline group) or 9 (other groups); NS, not
significant; *£< 0.05, **P< 0.01, and ***P < 0.001, unpaired two-tailed Student’s #test].
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