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Abstract

Atherosclerosis is an inflammatory disease linked to elevated blood cholesterol levels. Despite
ongoing advances in the prevention and treatment of atherosclerosis, cardiovascular disease
remains the leading cause of death worldwide. Continuous retention of apolipoprotein B-
containing lipoproteins in the subendothelial space causes a local overabundance of free
cholesterol. Since cholesterol accumulation and deposition of cholesterol crystals (CCs) triggers a
complex inflammatory response, we tested the efficacy of the cyclic oligosaccharide 2-
hydroxypropyl-p-cyclodextrin (CD), a compound that increases cholesterol solubility, in
preventing and reversing atherosclerosis. Here we show that CD treatment of murine
atherosclerosis reduced atherosclerotic plaque size and CC load, and promoted plaque regression
even with a continued cholesterol-rich diet. Mechanistically, CD increased oxysterol production in
both macrophages and human atherosclerotic plaques, and promoted liver X receptor (LXR)-
mediated transcriptional reprogramming to improve cholesterol efflux and exert anti-inflammatory
effects. /n vivo, this CD-mediated LXR agonism was required for the anti-atherosclerotic and anti-
inflammatory effects of CD as well as for augmented reverse cholesterol transport. Since CD
treatment in humans is safe and CD beneficially affects key mechanisms of atherogenesis, it may
therefore be used clinically to prevent or treat human atherosclerosis.

Introduction

Atherosclerosis is the underlying pathology that causes heart attack, stroke and peripheral
vascular disease. Collectively, these conditions represent a common health problem and
current treatments are insufficient to adequately reduce the risk of disease development.
Pharmacologic reduction (1-3) of high cholesterol levels is among the most successful
therapeutic approaches to reduce the risk of developing cardiovascular disease and stroke but
adequate reduction of low-density lipoprotein cholesterol is not possible in all patients.

Atherosclerosis is characterized by arterial wall remodeling which is initiated by the
retention and accumulation of different classes of lipids in the subendothelial layer. Lipid
deposition and the appearance of cholesterol crystals (CCs) has been associated with the
induction of an inflammatory reaction in the vessel wall, which contributes to the
pathogenesis (4, 5). Indeed, patients with increased systemic inflammation have increased
risk of cardiovascular death and studies are underway that test whether anti-inflammatory
treatment can reduce cardiovascular event rates (6).
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CCs which can result from excessive cholesterol deposition in atherosclerotic lesions, are
among the proinflammatory triggers that contribute to the inflammatory response during
atherogenesis (7). CCs can trigger complement activation, neutrophil net formation as well
as induction of innate immune pathways (4, 5, 8-10). Hence, therapeutic strategies aimed at
the prevention of cholesterol phase transition or the removal of CCs could reduce tissue
inflammation and disease progression.

Genetic approaches to increase the capacity of macrophages to remove free cholesterol from
atherosclerotic lesions have proven to be highly successful in preclinical trials (11). This
prompted us to test whether pharmacologically increasing cholesterol solubility, clearance
and catabolism can be exploited for the prevention or treatment of atherosclerosis. 2-
hydroxypropyl-p-cyclodextrin (CD) is an FDA-approved substance used to solubilize and
entrap numerous lipophilic pharmaceutical agents for therapeutic delivery in humans (12,
13). While it has previously been shown that CD increases cholesterol solubility, promotes
the removal of cholesterol from foam cells in vitro and initiates anti-inflammatory
mechanisms (14-16), it remains unknown whether CD can exert anti-atherogenic effects /in
vivo.

Here, we found that subcutaneous administration of CD profoundly reduced atherogenesis
and induced regression of established atherosclerosis. CD augmented cholesterol
metabolism from CCs leading to their reduced appearance in lesions. Furthermore, CD
increased cholesterol metabolism and liver X receptor (LXR)-dependent cellular
reprogramming, which resulted in more efficient reverse cholesterol transport (RCT) as well
as reduced pro-inflammatory gene expression. The atheroprotective effect of CD was
dependent on LXR expression in myeloid cells when transplanted in LDLR deficient mice.
These studies suggest that CD mediates atheroprotection via increased production of
oxysterols and LXR dependent cellular reprogramming and provide preclinical evidence that
CD could be developed into an effective therapy of atherosclerosis in humans.

Cyclodextrin treatment impairs atherogenesis

To investigate the efficacy of CD treatment in murine atherosclerosis, ApoE ™~ mice were
fed a cholesterol-rich diet and concomitantly treated subcutaneously with CD or vehicle
control for eight weeks. While plasma cholesterol, the main driver of atherosclerosis,
remained unaffected (Fig. 1A), CD treatment profoundly reduced atherosclerotic lesions
within the aortic root (Fig. 1B). Furthermore, we found reduced amounts of CCs in
atherosclerotic plaques of CD treated mice as assessed by laser reflection microscopy (Fig.
1C, D). CD did not influence weight gain, blood pressure, heart rate or the number of bone
marrow-derived or circulating scal/flk1 positive cells (Fig. SIA-E). Moreover, plasma
levels of phytosterols, cholestanol and cholesterol precursors were not influenced by CD
treatment, indirectly showing that CD did not alter cholesterol enteric uptake or overall
endogenous biosynthesis (Fig. S1F) (17). CD also did not change the relative plaque
composition, including cellularity and macrophage content (Fig. 1E, F). However,
production of aortic reactive oxygen species (Fig. 1G) and plasma levels of pro-
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inflammatory cytokines were reduced by CD treatment (Fig. 1H-J), suggesting that CD may
reduce the inflammatory response during atherogenesis.

Cyclodextrin treatment mediates regression of atherosclerotic plaques

Although continuous drug administration in parallel to Western diet feeding of mice is a
standard protocol to investigate potential atheroprotective substances (18), patients are
generally not treated in early stages of atherogenesis. Therefore, we tested the effect of CD
treatment on atherosclerosis regression. ApoE~'~ mice are hypercholesterolemic even under
normal or lipid-reduced chow, and thus most murine atherosclerotic regression models rely
on interventional strategies that normalize plasma lipids, such as viral gene transfer,
transplantation or infusion of high-density lipoprotein (HDL) particles (19). We adapted a
less invasive regression protocol (20), in which ApoE~'~ mice were first fed a cholesterol-
rich diet for eight weeks to induce advanced atherosclerotic lesions, and then switched to a
normal chow diet for another four weeks, during which CD or vehicle control was
administered (Fig. 2A). As expected, plasma cholesterol concentrations were decreased in
both groups compared to pretreatment, but no difference between control and CD treatment
was observed (Fig. 2B, Fig. S2A). While switching to a normal chow diet had no effect on
atherosclerotic lesion size in vehicle treated mice, CD treatment resulted in a regression of
atherosclerotic plaques by approximately 45% (Fig. 2C).

Although CC load in lesions was already decreased in vehicle treated animals compared to
pretreatment, CC amounts were further reduced by CD treatment (Fig. 2D). Because patients
with cardiovascular disease often do not adhere to the recommended lifestyle changes,
which include dietary modifications, we next investigated whether CD treatment can affect
atherosclerosis regression during continuous enteric cholesterol challenge. CD or vehicle
treatment was started after eight weeks of cholesterol-rich diet, which was continued for the
entire 12 weeks (Fig. 2E). While plasma cholesterol and general cholesterol metabolism
were not altered (Fig. 2F, Fig. S2B), atherosclerotic plaque size and CC load were decreased
in CD treated mice on continuous cholesterol-rich diet (Fig. 2G, H). These data demonstrate
that CD treatment is efficient in reducing established plaques.

Cyclodextrin dissolves extra- and intracellular cholesterol crystals

There are several possibilities to explain the protective effects of CD treatment on both
atherogenesis and established atherosclerosis. Since CD is known to form soluble inclusion
complexes with cholesterol, thereby enhancing its solubility in aqueous solutions by
approximately 150,000-fold, we tested whether CD increases the solubility of CCs. Indeed,
fluorescent CD bound to the surface of CCs (Fig. 3A, B) and CD mediated the solubilization
of CCs in a dose-dependent manner (Fig. 3C). To be effective in atherosclerotic plaques, CD
must also act on intracellular CCs. Indeed, macrophages rapidly internalized fluorescent CD
(Fig. 3D) and concentrated it in intracellular compartments (Fig. 3E). Furthermore,
incubation with 10 mM CD, a subtoxic dose (Fig. S3), enhanced the dissolution of
intracellular CCs over time (Fig. 3F, Fig. S4).
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Metabolism of crystal-derived cholesterol is increased by cyclodextrin

Macrophages within the arterial wall take up excessive amounts of cholesterol and transform
into foam cells, a process that can impair macrophage function and promote atherogenesis
(21). This can be mimicked /n vitro by loading macrophages with CCs (Fig. S5). After
uptake of CCs into phagosomes, cholesterol is moved from the lysosome via the Niemann-
Pick C1 (NPC1) transporter to the endoplasmic reticulum where acetyl-CoA
acetyltransferase catalyzes the formation of cholesteryl esters. This mechanism turns excess
free cholesterol, which forms crystals and is cytotoxic, into cholesteryl esters that can be
stored in lipid droplets. A second pathway to metabolize free cholesterol is the formation of
water-soluble oxysterols. Oxysterols can diffuse across cell membranes and are known to
reprogram macrophages via activation of LXR, which in turn modulates the inflammatory
response and supports RCT to HDL (22-24). To study how CD influences the ability of
macrophages to reduce the amount of cholesterol derived from CCs, we incubated
macrophages with CCs prepared from Dg-cholesterol (Dg-CCs) and followed Dg-cholesterol
metabolism products in cells and cellular supernatants by gas chromatography-mass
spectrometry selective ion monitoring (GC-MS-SIM) (Fig. 4A). This analysis revealed that
CD treatment promoted esterification of crystal-derived Dg-cholesterol (Fig. 4B).
Furthermore, CD amplified Dg-cholesterol concentrations in supernatants, while reducing
the overall cellular pool of Dg-cholesterol (Fig. 4C). Hence, CD treatment increased the
cholesterol efflux capacity of macrophages, which represents an important protective factor
in patients with coronary artery disease (25, 26). Active cholesterol transport is mediated
primarily by the ATP-binding cassette transporters Al and G1 (ABCAL and ABCG1), which
transfer free cholesterol to ApoAl and mature HDL particles, respectively (27). In line with
the observed increase in cholesterol efflux capacity, macrophages incubated with CCs had
increased expression of both ABCA1 and ABCGL1, which was even further enhanced by CD
treatment (Fig. 4D-F). Genes involved in driving cholesterol efflux, including Abcal and
Abcgl, are under control of the liver X receptor/ retinoid X receptor (LXR/RXR)
transcription apparatus (22, 28). Since the transcriptional activities of LXRs are positively
regulated by oxysterols, we next analyzed whether CD can potentiate cholesterol oxidation.
Indeed, we found that CD treatment of Dg-CCs loaded macrophages led to a dramatic 15-
fold increase of Dg-cholesterol-derived 27-hydroxycholesterol (Ds-27-hydroxycholesterol)
(Fig. 4G). Unexpectedly, CD also significantly increased 27-hydroxycholesterol production
and secretion from macrophages under normocholesterolemic conditions, meaning
macrophages not treated with Dg-CCs (Fig. 4H). Hence, CD leads to increased metabolism
of free cholesterol and could thereby lower the potential for its phase transition into crystals.

Cyclodextrin induces LXR target gene expression in macrophages

The drastic CD-mediated increase of oxysterol production upon Dg-CC loading and the
unanticipated finding that CD can increase oxysterols in normocholesterolemic macrophages
prompted us to comprehensively investigate whether CD influences the expression profiles
of LXR-regulated genes. Wild type (WT) or LXRa™"p~/~ macrophages were exposed to
CD, CC or CC and CD, and gene expression was assessed by genome-wide mRNA
profiling. To investigate whether CD changes LXR target gene expression in macrophages,
we performed gene set enrichment analysis (GSEA) (29) with a set of 533 of previously
identified LXR target genes (30) (Fig. 5A and Table S1). Enrichment of LXR target gene
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sets was identified when WT macrophages were incubated with CCs (Fig. 5B), presumably
due to cholesterol overloading of macrophages. Consistent with the strong induction of CC-
derived 27-hydroxycholesterol and the observed increase in cholesterol efflux by CD, LXR
target gene sets were enriched when CD was added together with CCs (Fig. 5B). CD
treatment alone also led to LXR gene set enrichment under normocholesterolemic
conditions, which correlates to the observed induction of cellular 27-hydroxycholesterol
(Fig. 4H). In LXRa™=B~/~ macrophages none of the conditions resulted in significant
enrichments of LXR target gene sets (Fig. 5C). Furthermore, these findings could be
confirmed for the key LXR target genes ABCA1 and ABCG1 in WT and LXRa™-p~/~
macrophages on mRNA and protein levels (Fig. 5D-F) (31).

Cyclodextrin increases in vivo reverse cholesterol transport

To test whether CD-induced LXR-reprogramming of macrophages improves macrophage
cholesterol efflux /n vivo, bone marrow-derived macrophages (BMDM) from WT or
LXRa™~B~/~ mice were loaded with Dg-CCs ex vivo and injected into the peritoneum of
WT mice. The mice carrying crystal-loaded macrophages were then treated with CD or
vehicle control and Dg-cholesterol excretion into the feces and urine was monitored by GC-
MS-SIM (Fig. 6A). CD increased RCT of crystal-derived Dg-cholesterol from WT, and to a
lower extent from LXRa™/~f~/~ macrophages (Fig. 6B). Of note, CD treatment not only
induced Dg-cholesterol excretion into the feces but also promoted urinary Dg-cholesterol
elimination (Fig. 6C), a process that is normally not observed during RCT. Prior work on
Niemann-Pick type C disease, a rare genetic disorder in which cholesterol cannot escape the
lysosome, has shown that CD can mobilize lysosomal cholesterol and activate LXR-
dependent gene expression (32, 33). NPC1-deficient patients receive weekly injections of
CD with the aim of overcoming this cholesterol transport defect (ClinicalTrial.gov
NCTO01747135). To investigate whether CD can also lead to urinary cholesterol excretion in
humans, we monitored urinary cholesterol excretion of patients with NPC1 mutations after
CD infusion over time. Indeed, CD, which is primarily excreted via the urinary tract, led to a
time-dependent cholesterol excretion into the urine (Fig. 6D). These data suggest that CD
enhances /n vivo RCT from macrophages, partially in an LXR-dependent manner, but can
also directly extract and transport cholesterol for excretion.

Cyclodextrin modifies human plaque cholesterol metabolism and gene expression

To test whether the protective functions of CD on murine macrophages are also exerted in
human atherosclerotic plaques, we next performed lipid and genomic analyses on biopsy
specimens obtained from carotid endarterectomies (Fig. 7A). Comparable to our findings in
murine macrophages, incubation of human atherosclerotic plaques with CD resulted in a
transfer of cholesterol from plaques to supernatants (Fig. 7B). Moreover, we observed an
increase in the production of 27-hydroxycholesterol, which was mainly released into the
supernatants of the CD treated plaques (Fig. 7C). Gene expression profiling of a large panel
of human immunology-related genes and selected LXR target genes was performed in
resting or treated plaque tissue. This gene expression data was analyzed using several
bioinformatics approaches. First, we performed gene ontology enrichment analysis (GOEA)
using the genes differentially regulated after treatment with CD or vehicle control.
Consistent with our lipid results, we found that genes involved in lipid transport, storage,
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metabolism and efflux were up-regulated upon CD exposure. Conversely, genes known to
regulate immune responses, represented by terms such as ‘regulation of immune responses
in lymphocytes’, ‘regulation of leukocyte mediated immunity’ or “interleukin response, T
cell and NK cell regulation” were down-regulated after CD treatment (Fig. 7D). Further
interrogation of the GOEA revealed that CD treatment of human plaques affected many key
genes in the GO term “regulation of inflammatory response” (GO:0050727). These included
innate immune receptors, such as TLRs 2, 3, 4, 7 and 9, the TLR adapter MyD88 as well as
the inflammasome sensor NLRP3 and the inflammasome-dependent pro-inflammatory
cytokines IL-1f and IL-18 (Fig. 7E). Since we observed that CD increased the endogenous
LXR agonist 27-hydroxycholesterol, we next analyzed whether CD regulates the expression
of LXR target genes in human atherosclerotic plaques. Indeed, GSEA revealed an
enrichment of LXR target genes after CD treatment when compared to control treated
plaques (Fig. 7F, Table S3). Additionally, many LXR target genes were found among the
most differentially regulated genes (Fig. 7G red or blue gene labels). Of note, the
inflammasome sensor NVLARP3and the inflammasome inhibitor HSP90AA1 (34) are both
LXR target genes (24) and CD treatment resulted in NLRP3 down-regulation and an up-
regulation of HSP90AAI when compared to control (Fig. 7H). Together these data show that
CD activates LXR dependent transcriptional programs in human plaques, influencing both
cholesterol transport and several inflammatory processes, which are known to be relevant to
the pathogenesis of atherosclerosis.

Atheroprotection by cyclodextrin is LXR dependent

We next tested whether the CD-mediated effects in isolated macrophages /n vitroor in ex
vivo treated human plaque material reflect the atheroprotective effects of CD in mice. As CD
treatment lowered the systemic levels of LXR-modulated cytokines (IL-1p, IL-6 and TNF-a)
(Fig. 1H-J) and also resulted in increased Abcal and Abcgl mRNA in the aortic arches of
ApoE~'~ mice fed a cholesterol-rich diet (Fig. $6) we determined whether CD-mediated
atheroprotection /n vivo requires LXR activation and cholesterol efflux via ABCAL and
ABCG1. We therefore transplanted WT, LXRa =B/~ or MAC-ABCPKO
(LysmCreAbcal™flAbcg1f/f) hone marrow into irradiated LDLR™/~ mice. After bone
marrow engraftment, the transplanted mice were fed a cholesterol-rich diet and were
concomitantly treated with CD or vehicle control for eight weeks. CD treatment did not
influence plasma cholesterol levels in the different transplant groups (Fig. 8A-C). The
lipoprotein profiles also remained unchanged except that CD treatment slightly decreased
the amount of HDL in LDLR™~ mice transplanted with MAC-ABCPKO hone marrow (Fig.
S7). LDLR™~ mice carrying WT bone marrow showed reduced atherosclerotic plagque size
demonstrating that CD is also effective in the LDLR™~ model of atherosclerosis (Fig. 8D).
Of note, CD treatment did not influence lesion development in LDLR ™~ mice carrying
LXRa B~ bone marrow, highlighting that LXR agonism is critical for CD-mediated
atheroprotection (Fig. 8E). In contrast, deficiency of ABCA1 and ABCGL1 in macrophages
did not influence the effectiveness of CD treatment (Fig. 8F), suggesting that CD can bypass
these cholesterol efflux pathways.

To better understand how CD-dependent LXR agonism can ameliorate atherosclerosis we
performed a genome-wide gene expression analysis from aortic tissue of LDLR ™~ mice
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transplanted with WT or LXRa™"B~/~ bone marrow. GOEA of differentially expressed
genes demonstrated that important pathways involved in atherogenesis including lipid
metabolism and inflammation were regulated by CD treatment in an LXR-dependent
manner (Fig. 8G). Similar to our studies on human plaques, LXR target genes were found
among the top differentially regulated genes upon CD treatment (Fig. 8H). Moreover, we
confirmed our observations in human plaques that CD promoted up-regulation of the
NLRP3 inhibitor Hsp90aal and down-regulation of NLRP3 inflammasome genes in an
LXR-dependent manner (Fig. 81). Together these data suggest that the CD-mediated
atheroprotection observed in murine atherosclerosis is dependent on LXR activation and that
CD exerts multiple anti-inflammatory effects in atherosclerotic plaques.

Discussion

In this study we tested the hypothesis that increasing the solubility of cholesterol by
pharmacological means can have beneficial effects on diet-induced atherosclerosis. The
large effect observed and the unexpected ability of CD to promote regression of established
atherosclerosis even under the extreme hypercholesterolemic conditions observed during a
cholesterol-rich diet cannot be explained by simple mass action of CD alone. The results
from the lipid and genomic discovery approaches combined with /n vivo studies utilizing
gene-deficient mice suggest that CD exerts its potent effect mainly by reprogramming cells
in atherosclerotic plaques. By increasing the amount of endogenous LXR ligands, CD acts
akin to a pro-drug except that it is not metabolized itself but rather promotes the metabolism
of its cargo cholesterol into pharmacologically active metabolites.

It appears that transitory changes in cholesterol metabolism and inflammatory pathways are
linked and that the activity of LXR is a key rheostat in this system. For example, innate
immune activation by microbial components or the acute phase response can suppress
expression of LXR target genes, such as ABCA1 and ABCG1, leading to cholesterol
retention, which can augment an inflammatory reaction in various ways (35, 36). Indeed, it
is conceivable that this type of innate immune amplification could be part of an
evolutionarily conserved antimicrobial defense mechanism (23). The resulting cholesterol
accumulation leads to an increase in LXR agonists, which in turn can counterbalance the
inflammatory response and increase cholesterol efflux leading to restoration of cholesterol
and immune homeostasis. However, due to the overabundance of pro-inflammatory dietary
factors and an excess of cholesterol, this balance may be shifted towards chronic
inflammation and cholesterol retention, which drive atherogenesis. By promoting cholesterol
solubility, enhancing LXR activity and mobilizing cholesterol efflux, CD could therefore
normalize both cholesterol and immune homeostasis in the vasculature.

The activity of CD on macrophages resembles that of the anti-atherogenic factor HDL. HDL
relieves cells from excess cholesterol via ABC transporters and, in addition, our recent work
shows that HDL can have dramatic anti-inflammatory effects on macrophages (37).
However, HDL does not activate LXR but leads to increased expression of Activating
Transcription Factor (ATF) 3, a key repressor of innate immune pathways (37). In contrast,
while CD has the ability to increase HDL-mediated RCT it can additionally mobilize
cholesterol for direct excretion into the urine and feces. These data suggest that CD can
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bypass ABCAL- and ABCG1-mediated active cholesterol efflux. Consistent with these
observations, our bone marrow transplantation studies indicate that the atheroprotective
effects of CD are independent of the active cholesterol efflux process mediated by ABCA1
and ABCGL. This is in line with our recent findings demonstrating that synthetic LXR
agonists mediate atheroprotection independent of macrophage ABCAL and ABCG1 (38).

There are several limitations to our study. First, although our data demonstrate that CD
promotes LXR activation in plaque macrophages and that LXR is required in myeloid cells
for CD-mediated atheroprotection, we cannot exclude other unidentified pathways. Indeed, it
is likely that CD-mediated atheroprotection is multifactorial and that the differential effects
of CD such as physically increasing cholesterol solubility, promoting cholesterol metabolism
and efflux in macrophages as well as its anti-inflammatory properties cannot easily be
isolated. Second, although our data identified 27-hydroxycholesterol as the primary LXR-
agonist upon CD treatment, other endogenous oxysterols may also contribute to LXR
activation. In this context, functional activity of regulatory enzymes such as Cyp27A1 and
differential effects in specific cell types would be interesting. Third, although our ex vivo
experiments with carotid artery plaques suggest that CD can induce atheroprotective
pathways in human disease, specific clinical trials are necessary to validate these findings.

Although preclinical models showing the effectiveness of LXR agonism in preventing
murine atherosclerosis (39) and promoting atherosclerosis regression (40) provided
promising prospects for clinical use of LXR agonists in atherosclerosis treatment, the
progression of therapeutic molecules into the clinic was hampered by liver toxicity and
lipogenic effects (41). CD on the other hand is already in clinical use in humans for the
delivery of lipophilic drugs and has not shown relevant toxicity. Hence repurposing CD for
the treatment or prevention of atherosclerosis would be feasible. Our studies provide a
proof-of-principle that therapies aimed at increasing the solubility and removal of
macrophage cholesterol could be an effective strategy for the treatment of atherosclerosis.

Materials and methods

Study design

The main objective of our study was to investigate whether CD exhibits atheroprotective
effects and to identify the main mechanisms by which they are mediated. For this, we
utilized murine models of atherosclerosis, studied macrophage biology /n vitro and
performed ex vivo experiments with human atherosclerotic plaques. Specific details of the
individual experiments are described below.

ApoE~~ atherosclerosis mouse models

12-week old ApoE~"~ mice (Charles River) on a C57BL/6J background were used for all
studies. Animals were maintained in a 22 °C room with a 12 h light/dark cycle and received
chow and drinking water ad libitum.

CD prevention protocol—ApoE~~ mice were fed a modified cholesterol-rich diet
containing 21 % fat, 19.5 % casein, and 1.25 % cholesterol for 8 weeks (Ssniff, Soest). The
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mice were subcutaneously injected with 2 g CD/ kg body weight or 200 pl 0.9 % NaCl as
vehicle control twice a week.

CD regression protocol—ApoE ™~ mice were first fed a cholesterol-rich diet for 8 weeks
so that advanced atherosclerotic lesions could develop. The diet was then switched to normal
chow for another 4 weeks. The mice were concomitantly treated with either CD or 200 pl
0.9 % NaCl as vehicle control as described above.

CD treatment protocol—ApoE ™~ mice were fed a cholesterol-rich diet for a total of 12
weeks. CD or vehicle control treatment was started after 8 weeks as described above.

Body weights were measured weekly. Arterial blood pressure and heart rate were assessed
with a computerized tail-cuff method (CODA 6, Kent Scientific) before and after treatment.
The mice were sacrificed by cervical dislocation after the indicated treatments and tissue
samples and blood were collected immediately. All animal experiments were performed in
accordance with institutional guidelines and the German animal protection law.

Bone marrow transplantation model

Bone marrow was obtained from 14-18 week old donor mice: WT C57BL/6J, LXRa B/~
(mixed genetic background on C57BL/6J and 129/Sv strains) and MAC-ABCPKO
(LysmCreAbcalfl/flAbcglfl/fl on C57BL/6J background). Donor bone marrow was
collected by flushing femurs and tibiae with DMEM cell culture medium using a 23G
needle. The suspension was filtered with a sterile 70um nylon cell strainer and the cells
subsequently washed twice with Hank’s acid citrate dextrose solution and resuspended in
PBS. For full engraftment of donor bone marrow, recipient LDLR™'~ mice on a C57BL/6J
background were subjected to lethal irradiation with 6x6 Gy over 4 h from a OB 29/4
(Cs-137). 4 h after irradiation, 1x107 cells from donor mice were injected intravenously via
a tail vein. All mice received drinking water spiked with Ciprofloxacin 0.1 mg/ml for seven
days to prevent systemic infection during neutropenia. The atherosclerosis trials were
initiated four weeks after irradiation. All mice were fed a cholesterol-rich diet and
concomitantly treated with CD or vehicle control for eight weeks as described above.

Histological analysis of murine atherosclerotic plaques

Hearts with ascending aortas were embedded in Tissue Tek OCT embedding medium
(Miles), snap-frozen, and stored at —80°C. Samples were sectioned on a Leica cryostat (5
um), starting at the aortic arch and progressing through the aortic valve area into the heart,
and were placed on slides. For the detection of atherosclerotic lesions, aortic cryosections
were fixed with 3.7% formaldehyde for 1 h, rinsed with deionised water, stained with Oil
Red O working solution (0.5%) for 30 min, and were rinsed again. Hematoxylin staining
was performed according to standard protocols. All sections were examined under a Zeiss
Axiovert 200M microscope using AxioVision software. For quantification of atherosclerotic
plaque formation in the aortic root, lesion area and total area of 3—4 serial histological
sections of the aortic root were quantified per mouse. Atherosclerosis data are expressed as
plaque area in percent of total vessel wall area. For analysis of cholesterol crystal plaque
load, aortic cryosections were fixed with 4% paraformaldehyde for 30 min at 21°C. They
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were then blocked and permeabilized with 5% fetal calf serum, 5% bovine serum albumin,
10% normal goat serum, 0.1% saponin in PBS for 60 min at 21°C. The primary rat anti-
mouse CD68 antibody (MCA1957, AbD Serotec) was diluted to 2 pg/ml in 10% normal
goat serum/ PBS and the slides were incubated overnight at 4°C. The secondary goat anti-rat
IgG Alexa647 conjugate (Invitrogen) was diluted to 4 ug/ml in 10% normal goat serum/
PBS and the slides were incubated for 60 min in the dark at 21°C. The sections were again
washed 3x with 10% normal goat serum/ PBS and subsequently counterstained with
Hoechst 33342 (Immunochemistry) diluted to 5 pg/ml in PBS for 2 min in the dark at 21°C.
Coverslips were mounted with 80% glycerol and the edges carefully sealed using a quick
drying two-component epoxy adhesive.

Confocal laser reflection and fluorescence microscopy

Confocal microscopy was performed using a Leica TCS SP5 Il AOBS confocal laser-
scanning microscope. Immunofluorescence stainings were detected using standard confocal
imaging techniques and CCs were visualized by laser reflection microscopy as previously
described (5, 42). In brief, the detector and the acousto-optical beam splitter were set to
allow the detection of reflected laser light. Plaque CC content was quantified from 3-4
sections per mouse using Volocity Quantitation (PerkinElmer) and depicted as ratio of total
crystal reflection area to total plaque area. Investigators performing the histological analyses
were blinded to the treatment of the respective animals.

Measurement of reactive oxygen species

ROS release in intact aortic segments was determined by L-012 chemiluminescence. Aortic
segments of the proximal descending aorta just distal the ostium of the left subclavian artery
were carefully excised and placed in chilled, modified Krebs-HEPES buffer (pH 7.4)
composed of NaCl 99.01 mM, KCI 4.69 mM, CaCl, 1.87 mM, MgSO4 1.20 mM, Na-
HEPES 20.0 mM, KoHPO4 1.03 mM, NaHCO3 25.0 mM, and D(+)glucose 11.1 mM and
contained additional ascorbic acid (0.28 mM) and indomethacin (0.01 mM) {Wassmann:
2001vn}. Connective tissue was removed and aortas were cut into 2 mm segments.
Chemiluminescence of aortic segments was assessed in scintillation vials containing the
modified Krebs-HEPES buffer with 100 umol/l L-012 over 15 min in a scintillation counter
(Lumat LB 9501, Berthold) in 1 min intervals. The vessel segments were then dried and dry
weight was determined. ROS release is calculated as relative chemiluminescence per mg
aortic tissue.

Quantification of plasma cholesterol, precursors and phytosterols

Plasma concentration of cholesterol was measured by GC-flame ionization detection using
5a-cholestane as internal standard. Cholesterol precursors such as lathosterol, lanosterol,
dihydro-lanosterol, and desmosterol, together with the cholesterol 5a-saturated metabolite
5a-cholestanol, and the phytosterols campesterol sitosterol, and stigmasterol were
determined by GC-MS-SIM, using epicoprostanol as internal standard (43, 44). Cholesterol
precursors are used as surrogate marker of cholesterol synthesis, 5a-cholestanol and plant
sterols indicate sterol uptake/absorption.
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Isolation of plasma lipoproteins by FPLC

For lipoprotein separation by fast performance liquid chromatography (FPLC), total plasma
cholesterol levels were first determined with the Infinity Cholesterol Liquid Stable Reagent
(Thermo Fisher Scientific, VA, USA). Then a 50 pl sera aliquot was pre-warmed to 37°C for
5 min followed by filtration through a PVDF 0.45 um membrane filter. The filtered samples
(20 ul) were subsequently fractionated by FPLC gel filtration on a Superose 6 PC 3.2/30
column at 4°C (GE Healthcare, Uppsala, Sweden). The elution fractions were monitored
using absorbance at 280 nm, with a constant flow of 40 pl/min and fractions (40 pl) were
collected beginning 18 min after sample injection. Cholesterol in each fraction was
measured using the enzymatic cholesterol assay and the area under the curve for VLDL,
LDL and HDL was determined in comparison to a standard of known amounts of human
VLDL, LDL and HDL run in parallel.

Flow cytometry

Murine blood samples were analyzed as previously described (45). Following red blood cell
lysis, the viable lymphocyte population was analyzed for sca-1-FITC (Becton Dickinson)
and flk-1-PE (Becton Dickinson). Isotype identical antibodies and unstained samples served
as controls in every experiment (Becton Dickinson). Cell fluorescence was measured
immediately after staining using a FACS Calibur instrument (Becton Dickinson). Data were
analyzed using CellQuest software (Becton Dickinson). Units of all measured components
are specific events obtained after measuring 20,000 events in a pre-specified lymphocyte
gate during FACS analysis. Relative lymphocyte, monocyte, and granulocyte counts were
determined using a predefined gate.

Cholesterol crystal preparation

CCs were prepared from a 2 mg/ml cholesterol solution in 1-propanol. Crystallization was
induced by addition of 1.5 volumes of endotoxin-free water. CCs were dried and
resuspended in sterile PBS.

Cell Culture

Cells were cultured at 37°C, 5% CO> in a humidified atmosphere. BMDMs were derived
from bone marrow isolated from tibiae and femurs of LXRa™"p~/~ mice (mixed genetic
background on C57BL/6J and 129/Sv strains) and age and gender matched WT C57BL/6J
mice. Bone marrow cells were cultured in DMEM supplemented with 10 % FCS, 10 pg/ml
Ciprobay-500 and 40 ng/ml M-CSF (R&D Systems) for six days. Immortalized mouse
macrophages from WT C57BL/6J mice (iMacs) were cultured in DMEM supplemented with
10% fetal calf serum (FCS) and 10 pg/ml Ciprobay-500 (Bayer).

CD binding and uptake assays

To assess CD binding to CCs, 1 mg CCs were incubated in 0.5 mM RBITC-NH2-HPBCD
(rhodamine CD, Cyclolab, Hungary) for 6 h at RT. Crystals were washed 5x with PBS prior
to confocal microscopic or flow cytometric analyses. For investigation of cellular CD
uptake, iMacs were incubated with 20 pg CCs for 3 h. For confocal microscopic analysis
living cells were imaged for 6 h after addition of 1 mM rhodamine CD mixed with unlabeled
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CD in a 1:10 ratio. Uptake was saturated after 2 h. For flow cytometric analysis of CC-
loaded macrophages were incubated for 3 h in 1 mM rhodamine CD and mixed with
unlabeled CD in a 1:10 ratio. Following washes with PBS the cells were harvested and
intracellular rhodamine fluorescence was detected using a MACSQuant analyzer (Miltenyi
Biotec). Data were analyzed using FlowJo.

Cell viability assay

Cell viability was determined by incubating cells in CellTitre-Blue® reagent (Promega) at
37 °C for up to 2 h before fluorescence was measured according to the manufacture’s
instructions. Untreated cells served as positive control and 70 % ethanol treated cells were
used as negative control (dead cells).

Radioactive cholesterol crystal dissolution assay

Polarization

Radioactively labeled CCs were prepared from a 2 mg/ml cholesterol solution composed of
0.1 mCi [1,2-3H]-cholesterol (Perkin Elmer) in a 1:50 (w/w) ratio with unlabeled cholesterol
(Sigma) as described above. Following crystallization, the crystal solution was filtered
through a 0.22 um spin filter column to remove free [1,2-3H]-cholesterol. CCs were
recovered from the filter membrane and incubated overnight, shaking at 37°C in CD
solutions of indicated concentrations. Filtration through 0.22 um filter plates was used to
determine the amount of solubilized [1,2-3H]-cholesterol in the filtrate. The retentate was
washed and subsequently incubated in ethanol for 2 h to quantify the amount of total
crystalline [1,2-3H]-cholesterol.

microscopy of intracellular cholesterol crystal dissolution

iMacs were incubated with 20 pug CCs for 4 h, washed with PBS and then incubated with 10
mM CD or medium control for another 3 h. Polarization images of the cells were acquired
every 60 min. Crystal area was assessed by automated image analysis using Zeiss
AxioVision software. Data are presented as percent of the crystal area after 4 h CC loading
(time of wash step).

Lipid droplet staining

iMacs were incubated with 20 pg CCs for 3 h, washed with PBS and fixed with 4%
paraformaldehyde for 30 min at RT. For LD540 staining cells were stained with 1 pg/ml
fluorochrome-conjugated cholera toxin subunit B (Invitrogen) for 10 min and LD540 (46)
diluted to 0.1 ug/ml in PBS for 30 min at RT. For Oil Red O staining the slides were quickly
rinsed with 60% isopropanol and stained with 0.4% Oil Red O working solution (60%
isopropanol) for 30 min at RT. A counterstain with Hematoxylin was performed according to
standard protocols.

Analysis of crystal-derived cholesterol in macrophages

Isotope-labeled CCs were prepared from [26.26.26.27.27.27-2Hg]-Cholesterol (Dg-
cholesterol, CDN isotopes, Quebec, Canada) as described above. iMacs were incubated for 3
h with 200 ug Dg-CCs/ 1x10° cells. Extracellular Dg-CCs were washed away and a control
sample was harvested to assess the D6-cholesterol distribution prior to further treatment. The
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remaining cells were treated for 24 h (cholesterol efflux analysis) or 48 h (cholesterol ester
and oxysterol measurements) with 10 mM CD. Supernatant and cell fractions were
harvested, free sterols and oxysterols were extracted and analyzed by gas chromatographic-
mass spectrometric-selected ion monitoring (GC-MS-SIM).

Gas chromatographic-mass spectrometric-selected ion monitoring

Degree of esterification of Dg-cholesterol after uptake of Dg-CC into macrophages was
calculated from the difference of the levels with (total Dg-cholesterol) and without (free Dg-
cholesterol only) alkaline hydrolysis in cells and supernatants. After extraction of Dg-
cholesterol and derivatization to its trimethyl (TMSi) silylether, gas chromatographic-mass
spectrometric-selected ion monitoring (GC-MS-SIM) was performed using epicoprostanol
as internal standard on m/z 464 [M*] for the TMSi ether of Dg-cholesterol and m/z 370 [M*]
for epicoprostanol (47). The oxidized metabolite [26.26.26.27.27-2Hs] (25R)-26-
Hydroxycholesterol (Ds-27-hydroxycholesterol) was determined from the same fractions by
GC-MS-SIM on m/z 461 [M*-90]. Authentic cholesterol and its oxidation product 27-
hydroxycholesterol was measured by GC-MS-SIM on m/z 458 [M*] and m/z 456 [M*-90],
respectively (48).

In vivo model of CC-derived reverse cholesterol transport

16-week old C57BL/6J mice were intraperitoneally injected with 15x108 BMDMs of either
WT or LXRa =B/~ mice that were incubated for 3 h with 100 pg Dg-CCs/1x108 cells prior
to injection. Mice were then subcutaneously injected with 2 g CD/ kg body weight or 200 pl
0.9 % NaCl as vehicle control. Feces and urine were collected every 3 h for 30 h and the
pooled samples analyzed for crystal-derived Dg-cholesterol using gas chromatographic-mass
spectrometric-selected ion monitoring (GC-MS-SIM). For the depiction of fecal Dg-
cholesterol the radio area of Dg-cholesterol to 5a-cholestane was used. The results are
presented as area under the curve of the amount of excreted Dg-cholesterol per time post CD
injection.

Quantitative reverse-transcriptase PCR

For cellular gene expression analysis macrophages were incubated for 3 h with 100 ug CCs/
1x10°% cells and treated for 4 h with 10 mM CD proceeding cell disruption using a 10 G
needle. For assessment of vascular gene expression, mouse aortas were excised, quickly
frozen in liquid nitrogen, and homogenized with a motorized homogenizer in Trizol. RNA
was isolated with peqGOLD RNA-Pure (peqLAB Biotechnology) according to the
manufacturer’s protocol, followed by a purification step with the RNeasy MiniElute cleanup
kit (Qiagen). Total RNA was quantified by UV spectroscopy at 260 nm. The quality of the
isolated RNA samples was determined by measuring the A260/A280 ratio, and the integrity
of the ribosomal 28S and 18S bands was determined by agarose-gel electrophoresis. Then, 1
ug of the isolated total RNA was reverse transcribed using the Omniscript RT Kit (Qiagen)
according to the manufactures protocol. The single-stranded cDNA was amplified by real-
time quantitative reverse transcription-polymerase chain reaction with the TagMan system
using commercially available Tagman® probes (Abcal Mm00442646_m1, Abcgl
MmO00437390_m1, Applied Biosystems). Abcal and Abcgl mRNA expression was
normalized to 18S (Mm03928990_g1, Tagman® probes, Applied Biosystems).
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Western blotting

Macrophages were incubated for 3 h with 100 ug CCs/ 1x10° cells and treated for 24 h with
10 mM CD. LXR agonist T0901317 (Sigma) was used as a positive control for LXR
activation. Cells were lysed on ice for 30 min with 1x RIPA buffer (20 mM Tris-HCI pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5%
deoxycholate, 0.1 uM PMSF) supplemented with complete protease inhibitors (Roche
Biochemicals). Protein concentrations were determined by BCA assay (Pierce) and equal
amounts of protein were loaded on 4-12% pre-cast SDS-PAGE gels (Novex, Invitrogen)
with MOPS running buffer (Novex, Invitrogen). Proteins were transferred to a PVDF
membrane (Millipore) and membranes were blocked in 3% BSA in TBS with Tween-20,
incubated with mouse monoclonal ABCA1 antibody (MAB10005, Millipore) and rabbit
monoclonal B-actin antibody (Li-Cor Biosciences) overnight at 4°C. The membranes were
washed and incubated with secondary anti-mouse and anti-rabbit antibodies (Li-Cor
Biosciences) for 45 min in the dark. Immunoreactivity was visualized by near-infrared
detection (Odyssey, LICOR).

Gene expression profiling by lllumina Bead Chip technology

Biotin labeled cRNA was generated using the TargetAmp Nano-g Biotin-aRNA Labeling Kit
for the Illumina System (Epicentre). Biotin labeled cRNA (750 ng) was hybridized to
Human HT-12V3 Beadchips (Illumina) and scanned on an Illumina iScan or HiScanSQ
system.

Primary data and quality control analysis of microarray data

Raw intensity data were processed and exported with Genome Studio V2011.1 (Copyright©
2003-2011 Hllumina). All array data were imported into Partek® Genomics SuiteTM version
6.6 (PGS, Copyright© 2012 Partek Incorporated). Quality control assessments including
principle component analysis and box-whisker plots to visualize expression distribution
were applied.

Bioinformatic analysis of microarray data

Non-normalized data (log2) were quantile normalized and transcripts with variable
expression within the dataset as well as differentially expressed (DE) genes between the
different conditions were calculated using two-way ANOVA models including batch
correction sentrix bar code and gender where applicable. For analyses of the microarray data
on BMDMs derived from WT or LXRa™"B~/~ mice (GSE67013), DE genes were defined by
a fold change (FC) greater 2 and p-value<0.05. Gene Set Enrichment Analysis (GSEA) was
used to determine whether a defined set of genes is statistically significant between two
different states. A set of genes is statistically significant enriched when the p-value is < 0.05
and the false discovery rate (FDR) is < 0.25 comparing two different states. GSEA was
performed with 1000 permutations against a list of LXR target genes generated from the
LXR target genes identified by Heinz et a/. (30) (Table S1). For analyses of the microarray
data on descending aortas of mice from the bone-marrow transplantation model
(GSE67011), DE genes were defined by a FC greater 1.3 and p-value<0.05. To link the DE
genes for CD vs. Control to prior knowledge we performed Gene Ontology Enrichment
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Analysis (GOEA) using the Cytoscape (http://www.cytoscape.org/) plug-in BINGO (v2.44)
(49). The FDR threshold was set to 0.05 to include only significant results. The Cytoscape
plugins Enrichment Map (v1.1) (50) and Word Cloud (51) were used to visualize GO
networks. The cutoff for the Jaccard coefficient was set to 0.51 and the FDR g-value to 0.1.
Gene expression of genes relevant for the NLRP3 inflammasome pathway was visualized in
Partek Pathway.

Cholesterol quantification in urine of NPC1 patients

NPC1-deficient patients receive weekly infusions of 2000 mg CD/kg bodyweight over 8 h
(ClinicalTrial.gov NCT01747135). Urine samples from three individual NPC1 patients were
collected at indicated timepoints upon start of the intravenous CD application. Urine
cholesterol concentration was determined by GC-MS-SIM as described above and
normalized to urine creatinine excretion. The study protocol followed procedures in
accordance with the Helsinki Declaration of 1975 (revised 1983) and the I-IND (Individual-
Investigative New Drug) protocol was approved by the FDA. Written informed consent was
obtained from the legal guardians of all subjects.

Patient cohort for human atherosclerotic carotid plaques

Patients with high-grade internal carotid stenosis (=70%) or ischemic stroke within the last
month were recruited at Department of Neurology, Oslo University Hospital Rikshospitalet.
The carotid stenosis was diagnosed and classified by precerebral color duplex and CT
angiography according to consensus criteria. As for ultrasound examination, the total
extracranial part of the carotid artery was examined with B-mode and Doppler analyses.
Ultrasound plaque appearance in terms of echogenicity was classified according to
consensus criteria (52). Exclusion criteria were heart failure, liver disease, kidney disease,
and severe concomitant disease such as infection, connective tissue disease, or malignancy.
The Regional Health Authorities of South-Eastern and Western Norway approved the study
protocols (REK no: S-0923a 2009/6065). The study confirms with the principles outlined in
the Declaration of Helsinki for use of human tissue or subjects. Signed informed consent
was obtained from all participants.

Culturing of human atherosclerotic carotid plaques

Biopsies from atherosclerotic carotid plaques (n=10), obtained from patients that had been
suffering from symptoms within 1 month and or stenosis degree of = 70%, were placed in
Dulbecco’s modified Eagle’s medium ([D-MEM]/F12; Gibco) enriched with 30 mg/ml
endotoxin free and fatty acid free bovine serum albumin (Sigma). The biopsies containing
atherosclerotic plaques of each patient were split into two macroscopically equal pieces and
incubated for 16 h with 10 mM CD or PBS. The plaque biopsies were then split into two
pieces and either placed in RNA Later (Qiagen) for RNA analysis or snap frozen for lipid
analysis. Plague supernatants were collected, centrifuged (1700 g for 5 min, 4°C) and snap
frozen before being stored at —80°C prior to further analysis.
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Sterol and Oxyphytosterol analyses from dried plaque tissue and supernatant

Excised and worked-up as described before plaque tissue was dried in a SavantTM
SpeedVacTM concentrator (Thermo Fisher Scientific, Schwerte, Germany) for 24 h.
Cholesterol, non-cholesterol sterols and oxysterols were extracted from dry weight aliquots
using Folch reagent (chloroform/methanol; 2:1; (v:v); with 0.25 mg BHT added per mL
solvent) per 10 mg dried plague tissue tissue. Extraction was performed for 24 hat 4°C ina
dark cold room. The extracts were kept at —20°C until analysis. One ml of supernatant and
one ml of the Folch extract of plaque tissue underwent alkaline hydrolysis, extraction of the
free sterols and oxysterols, silylation to their corresponding (di)trimethylsilyl ethers prior to
gas chromatographic separation and detection either by flame ionization detection (for
cholesterol using 5a-cholestane as internal standard) or by mass selective detection (for non-
cholesterol sterols or oxysterols using epicoprostanol and the corresponding deuterium
labeled oxysterols as internal standards, respectively) as described in detail previously (44,
53).

Nanostring analysis of human atherosclerotic carotid plaques

Plague pieces were cut in similar sizes and homogenization was performed with a
FastPrep® 24 instrument (~6 m/s, MD Biomedicals) three times 40 seconds with zirconium
oxide beads (Bertin Tech) (six 2.8 mm beads and 0.8 g 1.4 mm beads per sample) in Isol-
RNA Lysis Reagent (VWR, 5Prime). The aqueous phase was isolated after adding
chloroform and centrifugation (13000 rpm, 15 min, 4°C) and RNA was isolated further with
RNeasy microkit (Qiagen,). Nanodrop spectrophotometer (ND-1000, Saveen Werner) was
used to measure RNA concentration and 100 ng was applied from each sample for RNA
expression analysis, running one strip of 12 samples at a time at nCounter ® analysis system
(Nanostring Technologies). The procedure was performed according to the manufacturer’s
instructions. Kit used was a fixed codeset for mRNA analysis, nCounter GX Human
Immunology Kit v2 (Nanostring Technologies), spiked with another 30 probes of our own
choice (nCounter Panel Plus, Table S2).

Bioinformatic analysis of Nanostring data

Number of mMRNA molecules counted was imported into NSolver with default settings,
corrected and normalized against non-detected background (mean of negative controls + 2
standard deviations), instrumental variations (positive controls) and against the reference
genes annotated in the kit that were found to be stable (RPL19, EEF1G, TUBB, OAZ1,
GAPDH, POLRA2, G6PD, HPRT1) (NSolver Analysis Software 2.5.34 Nanostring
Technologies). The data was further imported into Partek Genomics Suite 6.6, non-detected
values were set to 1 and the data was batch-corrected for the interaction strip and patient.
GSEA was performed with 1000 permutations on the dataset using a LXR target gene list
generated from the direct LXR target genes identified in Pehkonen et al. (54) (Table S3).
The result is considered statistically significant enriched when the p-value is < 0.05 and the
false discovery rate (FDR) is < 0.25 comparing two different states. DE genes calculated by
three-way ANOVA were defined by a FC greater than 1.3 and p-value<0.05. To link the DE
genes for CD vs. PBS to prior knowledge we performed GOEA using the Cytoscape (http://
www.cytoscape.org/) plug-in BINGO (v2.44) (49). The FDR threshold was set to 0.05 to

Sci Transl Med. Author manuscript; available in PMC 2016 May 24.


http://www.cytoscape.org/
http://www.cytoscape.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zimmer et al.

Statistics

Page 18

include only significant results. The Cytoscape plugins Enrichment Map (v1.1) (50) and
Word Cloud (51) were used to visualize GO networks. The cutoff for the Jaccard coefficient
was set to 0.51 and the FDR g-value to 0.1. Gene expression of genes relevant for the
NLRP3 inflammasome pathway was visualized in Partek Pathway (55, 56).

Unless otherwise indicated data are presented as mean + standard error of mean (s.e.m.). For
statistical analysis, two-tailed, unpaired Student’s t-test and ANOVA for multiple
comparisons were employed. Post-hoc comparisons were performed with the Tukey test.
p<0.05 was considered statistically significant. All significant p-values are included in Table
S4. Basic analyses were performed with Excel (Microsoft) and Prism (GraphPad Software,
Inc.). Furthermore, Volocity Quantitation (PerkinElmer) was used for image analysis and
gene expression data was analyzed with Partek Genomics Suite (Partek) using ANOVA
models and GSEA results were plotted using Sigmaplot 12.2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CD treatment impairs murine ather ogenesis
ApoE~~ mice were fed a cholesterol-rich diet for eight weeks and concomitantly treated

with 2 g CD/ kg body weight or vehicle control by subcutaneous injection twice a week
(n=7-8 per group). (A) Plasma cholesterol levels. (B) Atherosclerotic plaque area relative to
total arterial wall area. (C) Plaque CC load shown as ratio of crystal reflection area to plaque
area. (D) Representative images of the aortic plaques obtained by confocal laser reflection
microscopy. Macrophages stained with anti-CD68 antibodies (red), reflection signal of CCs
(white), nuclei stained with Hoechst (blue). Enlarged area (white boxes). Scale bars indicate
500 um. (E) Plaque cellularity shown as ratio of nuclei to plaque area. (F) Plaque
macrophage load shown as ratio of CD68 fluorescence area to total plaque area. (G) Aortic
superoxide production determined by L-012 chemiluminescence. Plasma (H) IL-1, (1)
TNF-a and (J) IL-6 levels. Data are shown as mean + s.e.m., Control vs. CD, unpaired two-
tailed Student’s t test; ***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant.
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Fig. 2. CD treatment facilitatesregression of murine atherosclerosis
ApoE~~ mice were fed a cholesterol-rich diet for eight weeks to induce advanced

atherosclerotic lesions. Then the diet was either changed to a normal chow (A-D) or the
cholesterol-rich diet was continued (E-H) for another four weeks. Mice were
simultaneously treated with 2 g CD/ kg body weight or vehicle control twice a week (n=6-8
per group). (B, F) Plasma cholesterol levels. (C, G) Atherosclerotic plaque area relative to
total arterial wall area. (D, H) Plaque CC load shown as ratio of crystal reflection area to
plaque area. Data are shown as mean + s.e.m., Control vs. CD, unpaired two-tailed Student’s
t test; ***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant.
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Fig. 3. CD interactswith and dissolves extra- and intracellular CCs
(A, B) 1 mg CCs were incubated in 0.5 mM rhodamine labeled CD or PBS as control. (A)

Representative images obtained by confocal laser reflection microscopy. Scale bar equals 20
um. (B) Quantification of rhodamine fluorescence on CCs by flow cytometry. (C) 3H-CC
were incubated in CD solutions of indicated concentrations overnight shaking at 37°C. Upon
filtration through 0.22 pum filter plates radioactivity was determined in the filtrate (filterable/
solubilized) and the retentate (crystalline). (D, E) iMacs loaded with 200 pg CC/1x108 cells
for 3 h prior to incubation with 1 mM rhodamine labeled CD. (D) Quantification of
rhodamine fluorescence by flow cytometry. (E) Representative images obtained by confocal
microscopy; rhodamine labeled CD (red), laser reflection signal (green). Scale bars equal 5
pum. (F) Intracellular CC dissolution in BMDMs treated with 10 mM CD or control for
indicated times determined by polarization microscopy. Data are shown as mean +/- s.e.m
of at least three independent experiments.
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Fig. 4. CD mediates metabolism and efflux of crystal-derived cholesterol
(A) Macrophages loaded with CCs prepared from Dg-cholesterol (Dg-CC) can reduce the

amount of free, crystal-derived Dg-cholesterol by three main mechanisms: First, acetyl-CoA
acetyltransferase (ACAT1) can catalyze the formation of Dg-cholesteryl esters, the storage
form of cholesterol which is deposited in lipid droplets. Second, the mitochondrial enzyme
27-hydroxylase (Cyp27A1) can catalyze the formation of Ds-27-hydroxycholesterol, which
can passively diffuse across cell membranes. Third, Ds-27-hydroxycholesterol is a potent
activator of LXR transcription factors, which in turn mediate the up-regulation of the
cholesterol efflux transporters ABCA1 and ABCGL1. (B, C) iMacs loaded with 200 ug Dg-
CC/1x1068 cells for 3 h were treated with 10 mM CD or vehicle control prior to GC-MS-SIM
analysis of crystal-derived cholesterol. (B) Percentage of esterified Dg-cholesterol in cell and
supernatant fractions before CD treatment (control bar) and upon 48 h CD treatment. (C)
Efflux of Dg-cholesterol into supernatants of Dg-CC-loaded macrophages before CD
treatment (control bar) and upon 24 h CD treatment. Gene expression of (D) Abcal and (E)
Abcg1, and (F) protein expression of ABCA1 in BMDMs loaded with 100 pg CC/1x10%
cells for 3 h followed by incubation with 10 mM CD or medium control for (D, E) 4 h or (F)
24 h. Immunoblot in (F) is representative of three independent experiments and
densitometric analysis of all three experiments is provided for 10 mM CD and presented as
ABCAL1 expression relative to the loading control B-ACTIN. Data are shown as means +
s.e.m. of at least three independent experiments. (G) Ds-27-hydroxycholesterol in cell and
supernatant fractions of iMacs loaded with 200 pg Dg-CC/1x10° cells for 3 h prior to 48 h
treatment with 10 mM CD or medium control determined by GC-MS-SIM. (H) 27-
hydroxycholesterol in cell and supernatant fractions of iMacs upon 48 h treatment with 10
mM CD or medium control. (B, C) Medium vs. CD, unpaired two-tailed Student’s t test;
(D-F) CC+Control vs. CC+CD, unpaired two-tailed Student’s t test; (G, H) Control vs. CD,
unpaired two-tailed Student’s t test; ***p < 0.001, *p < 0.05, ns = not significant.

Sci Transl Med. Author manuscript; available in PMC 2016 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zimmer et al.
@ ] expression enrichment
control data score
CD > GSEA N
BuoM \* 3 L
é LXR target
cCc+CD gene set
532 LXR targets
Heinz et al.
- * L
107 mwr 5T mwr
c 8 #: LXRa"B* % LXRa'"B*
o — - o
25 2 5101
o s 67 0 &
as <
X O x O
W 5 4- s
>0 -~ 0 54
S D
QS 24 s=
< <

o
I

Control CD

Control CD
+CC

Control CD

Page 27

Fig. 5. CD induces L XR target gene expression in WT macrophages
(A) BMDM s from WT and LXRa ™~~~ mice loaded with 100 ug CC/1x1068 cells for 3 h

and incubated with 10 mM CD for 4 h for microarray analysis. GSEA for LXR target gene
sets described in Heinz et a/. (30) (Table S1) was performed on gene expression data. (B, C)
GSEA results for (B) WT and (C) LXRa ™™/~ BMDMs presented as volcano plots of
normalized enrichment score (NES) and enrichment p-values. Red circles show positively
and significantly enriched gene sets (NES>1, p-value<0.05). (D-F) Gene expression of (D)
Abcaland (E) Abcgl, and (F) protein expression of ABCA1 in BMDMs from WT and
LXRa =B/~ mice loaded with 100 pg CC/1x108 cells for 3h followed by incubation with
10 mM CD for (D, E) 4 h or (F) 24 h. The synthetic LXR agonist T0901317 (10 pM) was
used as a positive control for ABCAL protein induction. Immunoblot in (F) is representative
of two independent experiments. Data are shown as mean + s.e.m. of two independent
experiments. CC+Control vs. CC+CD, unpaired two-tailed Student’s t test; *p < 0.05.
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Fig. 6. CD facilitates RCT in vivo and promotes urinary cholesterol excretion
(A) BMDM s from WT or LXRa™"B~/~ mice were loaded with 100 pg Dg-CC/1x10° cells

and injected into the peritoneum of WT mice. Subsequently, mice were treated
subcutaneously with 2 g CD/ kg body weight or vehicle control (n=4 per group). Dg-
cholesterol content in (B) feces and (C) urine collected every 3 h over 30 h post CD
injection. Data is shown as total area under the curve of excreted Dg-cholesterol pooled from
the mice within a group per time point. (D) Urine samples collected from three individual
NPC1 patients upon intravenous application of CD for specific treatment of NPC. Urine
cholesterol concentration was determined by GC-MS-SIM and normalized to urine

creatinine excretion.
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Fig. 7. CD induces cholesterol metabolism and an anti-inflammatory L XR profilein human
atherosclerotic carotid plaques

(A) Human atherosclerotic carotid plaques obtained by carotid endarterectomies (n=10)
were split into two macroscopically equal pieces and cultured for 24 h with 10 mM CD or
control. Half of the plaque tissue was used for mRNA profiling with nCounter analysis
system (Nanostring technologies), the other half and the culture supernatant were analyzed
by GC-MS-SIM. (B) Cholesterol efflux from plaque tissue into supernatants displayed as %
of total cholesterol per sample. (C) Distribution of 27-hydroxycholesterol relative to
cholesterol in plague and supernatant. (D) GOEA of differentially expressed (DE) genes
(FC>1.3, p-value<0.05) visualized as GO network, where red nodes indicate GO term
enrichment by up-regulated DE genes and blue borders indicate GO term enrichment by
downregulated DE genes. Node size and border width represent the corresponding FDR-
adjusted enrichment p value (q value). Edges represent the associations between two
enriched GO terms based on shared genes, where edge thickness indicates the overlap of
genes between neighbor nodes. Highly connected terms were grouped together and were
annotated manually by a shared general term. (E) Heat map of genes involved in the GO
term “Regulation of inflammatory response” (G0:0050727). Color bar indicates fold
change. (F) Volcano plot of NES and enrichment p-values based on GSEA for the LXR
target gene set (Table S3). Red circle indicates positively and significantly enrichment of the
LXR target gene set (NES>1, p-value<0.05). (G) Top DE genes determined by 3-way
ANOVA (FC>1.5, p-value<0.05). LXR target genes are colored in red or blue. (H) Gene
expression of genes relevant for the NLRP3 inflammasome pathway. Color bar indicates
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fold change. (B, C) Data are shown as mean +/- s.e.m. CD vs. Control, paired two-tailed
Student’s t test; ***p < 0.001, *p < 0.05.
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Fig. 8. CD impairsatherogenesis and regulates metabolic and anti-inflammatory processesin an
L XR-dependent manner

LDLR™~ mice were transplanted with WT, LXRa™"B~/~ or MAC-ABCPKO hone marrow.
They were then fed a cholesterol-rich diet for eight weeks and concomitantly treated with 2g
CD/ kg body weight or vehicle control twice a week (n=6-8 per group). (A—-C) Plasma
cholesterol levels of CD- and vehicle-treated animals. (D—F) Atherosclerotic plaque area
relative to total arterial wall area. (G-I) Descending aortas of LDLR ™'~ mice transplanted
with WT and LXRa ™~~~ were used for gene expression analysis by microarray, with
subsequent filtration for the genes included in the human plague mRNA profiling. (G)
GOEA of differentially expressed (DE) genes (FC>1.3, p-value<0.05) visualized as GO
network, where red nodes indicate GO term enrichment by up-regulated DE genes and blue
borders indicate GO term enrichment by downregulated DE genes. Node size and border
width represent the corresponding FDR-adjusted enrichment p value (q value). Edges
represent the associations between two enriched GO terms based on shared genes, where
edge thickness indicates the overlap of genes between neighbor nodes. Highly connected
terms were grouped together and were annotated manually by a shared general term. (H) DE
genes determined by 3-way ANOVA (FC>1.3, p-value<0.05) in aortas of LDLR™~ mice
transplanted with WT bone marrow. LXR target genes are colored in red or blue. (1) Gene
expression of genes relevant for the NLRP3 inflammasome pathway. Color bar indicates
fold change. (A, B) Data are shown as mean + s.e.m., CD vs. Control, unpaired two-tailed
Student’s t test; **p < 0.01, *p < 0.05.
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