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Abstract

Apolipoprotein (apo) mimetic peptides replicate some aspects of HDL function. We have
previously reported the effects of compound ATI-5261 on its ability to replicate many func-
tions of native apo A-l in the process of HDL biogenesis. ATI-5261 induced muscle toxicity
in wild type C57BI/6 mice, increased CPK, ALT and AST and increase in triglyceride (Tg)
levels. Aromatic phenylalanine residues on the non-polar face of ATI-5261, together with
positively charged arginine residues at the lipid-water interface were responsible for these
effects. This information was used to create a novel analog (CS-6253) that was non-toxic.
We evaluated this peptide designed from the carboxyl terminus of apo E, in its ability to
mimic apo A-I functionality. Our data shows that the lipidated particles generated by incu-
bating cells overexpressing ABCA1 with lipid free CS-6253 enhances the rate of ABCA1
lipid efflux with high affinity interactions with native ABCA1 oligomeric forms and plasma
membrane micro-domains. Interaction between ABCA1 and lipid free CS-6253 resulted

in formation of nascent HDL-CS-6253 particles that are actively remodeled in plasma.
Mature HDL-CS-6253 patrticles deliver cholesterol to liver cells via SR-Bl in-vitro. CS-6253
significantly increases cholesterol efflux in murine macrophages and in human THP-1 mac-
rophage-derived foam cells expressing ABCA1. Addition of CS-6253 to plasma dose-
dependently displaced apo A-I from a-HDL patrticles and led to de novo formation of pref3-1
HDL that stimulates ABCA1 dependent cholesterol efflux efficiently. When incubated with
human plasma CS-6253 was also found to bind with HDL and LDL and promoted the trans-
fer of cholesterol from HDL to LDL predominantly. Our data shows that CS-6253 mimics
apo A-lin its ability to promote ABCA1-mediated formation of nascent HDL particles, and
enhances formation of pre3-1 HDL with increase in the cycling of apo A-l between the pref8
and a-HDL particles in-vitro. These mechanisms are potentially anti-atherogenic.
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Introduction

Reverse cholesterol transport (RCT) is considered to be the major beneficial effect of high den-
sity lipoproteins (HDL), through its major protein moiety apolipoprotein (apo) apo A-I [1].
Modulation of the RCT pathway may provide a therapeutic target for the prevention and treat-
ment of atherosclerotic cardiovascular disease (CVD). Despite the recent failure of therapies
designed to raise HDL-cholesterol in humans, a new approach to therapy using mimetics of
HDL and its components continues to show promise. Although numerous apoA-I mimetics
are under investigations [2], a single ‘best’ peptide that mimics all of the properties of apoA-I
has not been identified [3, 4]. Moreover, the mechanisms by which these peptides exert an
influence on HDL structure and metabolism are not completely understood [5]. Recently,
novel engineered apolipoprotein mimetic peptides are being investigated as possible therapeu-
tic molecules [6]. These peptides do not necessarily have sequence homology to apo A-I pro-
tein but mimic many of its physiological effects [7-9], thereby offering an approach to
modulate HDL for therapeutic purposes We have previously reported the effects on apo E
mimetic peptide ATI-5261 on its ability to replicate many of the functions of native apo A-Iin
the process of HDL biogenesis. However, in contrast to CS-6253, ATI-5261 induced muscle
toxicity in wild-type C57Bl/6 and transiently increased CPK, ALT and AST activities, and
plasma Tg levels. This information was used to create a novel analog. In the present study, we
evaluated a mono-helical, 26-amino acid peptide (CS-6253) in its ability to mimic apo A-I
functionality in the RCT process in-vitro. The peptide was developed in an iterative screening
process utilizing ABCA1 mediated cholesterol cell screens and safety screens. Since CS-6253
represents a safe and drugable compound, we investigated its anti-atherogenic effects on differ-
ent stages of RCT, including ABCA1 interactions, HDL assembly and subsequent HDL remod-
eling events in human plasma CS-6253 is a close analog of ATI-5261, with substitutions of
aromatic phenylalanine for aliphatic leucine residues [7] and has a superior safety profile. It
retains the structural features and high aqueous solubility of ATI-5261 [10], but its physiologi-
cal effects have yet to be reported. Like ATI-5261, peptide CS-6253 was designed using deter-
minants from the carboxyl terminal lipid binding domains of apo A-I and apo E necessary for
mediating cellular lipid efflux and HDL formation [7, 11]. By using BHK cells, murine macro-
phages and human THP-1 cells expressing ABCA1 we investigated several CS-6253-mediated
steps through our in-vitro model of HDL biogenesis and RCT using native human apo A-I as
control. We addressed the question whether this peptide mediates RCT key steps via ABCA1
dynamics and found that functional HDL-CS-6253 lipoprotein particles were generated after
peptide interaction with ABCA1 and plasma membrane (PM) microdomains. We further
determined that CS-6253 mimics apo A-I in promoting HDL remodelling in-vitro. Impor-
tantly, we investigated the ability of CS-6253 to increase formation of pre-f HDL particles in
plasma. Our data supports the concept that CS-6253 has potential therapeutic applications

Experimental procedures

We carried out experiments on CS-6253 using similar protocols initially, as those reported for
ATI-5261. For comparisons of ATI-5261 and CS-6253, vs. controls, experiments were run
simultaneously under identical conditions so that specific kinetic parameters could be com-
pared. Methods and results can be found on the on-line Supplementary appendix of this article,
S1 Appendix. Where protocols differ, these are presented here.

Apo E mimetic peptide

The CS-6253 peptide was synthesized by (Biosynthesis Inc., Lewisville TX) from all L-amino
acids and capped with N-terminal acetyl and carboxyl-terminal amide groups. They form a
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class A amphipathic a-helix common to those found in apo A-I and apo E. CS-6253 is a modi-
fication of peptide ATI-5261 with a substitution of phenylalanine for leucine residues, and argi-
nine for citrulline residues. For experiments, lyophilized peptide was dissolved in 10 mM
phosphate buffer (pH 7.4) saline (PBS) (150 mM NaCl), filter sterilized (0.2 pm Nalgene cap-
sules), and stored at 4°C until use.

Animals

The mice toxicity study protocol was approved and performed according to Veterans Adminis-
tration Palo Alto Health Care System Institutional Animal Care and Use Committee (IACUC),
approval study number AZH1155. The mice toxicity studies were conducted in chow fed mice
(male, C57BL/6) eight to ten-week old with intraperitoneal injection of 300 mg/kg CS-6253
and ATI-5261 peptides and PBS. Peptide CS-6253 was assessed for muscle toxicity with, ATI-
5261 as positive and PBS as negative control respectively. Blood was collected using retro-
orbital eye bleeding at 4 and 6 hours while the animals were under isoflurane.

Toxicology

Creatine phosphokinase, aspartate- and alanine-aminotransferase activities (CPK, AST and
ALT, respectively) in serum were quantified by IDEXX Laboratories, Inc. (Maine) to assess
liver toxicity/necrosis. Tg levels in serum were determined using commercial kits

Cell culture systems

BHK cells stably transfected with an ABCA1 or ABCGI expression vector that is mifepristone
inducible and cells transfected with the same vector lacking the ABCA1 ¢cDNA insert (mutant
or mock-transfected) were generously provided by the late Dr. John F. Oram from the Depart-
ment of Medicine, University of Washington, and were characterized and cultured as previ-
ously described [12, 13]. These BHK-mock cells do not express ABCA1 and were used as
controls. Mouse-derived peritoneal macrophages ]J774 were purchased from American Tissue
Culture Collection (ATCC TIB-67, Cederlane, Burlington, Canada). For induction of ABCAL,
BHK cells were incubated for 18-20 h with 10 nM mifepristone. ]774 macrophages were stimu-
lated with 0.3 mM Cpt-cAMP 8-(4-Chlorophenylthio)-cyclic adenosine monophosphate
(Sigma). All BHK and J774 macrophages cells were respectively grown and maintained in
DMEM and RPMI containing 10% fetal serum until experimental treatment. Studies were car-
ried out on standard 24-well plates (150,000 cells/well) unless stated otherwise

Foam cell formation

Human THP-1 macrophages (American Type Tissue Culture Collection, Camden, NJ) were
grown as previously reported [14]. Cells were plated at 2x10°/ml 24 well-plates in RPMI1640
medium containing 10% fetal bovine serum (FBS), 50 uM B-mercaptoethanol, 50 pug/ml genta-
micin, and maintained at 37°C in a humidified atmosphere of 5% CO,. THP-1 cells were differ-
entiated into macrophages by the addition of 200 nM phorbol myristyl acetate (PMA) for 72h.
Macrophages were incubated for 72h to become fully differentiated macrophages prior to
experiment. Macrophages were transformed into foam cells by incubation with the presence of
100 pg/ml acetylated low-density lipoprotein (AcLDL) in serum-free RPMI 1640 medium con-
taining 1% bovine serum albumin (BSA)
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Competitive cell binding assays

Competition binding assays were performed as described previously [15, 16]. Briefly, apo A-I
was iodinated with '*°I by Todo-Gen (Pierce) to a specific activity of ~ 4000-3000 cpm/ng apo
A-I. BHK cells were grown on 24-well plates and were stimulated with 10 nM mifepristone for
18-20h (Sigma-Aldrich, Oakville, Ontario, Canada). Cells were then incubated at 37°C with
'**I-apo A-I (2ug/ml) in DMEM/BSA (1 mg/ml) in the presence of increasing amounts of
either lipid free CS-6253, apo E or unlabeled lipid free apo A-I for 2 h. The cells were then
washed rapidly twice with ice-cold PBS/BSA and twice with cold PBS and lysed with 0.1 N
NaOH. The amount of bound jodinated ligand was determined by y counting. The protein
concentration in each well was determined using the Lowry assay, with albumin as the stan-
dard [17]. Control experiments were conducted to examine whether the apparent decrease in
cell binding of the labeled apo A-I may be attributable to the '*’I-apo A-I binding to different
competitor particles instead of the cells. Therefore, an experiment was carried out in which CS-
6253 particles were incubated with '*’I-apo A-I under similar conditions used for the apo A-I
binding assay and then the CS-6253 sample was separated by fast-protein liquid chromatogra-
phy (FPLC). No significant amount of '*’I-apo A-I was found associated with CS-6253 or
aggregated in media (data not shown).

Efflux assays

We investigated cholesterol efflux from BHK cells after adding lipid free CS-6253 to media cell
culture or to human EDTA-plasma which had been stored at -80°C. BHK overexpressing
human ABCA1 were labeled with 2 pCi/ml *H-free cholesterol (Perkin Elmer, Norwalk, Con-
necticut) for 24 h. Afterward, BHK-ABCA1 were stimulated with 10 nmol/l mifepristone for
18-20 h (13). Cells were incubated with various doses of acceptor in media for 4 h at 37°C.
Alternatively, plasma samples were first pre-incubated for 5 min at 37°C in plasma at mole
ratios (10:1 or 1:1 relative to plasma apo A-I). To obtain the HDL fraction, apoB lipoproteins
were precipitated from plasma by polyethylene glycol (PEG) [18]. Also, increased doses of lipid
free CS-6253 and nHDL-CS-6253 were tested for cholesterol efflux after incubation with
human plasma for optimum 1h at 37°C. *[H]-cholesterol loaded BHK cells expressing ABCA1
were incubated with 2.8% apoB depleted plasma samples [19] for 4 h for the efflux assays.
Lipid free apo A-I and nHDL-apo A-I were used as control, nHDL-CS-6253 and nHDL-apo
A-I were generated after incubation with BHK cells expressing ABCA1. Direct comparisons
with peptide ATI-5261 are provided using identical protocols (12).

Human macrophages THP-1 cells were labelled with *H-cholesterol (5 uCi/ml) incorporated
into AcLDL (100 pg/ml) in the presence of 1% FBS, 50 uM B-mercaptoethanol and 200 nM
PMA, and incubated for 72h. Monolayers were extensively washed with serum free RPMI before
exposure to CS-6253 or apoA-I at 0.96 uM for 24h. Medium and cell associated *H-cholesterol
were then measured by liquid scintillation counting. Cholesterol efflux was calculated according
to the following equation as the percentage of *H-cpm medium / (*H-cpm medium + *H-cpm
cells) x 100%. Alternatively, prior to efflux, THP-1 cell lipids were extracted with hexane: isopro-
panol (3v/2v) (1h, room temperature), the samples were loaded onto Silica Gel (Newark, US)
thin layer chromatography plate (TLC). Bands corresponding to 3[H]-EC and *[H]-CE were
located by exposure to iodine vapor, and were scraped off the plate into liquid scintillating vials
and assayed for radioactivity.

Lipid labeling

Lipid labeling was performed as described previously [20, 21] with minor modifications.
Briefly, BHK-cells were labeled with either 5 pCi/ml 3[H] choline (Perkin-Elmer) for 48 h or
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3 pCi/ml 3[H] cholesterol (Perkin-Elmer) for 24 h, and then stimulated as described above.
Cells were subsequently incubated with lipid-free apoA-I or CS-6253 at (0.96 uM) for 12h, and
fractionated by sucrose gradient in the presence of 0.2% Triton X-100. For each fraction, lipids
were extracted by Folch and *[H]choline-labeled PtdCho, and SM were separated by TLC in
the solvent system chloroform-methanol-water (65:35:4; v/v/v), and counted.

Lipoprotein Preparation

Blood samples were obtained from healthy control subjects after a 12 h fast. Isolated plasma
was kept in ice until separation of lipoproteins or was frozen at —80°C until analysis of lipids
and apolipoproteins. All participants gave verbal consent for the donation of blood (approxi-
mately 15 mL) for research purposes. Participants were volunteers from the research labora-
tory. A log book containing the volunteer’s donor ID and health care card number is kept by

a research nurse. The nurse collecting the blood and participant both sign the record and par-
ticipant’s documents are kept in a registry. The consent procedure of our protocol for research
on human subjects was reviewed and accepted by the Research Ethics Board of the McGill
University Health Center (REB 10-208). Plasma apoA-I concentrations were measured by
nephelometry (Behring Nephelometer 100 Analyzer). Human VLDL (d = 1.006 g/ml), (LDL
(1.019<d<1.063 g/mL) and HDL (1.09<d<1.21 g/mL) were isolated by sequential ultracentri-
fugation, [22] using KBr as a salt in a 50.4 Ti rotor (Beckman Instruments, Palo Alto, CA). Iso-
lated VLDL, LDL and HDL fractions were then extensively dialyzed against PBS, and total
protein concentrations in these fractions were measured using a modified Bradford procedure
(BioRad, Mississauga, Canada). Human AcLDL were purchased from Alfa Aesar (Ward Hill,
USA)

Lipoprotein separation by two-dimensional gel electrophoresis

Apo A-T and CS-6253-containing particles were separated according to charge (agarose, hori-
zontal axis) and size (polyacrylamide gradient, 3% to 20% gel, vertical axis) as previously
described [23]. Apo A-I-containing particles were detected by incubating the membranes with
immunopurified polyclonal anti-apo A-I antibody (Biodesign). The nHDL-CS-6253 contain-
ing particles were detected with immunopurified polyclonal anti-CS-6253 antibody (Biosyn-
thesis Inc., Lewisville, TX). The anti-CS-6253 is a purified rabbit IgG polyclonal antibody
specifically produced by Biosynthesis Inc. It is. Cross reactivity of this antibody was verified by
Nondenaturing gradient gel electrophoresis (ND-PAGGE) 5% to 35% [24]. The anti-CS-6253
antibody recognizes only CS-6253 peptide in plasma; neither apo A-I nor apo E were detected
by this antibody after separation by gradient gel electrophoresis respectively (Fig 1A, 1B and
1C). High molecular weight protein mixture (GE Healthcare, UK) was run as a standard on
each gel. Molecular weight markers were revealed by Ponceau S sodium salt.

FPLC analysis

Lipoprotein profiles were obtained using FPLC separation with a Superose 6B column (GE
Healthcare, Madison, WI). A 200 pl aliquot of concentrated medium by ultrafiltration (spiral
ultrafiltration cartridge, MWCO 50,000, Amicon), or 50 pl of plasma samples treated with CS-
6253 were loaded onto the column, and eluted with TS buffer (50 mM Tris, 0.15 M NaCl, pH
7.4) at a constant flow rate of 0.35 ml/min. An aliquot of 250 pl from each fraction (0.5 ml) was
used for the determination of radioactivity. Fractions corresponding to elution peaks were ana-
lyzed by Western blotting to detect apo A-I or CS-6253. The total cholesterol in plasma was
determined enzymatically by the use of a commercial kit (ThermoElectron, Waltham, MA)
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Fig 1. Cross reactivity characterisation of anti-CS-6253 antibody. Non denaturing gradient gel electrophoresis (4—20%) is used to separate CS-6253
complexes, apo A-l and apo E. CS-6253 was immunoblotted using antibody against human apo A-l, human apo E and against CS-6253. Normolipidemic
human plasma was used as positive control. Molecular weight markers were revealed by Ponceau S. Left panel shows dose response relationship with an
antibody directed against CS-6253. Middle panel shows anti-apo A-l antibody does not cross-react with CS-6253; similarly, right panel shows antibody

against apo E does not react against CS-6253.

doi:10.1371/journal.pone.0131997.g001

Human plasma apo A-l and apo E

Purified human plasma apo A-I (Biodesign) and apo E (Biodesign) were resolubilized in 4 M
guanidine-HCL and dialyzed extensively against Tris buffer, (10 mm Tris, 150 mm NaCl; pH
8.2) [16, 25]. Freshly solubilized apo A-I and apo E were used within 48 h

SR-Bl receptor-mediated cholesterol uptake

J774 cells were labeled for 24h with *[H]-cholesterol (Perkin Elmer, Norwalk, Connecticut) in
medium containing 1% FBS. Unlabeled rat Fu5AH hepatoma cells that express high levels of
SR-BI, were prepared as described previously [26]. Fu5AH were first seeded on 24-well plate at
a density of 2x10° cells/well in DMEM plus 10% FBS. SR-BI mediated cholesterol uptake is
determined as previously reported [27]. The nHDL particles were generated in media cell cul-
ture after 6h incubation of cAMP stimulated J774 cells with increased molar concentrations
relative to native apo A-I of lipid free CS-6253 (0, 0.018, 0.071, 0.179, 0.357, 0.536, 0.714, and
1.071 pM). To prevent cholesterol esterification, 2 pg/ml of the ACAT inhibitor (CP113,818)
was added during labeling, equilibration, and the efflux stages of the experiment. To inhibit de
novo cholesterol synthesis, the HMG-CoA reductase inhibitor Mevinolin was added to the
efflux medium (5 pg/ml) [28]. To assess SR-BI-mediated lipid uptake, *[H]cholesterol labeled
HDL particles (nHDL-CS-6253 and nHDL-apo A-I) were first incubated in normolipidemic
human plasma for 1 hour incubation at 37°C [20]. Plasma containing lipidated radiolabelled
HDL-peptide and HDL-apo A-I were obtained after PEG precipitation of apoB particles [18].
Thereafter, samples volumes of 20% apoB depleted plasma were incubated for 6h with FusAH
cells expressing SR-BI [29]. Fu5AH cells were then washed 3 times with cold PBS, and the cell
lipids were extracted with isopropyl alcohol as previously described [30]. The total of *H-label
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present in the lipid extract from cells (% cpm) was quantified by liquid scintillation, and plotted
as cell-associated radioactivity as described by Yancey et al. [30]. The contribution of SR-BI to
the influx of HDL cholesterol (HDL-C) was assessed by a 2h pretreatment of Fu5AH cells with
blocker of lipid transport-1 (BLT-1) to inhibit any transport of cholesterol from HDL to the
cells via SR-BI [31]. The integrity and quality of lipidation of HDL mimetic particles were veri-
fied by 2D-PAGGE analysis performed within 24 h

Statistical analysis

Data are shown as mean + standard deviation (SD). Results were compared statistically by
2-tailed Student’s ¢-test and p values <0.05 were considered significantly significant. Michae-
lis-Menten curve fitting was used to determine the kinetics of binding, cell association and
lipid efflux. The Lineweaver—Burk plot method was also used to determine cholesterol efflux
kinetics for treatment and correspondent control condition. The data was analyzed with the
Graph-Pad Prism6 software (GraphPad Software, Inc. La Jolla, CA), and expressed as

mean * standard deviation (SD)

Results

Toxicity

Toxicity was assessed in C57Bl/6 mice 4h following 300mg/kg intra-peritoneal injection (300
mg/kg) of ATI-5261, CS-6253 and vehicle (PBS) showing induced muscle toxicity by ATI-5261
as illustrated by serum CPK (31848.75+5583.89, p = 0.001; 153.75£33.45, p = 0.31; and 116.25
+56.83 TU/L, respectively), ALT (239.50+54.19, p = 0.004; 36.25+3.77, p = 0.75;and 37.75+7.89
IU/L, respectively), and AST (3640+959.36, p = 0.005; 68.25+3.50, p = 0.03; and 52.75+8.50
IU/L, respectively). Parallely plasma Tg levels were measured showing reduce in mice (n = 6)
injected with CS-6253. Plasma Tg levels in ATI-5261, CS-6253, and vehicles were as follows:
(3201.96+168.48, p = 0.000041; 321.27+78.65, p = 0.0065; and 57.41+7.65, respectively).

CS-6253 mediates cellular cholesterol efflux from ABCA1 in a time-
dependent manner

Previous studies indicated that apolipoprotein peptides can act as ABCA1-dependent acceptors
for cellular cholesterol efflux [7-9, 32]. At high concentrations, other peptides displayed deter-
gent-like properties and could extract cholesterol from cells independently of ABCA1 [33].
Notably, Remaley et al. demonstrated that apolipoprotein peptides composed of D-amino
acids (10pg/ml) can extract cholesterol in ABCA1-dependent and independent fashions [8].
This suggests that these peptides may cause non-specific side effects compared to apo A-I [34].
To address this issue we tested our peptide at a concentration of 30pug/ml (9.69 uM) in a

time- dependent manner to ensure that cholesterol efflux was ABCA1-dependent (Fig 2A).
Mock-transfected BHK cells and non-stimulated BHK-ABCAL1 cells were used as controls. CS-
6253-mediated cholesterol efflux reached saturation rapidly after ~ 6 h incubation period. In
contrast, apo A-I-mediated cholesterol efflux continues to increase (Fig 2A). There was no sig-
nificant cholesterol efflux to CS-6253 from control cells similarly to apo A-1.

CS-6253 mediates cholesterol and phospholipid efflux via ABCA1 ina
dose dependent manner
Lipid efflux was performed by the addition of lipid free apo A-I or CS-6253 at increasing con-

centration (0-40 pg/ml) in cAMP-treated J774 mouse macrophages (S1 Fig) and BHK cells
expressing ABCA1 under mifepristone (Fig 2B). As CS-6253 was designed from the carboxyl
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Fig 2. Effect of CS-6253 treatment on cholesterol efflux. A. Time-course activity of ABCA1-mediated cholesterol efflux to lipid-free CS-6253 (30 pg/ml) and
apo A-1 (10 pg/ml), using BHK cells expressing ABCA1, and control cells (unstimulated BHK-ABCA1 and BHK-mock cells). Cholesterol efflux from either
ABCA1 cells or control cells to apo A-l (closed circles), and CS-6253 (closed triangles) was determined at the indicated time points. B. Dose dependent ABCA1
mediated cholesterol efflux in BHK-ABCA1 induced with mifepristone. Kinetic parameters for ABCA1-mediated cholesterol efflux from BHK-ABCA1 cells to apo
A-l: K, = 4.53+0.67 pg/ml (0.1520.02 uM), V.o = 14.85+0.02% efflux/4h, and relative catalytic efficiency: V,,a/K, = 3.27. CS-6253: K,,, = 2.27+0.16 pg/ml
(0.73+0.05 M), Vax = 15.25+0.05% efflux/4h, and relative catalytic efficiency: Vi a/Km = 6.71. ATI-5261: K, = 1.04 £ 0.16 pg/ml (0.37 £ 0.04 pM), Vpax =
14.48 £ 0.29% efflux/ h, and relative catalytic efficiency: V,./Ky, = 13.92. Apo E: K, = 10.30+2.84 pug/ml (0.21+0.05 uM), Vo = 11.4541.16% efflux/4h, and
relative catalytic efficiency: Vina/Km = 1.11. C. Ability of CS-6253 to stimulate cholesterol efflux from human macrophages THP-1. Foam cells were incubated
with CS-6253 or apoA-| at equimolar ratio (0.96 uM) for 4h. Cholesterol efflux induced by CS-6253 and apoA-l were compared to control cells incubated alone.
P<0.001 by Student’s t-test. D. Membrane ABCA1 levels assessment by Western blotting assays. ABCA1 was detected from THP-1 foam cells lysis at 4°C with
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lysis buffer containing 0.5% n-dodecylmaltoside in the presence of a protease inhibitor mixture followed by low speed centrifugation to remove cell debris.
Protein concentration was determined by standard assay (Bio-Rad). The supernatants were then separated by SDS-PAGE (4—22.5%) in duplicate. After
electrophoresis, ABCA1 was detected by an anti-ABCA1 antibody. GAPDH was used as loading control. E. Quantification of FC and CE in foam cells after
interaction with CS-6253 and apoA-I. After a period of 4h cholesterol efflux, THP-1 foam cell lipids were extracted with hexane: isopropanol (3v/2v) as under
“Material and Methods’. 3[H]-FC and 3[H]-CE were separated by TLC and located by exposure to iodine vapor, and were scraped off into liquid scintillating vials
and assayed for radioactivity. Results are from a single experiment using triplicate wells and the mean (+SD) is presented. P<0.0001 versus control sample
untreated THP-1 cells for cholesterol efflux. P<0.05 versus FC or CE in untreated cells, by Student’s t-test.

doi:10.1371/journal.pone.0131997.9002

terminal sequence of apo E we included lipid free apo E as another control for cholesterol efflux
via BHK cells expressing ABCAL. Our result shows that the kinetic efficiency molar ratio of
CS-6253 was ~three to five times less effective at promoting ABCA1-mediated cholesterol in
BHK-ABCA1 when compared to apo E and apo A-I, respectively. Interestingly CS-6253 is two
times more efficient than AT-5261. V,,,, values are increased in the BHK-ABCA1 expressing
cells relative to J774 cells. Kinetic efficiencies of cholesterol efflux were determined from the
Vinax and K, values expressed as (V,,,,./K,,,), i.e catalytic efficiencies of CS-6253 to interact
with lipids and promote ABCA1-mediated lipid efflux [27, 29]. The kinetic efficiency (V,,,,,/
K,,) of CS-6253 in promoting ABCA1-mediated cholesterol efflux from J774 macrophages and
BHK-ABCAL1 cells is higher for CS-6253 4 to 5 fold than apo A-I (S1 Fig and Fig 2B). In addi-
tion, phospholipid efflux was found to be similar for CS-6253 and ATI-5261, albeit with a K,
of (0.33+0.05 uM) for CS-6253 vs K,,, of (0.14+0.02 pM) for apo A-I (S2 Fig). Analogous to
apo A-I the V,,,, of the peptide was found to promote greater cholesterol efflux in
BHK-ABCAL1 cells than in J774 cells (p<0.05).

CS-6253 stimulate cholesterol efflux from human THP-1 foam cells

Over 24h human apoA-1 and CS-6253 respectively removed respectively (27.42+1.04,
P<0.001) (25.33+0.04%, P<0.0001), of >[H]-FC from FC-enriched THP-1 cells, compared
with control (cells incubated without acceptor particles) (Fig 2C). Expression of ABCALI in
THP-1 macrophages-derived foam cells is confirmed by Western blot (Fig 2D). After 72h
incubation with AcLDL and *[H]-FC, cells accumulated more FC than CE as indicated by the
specific activity (cpm/mg cell protein) (Fig 2E).

ABCA1 oligomerization is not altered by CS-6253

We examined the oligomeric status of ABCA1 transporter in BHK cells stably expressing
ABCALI when incubated with CS-6253 by using n-dodecylmaltoside combined with denaturing
gel electrophoresis SDS-PAGE (4-22.5%). To assess CS-6253 effects on oligomeric forms of
ABCA1 compared to apo A-I, the chemical cross linker DSP was applied to BHK-ABCA1

cells [15]. As shown in (S3 Fig), detection of cross-linked ABCA1 by anti-ABCAL1 antibody
after separation of total cell lysate solubilized by a non-ionic detergent n-dodecylmaltoside
(0.5%) on denaturing gel (4-22.5%), revealed that ABCA1 migrated primarily as monomers

(~ 250kDa) or as dimers (~ 500kDa). On the other hand, using DTT as a reducing agent, we
observed that all the oligomeric forms were reduced to the monomeric form with a molecular
mass of <250 kDa indicative of disulfide bond contribution in dimer formation as estimated
by using SDS-PAGE [25]. Densitometric quantification of the immunoblots showed a ratio

of ABCA1 dimer: monomer for apo A-I of (69.22%+0.25), and CS-6253 of (56.47%=0.63,
p<0.05). This data demonstrates that the peptide does not disrupt oligomerization. To rule-
out the possibility that observed ABCA1 oligomerization may be the result of either nonspecific
protein aggregation or the formation of nonspecific disulfide linkages during cell lysis and
membrane preparation, urea 4 M and 100 mM iodoacetate were used. The use of urea in
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SDS-PAGE did not alter the ABCA1 dimer-monomer ratio, suggesting that ABCA1 dimeriza-
tion is not the result of nonspecific aggregation of ABCA1 protein in our assay. Also, the addi-
tion of iodoacetate, a cysteine reactant known to prevent the formation of di-sulfide bonds, to
the homogenization medium failed to prevent formation of ABCA1 dimers (data not shown).
Thus CS-6253 peptide like apo A-I causes ABCA1 dimer formation.

CS-6253 competes as effectively as apo E with apo A-I for binding to
ABCA1

Competition studies were performed to determine the ability of CS-6253 to compete for the
binding of '*’I-apo A-Ito ABCAL1 in stimulated BHK-ABCAL. Lipid free CS-6253 inhibited
the binding of '**I-apo A-Ito ABCAL as efficiently as apo A-I and apo E, i.e. (ICs = 0.035
+1.66 uM) for apo A-I, (0.057+1.53 uM) for apo E and (0.072+1.41 uM) for CS-6253 (Fig 3).
Control experiments were conducted to examine whether the apparent decrease in cell binding
of the labeled apo A-I may be attributable to the '*’I-apo A-I binding to different competitor
particles instead of the cells, as described in experimental procedures (data not shown). No sig-
nificant amount of '*°I-apo A-I was found associated with CS-6253, supporting the results
shown in Fig 3. Control data generating ICs, were performed in the same experiment for CS-
6253 and ATI-5261, as previously published (7).

CS-6253 promotes nascent (n) HDL formation through desorption of
specific lipids from plasma membrane micro-domains

We investigated the role of PM lipid microdomains in the formation of nHDL-CS-6253 at the
cellular level. The PM levels of cholesterol and total phospholipids separated by sucrose frac-
tionation were measured by spectroscopy. Addition of apo A-I or CS-6253 for 45 min, 6 h or
12 h to BHK-ABCAL cells promotes significant lipid desorption from both raft and non-raft
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Fig 3. Competitive binding of CS-6253 peptide to ABCA1 cells expressing ABCA1. BHK-ABCAT1 cells
were plated in 24-well plates and stimulated for 20 h. Cells were then incubated with 2 pg/ml of '2%l-apo A-I for
2 h at 37°C with increasing molar concentrations relative to apo A-1 of either CS-6253 peptide, ATI-5261,
human apo E, and unlabelled apo A-I (0, 0.0035, 0.017, 0.035, 0.071, 0.17, 0.35, 1.79 uM). Cells were then
washed rapidly three times with ice-cold PBS/BSA and then PBS alone. '?%I-apo A-I cell associated was
determined as described under “Experimental Procedures.” The values shown represent the mean + S.D
from triplicate wells. The 100% of control value measured in the absence of competitors was 0.21 ng of apo
A-l/ug cell protein. Values of ICso shown were determined using the Graph Pad Prism 6 software.

doi:10.1371/journal.pone.0131997.g003
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domains (S4 and S7 Figs). Incubation with CS-6253 was found to promote significantly cho-
lesterol desorption from both rafts and non-rafts after 45 min respectively (20% CS-6253 vs
25% apo A-I) (S4 and S5 Figs, inset) and only from rafts after 6 h incubation (data not shown).
No cholesterol removal was seen following 12 h incubation with CS-6253 in contrary to apo
A-I (data not shown). Phospholipids desorption after 45 min incubation was similar for both
apo A-T and CS-6253 (S6 and S7 Figs). Moreover, we sought to investigate the effect of CS-
6253 (0.96 uM) on PM phospholipids species, i.e phosphatidylcholine (PC) and sphingomyelin
(SM) after 12h incubation with cells and using apo A-I as control [35]. Incubation with apo
A-1(0.96 uM) was found to promote less PC desorption in PM microdomains than CS-6253
with 18% significant reduction in raft fraction vs. control (p<0.05) (Fig 4A and 4B). In addi-
tion, SM were found to be desorbed from both non-raft and raft domains as shown by apo A-I
and CS-6253 profile distributions (Fig 4C and 4D). This is consistent with quantification of
radioactivity appearing in rafts (fractions 1 to 5) and non-rafts (fractions 6 to 10) expressed as
percentage of control (100%, in the absence of apo A-I) for *[H]PC and *[H]SM (Fig 4A, 4B,
4C and 4Dinset).

Nascent HDL particles are generated by CS-6253 through ABCA1

Next, we investigated the nature of CS-6253-containing particles released in the medium from
stimulated ABCAL cells. Cells were first incubated in 100 mm diameter dishes with either

(0.96 uM) apo A-I or CS-6253 in 8 ml of DMEM for 45 min and 6 h at 37°C. These two time
points were selected based on our previous work on HDL biogenesis [25, 36]. Lipid free apo
A-Tor CS-6253 incubated in cell free system media under same conditions were used as control
for 2D-PAGGE analysis. Apo A-I or CS-6253-containing particles were separated and analyzed
by 2D-PAGGE. As shown in Fig 5, left panel, apo A-I or CS-6253 incubated without cells had
a pre-P electrophoretic mobility with a molecular diameter of 7.1 nm. However, apo A-I and
CS-6253-containing particles released from stimulated ABCA1 cells at either 45min or 6 h
exhibited a-electrophoretic mobility with a particle size ranging from 9 to 20 nm (designated
o-LpA-I-like particles, o-LpCS-6253-like particles) (Fig 5A and 5B) respectively. Both the
charge and size of these nascent particles were stable over a 6h incubation period. These nHDL
particles were retained following 50 kDa molecular weight cut filter separation, suggesting a
particle size that is equal to, or greater than 20 nm nHDL-LpA-I [21].

nHDL-CS-6253 promote ABCG1-mediated cholesterol efflux in a time-
and concentration- dependent manner

Cells expressing ABCA1 were incubated separately with 0.96 uM lipid free apo A-I or CS-6253
for 18h as previously reported [13]. The conditioned medium was removed and added to *[H]
cholesterol-labeled BHK cells expressing ABCG1 in time dependent manner (0-6h) [27].
ABCG1-mediated cholesterol efflux was significantly higher for nHDL-apoA-I compared to
nHDL-CS-6253 after 6h incubation (S8 Fig). In another experiment we used apo A-I and CS-
6253 conditioned medium from 18 h of incubation with unlabeled BHK cells expressing
ABCAL1 as previously reported [12, 13, 37]. Increasing concentrations of lipid free or nHDL
using native apo A-I or CS-6253 was added to 3[H]cholesterol-labeled ABCG1 for 6 h, and
assayed for cholesterol efflux (S9 Fig). Kinetic efficiency of nHDL-apo A-I was eight times
more efficient in promoting ABCG1-mediated cholesterol than nHDL-CS-6253. When lipid
free CS-6253 was directly incubated with BHK-expressing ABCG1, *[H]cholesterol efflux was
linear over the dose range and was markedly lower than that of lipid free apo A-I (S9 Fig). The
’[H]cholesterol released from ABCG1 was saturable and had a lower K,,, molar efficiency for
the lipid free CS-6253 peptide (0.18+0.15 uM) when compared with apo A-I (0.06 + 0.01 uM)).
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Fig 4. Apo A-l (left panels) and CS-6253 (right panels) desorb phospholipids species from raft and nonraft domains. BHK-ABCA1 cells were labeled
with 3[H]choline for 48 h, followed by stimulation with mifepristone for 18—20h as described in “experimental procedures”. Cells were then incubated for 12h
with apo A-l or CS-6253 (0.96 uM). After lipid extraction by Folch, 3[H]phosphatidyl choline (}[H]PC) (A and B), or °[H]sphingomyelin (][H]SM) (C and D) in
each fraction was assessed for radioactivity. Radioactivity appearing in fractions corresponding to raft (1-5) and nonraft (6—10) material was pooled, and
desorption of 3[H]PC (A and B inset) and 3[H]SM (C and D inset), from raft versus nonraft in the presence of apo A-l or CS-6253 was expressed as a
percentage of control (100%, in the absence of acceptor). 3[H]PC and 3[H]SM distributions in sucrose gradient fractions after 12h incubation with apo A-l or
CS-6253 were assessed by TLC respectively. Results shown are representative of three independent experiments. *P < 0.05 by Student's t-test.

doi:10.1371/journal.pone.0131997.g004

Thus, lipid free CS-6253 peptide is a relatively poor acceptor for ABCG1 cholesterol efflux.
Interestingly the CS-6253 in lipid free form is a poor acceptor that still retained some net cho-
lesterol efflux capacity through ABCGI reaching maximum of less than 0.5% above the top of
the base line vs 1% by apo A-I(S9 Fig).

nHDL mimetic CS-6253 particles are remodeled in plasma

We further examined the effect of nHDL generated with apo A-I or CS-6253 on LCAT and
PLTP activities in plasma. LCAT activity was determined by the fractional esterification rate
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Fig 5. Time course ability of CS-6253 to generate nHDL-mimetic like particles. (A and B): nHDL-CS-
6253 and nHDL-apo A-I released to the medium at specific time points (45 min and 6 h) from BHK cells
expressing ABCA1 were analyzed by 2D-PAGGE. Apo A-l was detected by polyclonal anti-apo A-l, CS-6253

peptides was detected by anti-CS-6253 and revealed by chemiluminescence. Molecular markers are
indicated.

doi:10.1371/journal.pone.0131997.g005

(FER) in the presence of apo A-I or CS-6253 with, or without the LCAT inhibitor DTNB as
described in Experimental procedures. As shown in S10 Fig, both apo A-I and CS-6253
increased LCAT activity, similar to nHDL-apo A-I (FER = 7.74+0.35%/h; vs nHDL CS-6253
FER = 7.41+0.25%/h). The presence of DTNB resulted in the inhibition of LCAT by

(98.37 + 0.08%). Two dimensional PAGE analysis confirmed the formation of larger (12~17
nm) HDL particles after incubation with human plasma (data not shown). We then looked at
phospholipid transfer between nHDL-CS-6253 and apoB containing lipoproteins in human
plasma. Incubation of nHDL-CS-6253 with normolipidemic plasma in the presence of the
PLTP stimulator AEBSF resulted in the transfer of a significant proportion of the *[H]choline
from nHDL-sized particles to apoB lipoproteins (S11 Fig). AEBSF increased PLTP activity by
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(34.6£0.72%) in nHDL-apo A-I vs (17.41£0.21%, p<0.05) in nHDL-CS-6253 containing
plasma when compared with untreated plasma. Consistently, CS-6253 nHDL increased PLTP
activity in plasma by 10% relative to apo A-I (S11 Fig).

FPLC cholesterol profiles of CS-6253 in media cell culture

To characterize cholesterol content in particles released from BHK cells expressing ABCA1 in
media and plasma; lipoproteins profiles were determined by FPLC. After radiolabelling cells
with ?[H]cholesterol for 24 hours, efflux medium (45 min) was collected, concentrated and
analyzed. The elution profiles of *[H]cholesterol are shown in (Fig 6A). In the presence of CS-
6253, BHK cells produced a larger peak than apo A-I (fractions: 45-55) (Fig 6A), associated
with an increase in the size of nHDL-CS-6253. nHDL-CS-6253 was confirmed by Western blot
(data not shown) similar to nHDL-apo A-I [38].

Ex-vivo effect of CS-6253 on plasma lipoproteins

In a separate experiment, transfer of cholesterol to apoB lipoproteins was examined by count-
ing radioactivity in PEG precipitated plasma fractions (pellet and supernatant) following incu-
bations with increased doses of radiolabelled nHDL-CS-6253 vs nHDL-apoA-I (1h, 37°C) (Fig
6B) derived by ABCAL interaction. Data shows that CS-6253 promotes efficient cholesterol
transfer to apoB particles in plasma with higher V,,,,, compared to apo A-I. Treatment of
plasma with equimolar ratios of CS-6253 and apo A-I for 5min at 37°C, showed that the former
was associated with a larger increase in the cholesterol content in the LDL particles albeit size
differences by FPLC were not observed (Fig 6C). A relative radiolabel increase was observed in
the VLDL>LDL>HDL for peptide when normalized to plasma (data not shown). The ex-vivo
effect of CS-6263 treatment on isolated HDL, LDL and VLDL and plasma lipoproteins was
also examined after separation by ND-PAGGE and CS-6253 Western blots detection (Fig 6D).
When CS-6253 was added to plasma (Fig 6D, lane 1), it increased the intensity of the band in
the LDL/VLDL region. CS-6253 was found to form a major band in the () position (7-12nm)
when incubated with HDL (Fig 6D, lane 2). When CS-6253 was incubated with isolated LDL
(Fig 6D, lane 3), the band was superimposed on LDL, with no band in the pre-f region
(~4nm). Finally, when CS-6253 was added to isolated VLDL (Fig 6D, lane 4), it shows an
increased band in the VLDL position, leaving a residual band in the pre-p region (lipid free CS-
6253)

Addition of lipid free CS-6253 or nHDL-CS-6253 to human plasma
stimulates ABCA1-dependent cholesterol efflux

Plasma cholesterol efflux from BHK-cell following increased doses of lipid free CS-6253

was assessed and compared with CS-6253 alone (media DMEM). The efflux capacity of
plasma-CS-6253 in BHK-mock cells reached a maximum of less than 1% similar to apo A-I in
plasma (Fig 7A). The ABCA1-mediated efflux by lipid free CS-6253 in plasma was four times
more efficient than that caused by the peptide alone in media (Table 1). Increased doses of
nHDL-CS-6253 or nHDL-apo A-I were generated as indicated above. The ABCA1-mediated
efflux by nHDL-CS-6253 in plasma was two times less efficient than that caused by the peptide
in plasma (Fig 7B) (Table 1). Analogous with lipid free apo A-I the peptide generated more
efficient cholesterol efflux in plasma than that found in media (Table 1). The data shows that
CS-6253 mediates ABCA1 dependent efflux in plasma. Furthermore, CS-6253 efflux in plasma
is two times more efficient than nHDL-CS-6253 (Table 1). This was associated with higher
Vinax of the ABCAL efflux in plasma with CS-6253 than with apo A-I (Table 1). To better
define the effect of lipid free CS-6253 on plasma cholesterol efflux capacity, increasing doses of
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Fig 6. Dynamics of transfer and redistribution of BHK-ABCA1 cell-derived cholesterol content of nHDL-CS-6253. nHDL-CS-6253 particles were
labelled with cell derived 3[H]cholesterol and incubated with normolipidemic plasma for various time periods at 37°C (1ug peptide: 10ug plasma apo A-l). A.
Characterization of lipid particles released to the medium in the presence of CS-6253. 3[H]-cholesterol-labelled BHK cells expressing ABCA1 or not were
incubated in the presence of 0.96 pM apo A-I (solid line) or CS-6253 (dashed line) for 45min at 37°C. Concentrated medium from cells was analysed by
FPLC, and radioactivity associated with each fraction was determined. B. Transfer of total >[H]cholesterol from [HJnHDL-CS-6253 to plasma lipoproteins.
nHDL-CS-6253 or nHDL-apo A-l were generated after incubation (4h) of BHK cells expressing ABCA1 with increased doses of lipid free CS-6253 or apo A-l.
Media cell culture containing *[H]-nHDL-particles was incubated in human plasma for 1h, 37°C. After ApoB precipitation, fractions were dialysed and counted
for radioactivity. Kinetic parameters for cholesterol transfer to apoB particles in plasma: nHDL-CS-6253 (439+0.20uM), V4« (439+ 19.74%cpm/pl) vs nHDL-
apo A-l (0.37 £ 0.035), Vmax (517424.45).C. Effects of ex vivo incubation of CS-6253 on plasma cholesterol lipoproteins. FPLC cholesterol profiles (OD 490
nm) of plasma apo A-I: peptide ratio (1:1) (dashed line) and plasma apo A-I: peptide ratios (1:0; i.e. apo A-l alone) (solid line) are obtained after 5 min
incubation at 37°C. In all experiment counts were made in triplicate, (*P<0.05 by Student's t-test). For reference purposes, the inset shows an FPLC profile of
normal plasma. D. Effect of ex vivo incubation of CS-6253 on plasma lipoproteins after separation by ND-PAGGE (5-35%) electrophoresis. CS-6253

(0.96 uM final dose) was incubated for 1h at 37°C with HDL, LDL or VLDL isolated by ultracentrifugation or with human plasma and then separated by
electrophoresis at concentration of 1 mg/protein/mL. Gel is followed by Western blot analysis with anti-CS-6253 antibody. Internal control was run on the left
of the gel and detected by Ponceau S.

doi:10.1371/journal.pone.0131997.9006
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Vmax = 14.7120.39% efflux/4h. Kinetic parameters for cholesterol efflux from BHK-mock cells to apo A-l in plasma: K;,, = 0.07+0.95 pM, V.o« = 0.30£0.15%
efflux/6h. CS-6253: K}, = 0.65+0.63 uM, Vo = 0.84+0.17% efflux/4h. B. nHDL-CS-6253 and nHDL-apo A-l were generated as indicated above. nHDL
particles were incubated in plasma for 1h at 37°C, and specific HDL fractions isolated by PEG were subjected to cholesterol efflux in 3[H]-radiolabelled BHK
cells. Kinetic parameters for ABCA1-mediated cholesterol efflux from BHK expressing ABCA1 cells to nHDL-apo A-lin plasma: K,,, = 0.25+0.08 pM, V oy =
15.73+2.14% efflux/4h. nHDL-CS-6253: K,,, = 0.32+0.15 UM, V. = 15.0120.84% efflux/4h. C. Mobilization of cholesterol efflux of increasing concentrations
of peptide: plasma apo A-I molar ratios: (1:0) (closed circles), (1:10) (upright closed triangles), and (1:1) (closed squares). (C inset). The double reciprocal-
plot was used to calculate the apparent appK,, of the efflux activity in peptide: plasma with indicated ratios. Kinetics values are as follows, molar ratio of
plasma apo A-1: CS-6253 (1:0); appK,,, (28+0.07 uM). Molar ratio of plasma apo A-I: CS-6253 (1:1); appK,,, (4.17+0.47 uM). Molar ratio of plasma apo A-I:
CS-6253 (1:10); appK,, (0.71£0.46 uM). D. Lipid free CS-6253 was incubated with normolipidemic plasma, using peptide: apo A-I mole ratio of (1:1) for 5 min
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at 37°C versus plasma alone. Isolated HDL fractions by PEG were separated by 2D-PAGGE and HDL subpopulations were detected by apo A-l Western
blot. Molecular size markers are shown. In all experiments, efflux of 3[H]cholesterol is shown as means + SD of triplicate experiments.

doi:10.1371/journal.pone.0131997.9007

CS-6253 were added to human plasma with molar ratios of (0:1), (1:1) and (10:1) peptide:
plasma apo A-I for 5min at 37°C. HDL specific cholesterol efflux (4h) was then evaluated using
BHK cells expressing ABCA1. To analyze kinetics of peptide, ABCA1 cholesterol efflux was
expressed in nanomoles cholesterol efflux (Fig 7C). Values obtained were used to generate a
Lineweaver-Burk double reciprocal plot to determine apparent K,,, (appK,,,) (Fig 7C, inset).
The appK,, values were significantly different for (28+0.072 uM) plasma apo A-I alone vs.
(4.17£0.47 uM) for CS-6253 with plasma-apo A-I (1:1), and (0.71+0.46) for (10:1) ratio,
p<0.0001). The appK,, for plasma alone demonstrate lower potency to activate efficient cho-
lesterol efflux than with CS-6253 added.

Addition of lipid free CS-6253 to human plasma induces pre f1-HDL
formation via mechanisms involving distinct a-HDL subpopulations

Cholesterol efflux results in Fig 7C showed that PEG precipitated plasma with peptide at (1:1
mole ratio relative to apo A-I) increased pre-1 HDL 4-fold (£1.12SD), as determined by den-
sitometry analysis, when compared to non-treated plasma (Fig 7D). Having observed efficient
increase of ABCA1 mediated cholesterol efflux to CS-6253 in plasma or in plasma molar ratios
relative to apo A-I, we investigated the effects of CS-6253 on HDL particles by 2D-PAGGE
(Fig 8A, 8B, 8C and 8D). We observed that in a time-course manner the peptide altered the
size distribution of the larger HDL-apo A-I species -1 and o-2 with ratio of (1:10) (Fig 8A,
8B, 8C and 8D) with near-complete conversion of o to prep-1 HDL achieved at 5 min or 2h.
This was associated with dramatic increase in pref-1 particles, 31-fold after 5min and 26-fold
after 2h (Fig 8A and 8C). Interestingly, we found that the CS-6253 peptide itself is unable to
associate with prep-1 HDL, and as it bound only to a—~HDL species as judged by 2D-PAGGE
and CS-6253 Western blots using CS-6253 specific anti-body (Fig 8E and 8F). CS-6253 or
'2°I_Lipid free apoA-I (control) were incubated with normolipidemic plasma ratio (10 ug Lipid
free apoA-I or peptide: 1 ug plasma apoA-I) at 37°C for increasing time. When '*’I-lipid free
apoA-I was added to plasma we observed only a 0.23-fold increase in prefp-1 particles after
5min and 0.4-fold increase after 2h (Fig 9B and 9C).

SR-Bl mediates nHDL-CS 6253 cholesterol uptake in FUSAH cells

The uptake of cholesterol from HDL particles to hepatocytes represents the final step in the
RCT pathway. We determined the SR-BI-mediated cholesterol uptake from nHDL generated

Table 1. Comparison of kinetic parameters for ABCA1-mediated cholesterol efflux (4h) from BHK cells in media cell culture and human plasma.

Data are presented as mean + SD.

Acceptor

Lipid free CS-6253

Lipid free ATI-5261

Lipid free apo A-l
nHDL-CS-6253

nHDL-apo A-l

Lipid free CS-6253

Lipid free apo A-l
doi:10.1371/journal.pone.0131997.t001

Efflux condition K., (M) Vinax (% efflux/4h)
media 0.73%0.05 15.25+0.23

media 0.37 £ 0.04 14.48 +0.29
media 0.15%0.02 14.85%0.69
plasma 0.34+0.16 15.28+0.93
plasma 0.40%0.11 18.45%+2.48
plasma 0.19+0.04 14.60%0.31
plasma 0.0210.0091 8.81%0.33
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Fig 8. Time dependent effects of incubation of lipid free CS-6253 with human plasma, on HDL subparticles. (A, B, C and D). Lipid free CS-6253 was
incubated with normolipidemic plasma, using peptide: apo A-I molar ratio of (10:1) and (0:1 i.e. no peptide) for (5 min, 1h, 2h, and 4h) at 37°C. HDL

subpopulations were detected by an anti-apo A-l antibody. E and F Samples were then PEG precipitated to remove apoB-containing lipoproteins and
separated by 2D-PAGGE. HDL subfractions were detected by an antibody against CS-6253. Molecular size markers are shown.

doi:10.1371/journal.pone.0131997.9008

with CS-6253 in FuS5AH cells that express SR-BI. ApoA-I nHDL were used as control, as previ-
ously described [27]. SR-BI was inhibited incubating the cells for 2 hours with a small molecule
blocker of lipid transport (BLT-1). Cell-associated *[H]cholesterol was quantified as described
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Fig 9. Time dependent effects of incubation of lipid free CS-6253 with human plasma, on HDL subparticles. (A, B, C). Radiolabeled Lipid free apoA-I
was prepared as indicated in “Material and Methods”. '?°I-lipid free apoA-I in incubated with normolipidemic plasma, using molar ratio (10 ug Lipid free apoA-I
or peptide: 1 ug plasma apoA-I) at 37°C for increasing time for (5 min, 1h, 2h, and 4h) at 37°C. Samples were separated by 2D-PAGGE, and 2°|-apoA-l was
detected by autoradiography. Lipid-free '2°l-apoA-I (C) incubated in PBS for 4 h at 37°C is shown as controls. Molecular size markers are shown.

doi:10.1371/journal.pone.0131997.9009

in Experimental procedures. Fu5AH cells do not express ABCA1 or ABCG1 as determined by
Western blot analysis (Fig 10A). The HDL-CS-6253 particles were less efficient in promoting
total cholesterol delivery to FuSAH cells (0.11+0.02 uM) than HDL-apo A-I (0.01+0.004 uM).
Interestingly, nHDL-CS6253 particles were ~3 fold more efficient in delivering cholesterol to
hepatic cells through SR-BI in human plasma than nHDL-ATI-5261. BLT-1, a specific inhibi-
tor of SR-BI was used to examine the specificity of cholesterol delivery to Fu5AH cells by CS-
6253 HDL particles (Fig 10B). BLT-1 inhibited uptake of cholesterol from CS-6253 or apo A-I
nHDL. This data confirms the selectivity of SR-BI-mediated cholesterol uptake (Fig 10C).
Thin layer chromatography was used to measure cholesteryl ester composition associated with
these cholesterol delivering particles and apo A-I nHDL was found to have significantly more
CE than CS-6253 nHDL (2497+84 cpm versus 1784+19 cpm, p<0.05)

Discussion

In the present study, we analyzed effects of the apolipoprotein-mimetic peptide CS-6253, com-
pared with apo A-I on HDL functions across sequential key steps in the RCT pathway. The
ABCAL1 transport is rate-limiting in HDL formation [39] and therefore potentially a therapeu-
tic modality of interest [7, 9, 40, 41].

We first studied HDL lipid efflux in BHK cells stably expressing the ABCAL1 transporter, in
a time and dose response manner. CS-6253 was dependent on ABCA1 for stimulating cellular
cholesterol efflux in a manner analogous to native apo A-I (Fig 2A). Cholesterol efflux by diffu-
sion to apo A-I or CS-6253 was examined in BHK mock cells not expressing ABCA1, and in
unstimulated BHK-ABCA1 cells. Both were similar, reaching a maximum of 1% for CS-6253
vs 0.75% for apo A-I. This finding is in contrast to that observed with synthetic peptide 37pA,
which effluxes cholesterol from cells using ABCA1-dependent and independent pathways [8].
The diffusion pathway is considered relatively minor and cannot be up regulated [42]. How-
ever, non-specific diffusion may cause cell lysis and toxicity.

CS-6253 stimulated cholesterol efflux via ABCALI in a concentration dependent manner in
J774 cells (S1 Fig). The K,,, value for cholesterol efflux by CS-6253 approached that of apo A-I,
indicating that the single helix CS-6253 peptide stimulated cholesterol efflux via ABCA1 in
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Fig 10. Uptake of cholesterol to hepatic cells expressing SR-Bl from plasma containing HDL-CS-6253
or HDL-apo A-l. A. Fu5AH liver hepatoma cells expression of SR-BI transporter ability. FUSAH cells were
grown as described in Experimental procedures, cells were lysed at 4°C with (20mM Tris, 5mM EDTA, and 5
mM EGTA,; pH 7.5) containing 0.5% n-dodecylmaltoside. The suspension was subjected for further lysis in
the presence of protease inhibitor mixture followed by low speed centrifugation to remove insoluble material.
Protein concentration was determined by standard assay (Bio-Rad). Cells were separated by SDS-PAGE (4—
22.5%), and immunoblotted using antibodies against human SR-BI, ABCG1 and ABCAT1. Cells lysate from
BHK cells expressing ABCG1 and ABCG1 was used as positive control. Molecular weight (Bio-Rad) is shown
on the left of the gel. B and C. Radiolabelled nHDL-CS-6253 or nHDL-apoA-| particles were generated after
incubation of J774 cells with lipid free CS-6253 or apo A-l at increased concentrations as showed in
experimental procedures. nHDL particles with CS-6253 or apoA-I were then incubated in plasma to induce
lipidation. Cholesterol uptake by SR-BI FUSAH cells was determined by incubation for 6h with 20% apoB
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depleted plasma as described in experimental procedures. BLT-1 was used to specifically inhibit SR-BI. The
values shown represent the mean + S.D from triplicate wells.

doi:10.1371/journal.pone.0131997.g010

J774 cells efficiently. In murine macrophages, extracellular accumulation of endogenously syn-
thesized apo E promotes ABCA1 cholesterol efflux [43, 44] in addition to that derived by CS-
6253-mediated cholesterol efflux in-vitro. To overcome this experimental limitation, our exper-
iments were also conducted in BHK cells expressing ABCAL1 as they do not secrete apo E [45].
We found that CS-6253 promotes cholesterol efflux with a K,,, molar efficiency approximating
that of apo E consistent with previous results using peptides fragments from the apo E carboxyl
terminus domains (Fig 2B) [43]. The efficiency of CS-6253 in promoting ABCA1-mediated
cholesterol and phospholipid efflux from murine ]J774 cells is in keeping with other apolipopro-
tein peptides [7, 29] (S2 Fig). The enhanced cholesterol and phospholipid efflux by CS-6252 is
likely related to the increased amphipathicity of CS-6253 helix, thereby increasing its lipid
affinity. Many apolipoproteins stimulate ABCA1 lipid efflux, suggesting common structural
features may govern the efflux process [46]. Class A amphipathic o-helices are involved in lipid
binding [7, 27, 46-48]. The efficiency of stimulated cholesterol and phospholipid efflux by
mimetic peptides correlates with the lipid affinity [49]. These results suggest that apo mimetic
peptides, as well as apo A-I first interact with the cell to form protein/phospholipid complexes
that can accept cholesterol and form nHDL particles [50]. Moreover, CS-6253 is as effective as
apo A-I in promoting cholesterol efflux from THP-1 macrophages derived foam cells express-
ing ABCA1 (Fig 2C). Cholesterol efflux caused net decrease but not clearance of stored CE in
THP-1 cells (Fig 2E). Consequently, stimulation of CE hydrolysis by CS-6253 does not appear
to be as quantitatively important in human cell THP-1 macrophages as apo A-I[51]. Only a
proportion of FC was mobilized away from the CE cycle after apoA-I or CS-6253-cell interac-
tions (29% and 11%, respectively; P<0.05). A similar ability was demonstrated with D-4F at
same molar ratio for 24h [52]. This finding may be relevant in-vivo as aortic lesions are
decreased with apoA-I infusions [53, 54]. We confirmed also that ABCAL1 is expressed in THP-
1 macrophages-derived foam cells (Fig 2D) [55].

Molecular interaction between CS-6253 and ABCA1 was investigated by chemical cross-
linking. ABCAL1 naturally dimerize with a possible higher order of oligomerization on the PM
(S3 Fig, left) [15]. CS-6253 did not impair oligomerization of ABCA1 (S3 Fig). This may be
important as ABCAL1 oligomerization is thought to serve as scaffold for apo A-I molecules to
bind, interact and facilitate lipid efflux to apo A-I, thus allowing the formation of nascent
LpA-I (nHDL) particles [15, 56-58].

To gain further insight into CS-6253 interaction with ABCA1, we performed competition
assays. Our result suggests a direct interaction between CS-6253 and ABCA1, as observed for
native apo A-I. However, ABCA1 interaction is not specific for apo A-I [59], but can occur
with apolipoproteins that contain amphipathic helical domains such as apo E [16, 57] and also
CS-6253. The present data indicates that the peptide is as efficient a competitor for the binding
of apoA-I to ABCAI as full length apoE. Moreover, CS-6253 competes five times more effec-
tively than ATI-5261 with apo A-I for binding to ABCA1 (Fig 3). The amphipathic helical
motif of CS-6253 may stabilize ABCAL1 against proteolytic degradation in keeping with previ-
ous data from other mimetic peptides [60].

The peptide induced desorption of cholesterol and phospholipids from lipid rafts and non-
rafts for nHDL biogenesis (54 Fig). Differences observed for the desorption of 3[H]cholesterol
and *[H]choline phospholipids onto apo A-I or CS-6253 at 45 min, 6 hours and 12 hours sup-
port the concept that the plasma membrane plays a pivotal role in phospholipid and cholesterol
desorption at the PM micro-domain level [58, 61]. This mechanism is in line with the concept
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of micro-solubilization model of membrane micro-domains proposed by Vedhachalam et al.
[62]. Data from the apo A-I mimetic peptide 4F revealed lipid rafts disruption in the process of
cholesterol and phospholipid efflux [63]. Here we report that CS-6253 exhibit non selective
desorption of PC species and more efficient desorption than apo A-IL. In fact, apo A-I appears
to favor more non-raft desorption (Fig 4A and 4Binset) as previously reported [35]. The PC
removal by CS-6253 appears independent of translocase activity of ABCA1. The SM species
are removed from both raft and non-raft micro domains on to CS-6253 analogous with apoA-I
(Fig 4C and 4Dinset). This CS-6253 effect may be important as it has been suggested that simi-
lar modulation of lipid rafts by apo A-I or 4F peptide potentially inhibit pro-inflammatory
gene expression, suggesting anti-inflammatory role of these mimetic peptides [63, 64]. Resem-
blance between natural physiology and CS-6253 was also supported by the finding that CS-
6253 promoted the assembly of HDL particles with diameters similar to that of nascent apoA-I
particles [65, 66].

ABCAI1 binding and micro-solubilization of PM lipids, are key steps in ABCA1-dependent
cholesterol efflux to CS-6253. However, the nature of the interaction between apolipoprotein
peptides and ABCAL is still unclear [5]. We speculate that a binding domain structure on CS-
6253 interacts with ABCA1, and its amphipathic o-helix, leading to the micro-solubilization of
PM, in turn facilitating the formation of lipid-rich HDL particles.

The nHDL CS-6253 particles generated by ABCAL1 cells were not efficient acceptors for cho-
lesterol when incubated with ABCG1 in contrast to nHDL-apo A-I. These studies also showed
that CS-6253 may generate efficiently lipidated HDL particles through ABCA1 that are not
necessarily subsequently lipidated by ABCG1. ABCGL transporter, unlike ABCA1, prefers
phospholipids-rich acceptor particles [67]. Decreased efficiency of ABCGI efflux could be also
attributed to the small ABCA1 mediated generation of intermediate-sized o-3 HDL-CS-6253
(~ 9 nm) (Fig 5A and 5B), as this fraction is proposed to be the most efficient one in interact-
ing with the ABCG1 to promote cellular cholesterol efflux [68].

To further characterize the efflux capacity of CS-6253 in human plasma; nHDL-CS-6253,
nHDL-apoA-I and apoA-I were used under similar experimental conditions (Table 1). We
found that lipid free CS-6253 is a preferred substrate to ABCA1 compared with nHDL-CS-
6253 in plasma, in accordance with what was reported for lipid poor apoA-I [69, 70]. Plasma
LCAT and PLTP are required for HDL remodeling [7, 8, 20, 32]. On a molar basis, CS-6253
was more efficient than the previously described ATI-5261 analogue (12) and as efficient as
native apo A-Iin activating LCAT in-vitro, in forming mature HDL in plasma (S10 Fig). It is
well documented that LCAT plays a pivotal role in the RCT pathway by maintaining a concen-
tration gradient of free cholesterol between cells membranes and HDL [71]. Sequence homol-
ogy between CS-6253 and apoA-I may be a contributing factor for the increase in LCAT
activation [72]. Previous studies of 37pA and 18A apolipoprotein mimetics revealed greater
LCAT activity when compared with apoA-I [73, 74]. However, data from D-4F peptide (18 aa)
showed no LCAT activity in-vitro, but D-4F activated LCAT in mice [75]. Other factors, such
as SM content of HDL may modulate LCAT activity [76, 77]. The ability of CS-6253 to desorb
SM species from PM may also contribute to its LCAT activation properties (Fig 4D, inset).
Further lipidomic studies on CS-6253 HDL particles will be required to address this issue.

When *[H]choline nHDL-CS-6253 is incubated in normolipidemic plasma with the PLTP
stimulator AEBSF, the transfer of phospholipids is accelerated to apo B lipoproteins (S11 Fig).
CS-6253 affects HDL remodeling physiologically in plasma. However, this observation requires
confirmation in-vivo. Active remodeling of CS-6253 in plasma offers a mechanistic explanation
for the elevation of ABCA1 dependent cholesterol efflux. As illustrated initially in (Fig 7D),
CS-6253 modulated pref1-HDL generation in plasma. Similar data was reported for 4F in-
vitro showing that increase in pref-1 HDL formation is observed after a little as 1 minute in
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human plasma [78]. However, whether it does this in vivo with high affinity is unclear [5]. In
our experiments, we found almost complete conversion of a to prep-1 HDL by CS-6253 that
was achieved after 5min (Fig 8A and 8C). Furthermore, analysis of the Lineweaver-Burk dou-
ble reciprocal plot (Fig 7C, inset) reveals that CS-6253 decreased the appKm for cellular choles-
terol efflux, when compared to plasma apo A-I alone. This finding is consistent with prefp-1
being responsible for the elevated capacity of plasma to stimulate cholesterol efflux via ABCA1
[9, 40, 41, 79], and suggests that similar effects might be observed by CS-6253 infusion in vivo.
We propose that CS-6253 induction of pref1-HDL formation and efficient efflux are mediated
through a mechanism that includes binding of the peptide to HDL particles that displace
apoA-I from a- HDL species to form prefl1-HDL in plasma. At the same time this mechanism
is associated with dynamic transfer of cholesterol and phospholipids to apoB lipoproteins (Fig
6B). This data is in keeping with cholesterol being transferred to LDL species as shown by
FPLC profiles (Fig 6C), showing that the peptide in the apoB lipoproteins associate more with
LDL more than with VLDL species (Fig 6D). Interestingly, CS-6253 associates with LDL and
VLDL lipoproteins in plasma in-vitro. The significance of this finding remains unclear, but
could reflect enhanced transfer of esterified cholesterol onto apoB-containing lipoproteins, and
thus favoring HDL remodeling and RCT. This is in contrast to peptide 5A in-vivo, showing
that 5A promotes transfer of cholesterol from LDL to HDL [9]. It is possible that in a closed in-
vitro system the generation of prepl1-HDL decrease the storage capacity of HDL with transfer
of HDL-C to other lipoprotein particles. Further studies are thus required in-vivo to better
define the lipid transfer process from nHDL-CS-6253 to apo B particles, and clearance via the
LDL receptor. Here, we show that pref1-HDL particles are generated de novo by interaction
between CS-6253 and a-HDL particles in plasma. These results, suggest that the peptide could
enhance endogenous nHDL formation, thereby expanding the pool of lipid-poor apoA-I to
exert potential anti atherosclerotic effects. Transient elevation of lipid poor apo A-I is thought
to be clinically beneficial in removing cholesterol from the artery wall [80]. Interestingly, exog-
enous lipid-free '*I-apoA-I appears in pre-existing pref}-migrating HDL species in normolipi-
demic plasma (Fig 9B and 9C). This association was conserved over the 4 h time course of the
study. Within 5 min, lipid-free apoA-I incorporate rapidly in o—migrating HDLs in consistence
with previous studies in-vitro and in vivo [20, 81]. The rapidity of this process may provide an
explanation for the difficulty to document an increase in pref-migrating apoA-I observed with
the peptide in normal plasma. Additionally pref-2 HDL particles seem unaffected by CS-6253
in plasma (Figs 7D and 8A, 8B, 8C and 8D). However, the detailed function of these particles
has not been recognized yet [82]. Mechanism(s) of actions of apolipoprotein mimetic peptides
in plasma remain unclear [5], and a detailed model is proposed in Fig 11illustrating CS-6253
effects in plasma. The uptake of cholesterol by the liver represents the final step in the RCT
pathway. We have shown that apoA-I and CS-6253 promoted total cholesterol uptake in SR-BI
expressing Fu5AH hepatoma cells (Fig 10B).

We provide evidence that CS-6253 enhances key steps of RCT in-vitro, in agreement with
previous data on apolipoprotein peptides D-4F and 5A [9, 83]. Also, we present evidence dem-
onstrating molecular interactions between ABCA1 and CS-6253 in a manner similarly to apo
A-1[25, 35,57, 84]. In addition, lipid free CS-6253 potentially modulates HDL metabolism
more than nHDL-CS-6253 in plasma ex-vivo, suggesting that lipid free CS-6253 may have a
therapeutic potential in man. Our data for CS-6253 peptide properties indicate feasibility of
CS-6253 as a potential therapeutic agent—much more so than for the previously reported
ATI-5261 peptide [27]. We previously showed that ATI-5261 possess efficient RCT properties
in-vitro [11], with less efficiency in binding to ABCA1 than the CS-6253 analogue. The
nHDL-CS-6253 like particles in human plasma are more efficient than those generated by
ATI-5261 in activating LCAT and delivering cholesterol to hepatic cells through SR-BI. Thus,
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they are actively delipidated of phospholipids by PLTP to yield lipid poor apo A-l precursor of RCT activation.
9) Alternatively lipid free CS-6253 associates with aHDL-apo A-l species leading to pref1-apo A-l formation,
that can also close the loop and initiate again RCT. 10) in this process, the peptide transfer cholesterol to
apoB particles, and 11) cholesterol is delivered to liver by the LDLR.

doi:10.1371/journal.pone.0131997.g011

CS-6253 generates more efficient nHDL particles able to drive efficiently RCT process in-vitro.
Indeed, ATI-5261 has unwanted in vivo toxicity at elevated doses limiting the therapeutic
utility. The comparison between CS-6253 and ATI-5261 clearly demonstrate that ABCA1
cholesterol efflux properties are separate and apart from muscle toxicity. The findings support
the feasibility of ABCALI as a safe and efficient target for the treatment of atherosclerosis
conditions.
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In summary, as illustrated in (Fig 11), we have shown that CS-6253 promotes key steps in
the RCT pathway. CS-6253 binds to ABCA1 and competes efficiently with apo A-I, conserves
the oligomeric structure of ABCA1, and generates nascent HDL-like particles. In plasma, these
CS-6253 HDL particles undergo remodeling by LCAT and PLTP and serve as efficient donors
of cholesterol to hepatocytes via the SR-BI receptor. Our data also suggests that CS-6253 added
directly to human plasma promotes ABCA1-dependent cellular cholesterol efflux efficiently.
When incubated with human plasma CS-6253 binds to HDL and LDL and increased the trans-
fer of cholesterol from HDL to apoB particles, predominantly to LDL species. The formation of
prep-1 HDL with the cycling of apo A-I between the prep and a-HDL are proposed here to be
crucial mechanisms of RCT facilitated by ABCA1 interaction. This mechanism may play an
important role in the protection against atherosclerosis by the CS-6253 ABCAL1 agonist
peptide.

Limitations

A key limitation of this study is that it was conducted in in-vitro system of RCT that may not
allow a full understanding of the complex lipoprotein metabolism and physiology in man.
More animal studies are essential to explore the anti-atherogenic properties of this peptide.
Furthermore, we did not explore the pleiotropic effects of HDL on inflammatory, oxidation or
endothelial cell biomarkers. Additional work will be required to target HDL functions and its
regulations [33], that might provide valuable guidance for clinical trials and applications.

Supporting Information

S1 Appendix. Supplementary appendix.
(DOCX)

S1 Fig. In-vitro cholesterol efflux activity of CS-6253. Dose dependent ABCA1 mediated
cholesterol efflux in cAMP treated J774 cells. Kinetic parameters for ABCA1-mediated
cholesterol efflux from J774 cells to apo A-I or CS-6253 peptide are as follows: Apo A-L: K, =
3.82+1.81 pg/ml (0.15£0.05 pM), V.4 = 6.90+1.06% efflux/6h, and relative catalytic efficiency:
Vinax/Km = 1.80. CS-6253: K,,, = 0.17£0.10 pg/ml (0.54+0.10 puM), V,0x = 6.42£0.17% efflux/
6h, and relative catalytic efficiency: V,,,,,/K,,, = 37.76.

(TIF)

S2 Fig. Phospholipid efflux from BHK cells expressing ABCAL1 to increasing concentra-
tions of lipid free CS-6253 and apo A-I. Baby hamster kidney (BHK) cells were labeled with
*[H]-choline. ABCA1 expression was induced by treating BHK cells with 10 nM mifepristone.
Cells were then changed into fresh DMEM medium [no apolipoprotein A-I (apoA-I)] and
incubated with apoA-I or CS-6253 (0.96 uM). Medium was collected after 2 h. Medium and
cell-associated 3H radioactivity was counted and presented as percentage of cholesterol in the
medium relative to the total cholesterol (medium and cell-associated).Kinetic parameters

for ABCA1-mediated phospholipids efflux from BHK-ABCALI cells to apo A-I: K,,, = 3.65+
0.49 pug/ml (0.14£0.02 uM), V., = 0.77+0.02% efflux/2h, and relative catalytic efficiency:
Vinax/Kim = 0.21. CS-6253: K,,, = 1.03£0.15 pg/ml (0.33£0.05 pM), V.4 = 0.96+0.02% efflux/
2h, and relative catalytic efficiency: V,,,,,/K,, = 0.93. Results represent the mean of

triplicates + SD, n = 3.

(TIF)

$3 Fig. Chemical cross-linking of ABCAL in intact BHK cells expressing ABCA1. BHK cells
in 100-mm diameter dishes were stimulated with 10 nM mifepristone for 18-20 h. BHK cells
expressing ABCA1 (100 pug of total protein) in the presence of apo A-I or CS-6253 at same

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24,2015 25/32


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131997.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131997.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131997.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131997.s004

@’PLOS ‘ ONE

Apo Mimetic CS-6253 Mimmics Apo A-I

molarity (0.96 uM) were cross-linked or not with 500 uM DSP. Cells were then lysed at 4°C
with lysis buffer containing 0.5% n-dodecylmaltoside in the presence of a protease inhibitor
mixture followed by low speed centrifugation to remove cell debris. The supernatants were
treated or not with 50 mM DTT for 30 min at 37°C and then separated by SDS-PAGE (4-
22.5%) in duplicate. After electrophoresis, ABCA1 was detected by an anti-ABCA1 antibody.
GAPDH was used as loading control.

(TIF)

S$4 Fig. Apo A-I desorbs cholesterol from raft and nonraft domains. BHK-ABCAL1 cells were
labeled with *[H]cholesterol or *[H]choline for 48 h, followed by stimulation with mifepristone
for 18-20h as described in experimental procedures in the online-only Supplementary appen-
dix, S1 Appendix. Cells were then incubated for 45 min with apo A-I or CS-6253.

(TIF)

S5 Fig. CS-6253 desorbs cholesterol from raft and nonraft domains. BHK-ABCA1 cells were
labeled with *[H]cholesterol or *[H]choline for 48 h, followed by stimulation with mifepristone
for 18-20h as described in experimental procedures in the online-only Supplementary appen-
dix, S1 Appendix. Cells were then incubated for 45 min with apo A-I or CS-6253.

(TTF)

S6 Fig. Apo A-I desorbs phospholipids from raft and nonraft domains. BHK-ABCALI cells
were labeled with >[H]cholesterol or >[H]choline for 48 h, followed by stimulation with mifep-
ristone for 18-20h as described in experimental procedures in the online-only Supplementary
appendix, S1 Appendix. Cells were then incubated for 45 min with apo A-I or CS-6253.

(TTF)

S7 Fig. CS-6253 desorbs phospholipids from raft and nonraft domains. BHK-ABCA1 cells
were labeled with *[H]cholesterol or >[H]choline for 48 h, followed by stimulation with mifep-
ristone for 18-20h as described in experimental procedures in the online-only Supplementary
appendix, S1 Appendix. Cells were then incubated for 45 min with apo A-I or CS-6253. After
lipid extraction, *>[H]cholesterol in each fraction was assessed for radioactivity. Radioactivity
appearing in fractions corresponding to raft (1-5) and nonraft (6-10) material was pooled, and
desorption of >[H]cholesterol and *[H]choline, from raft versus nonraft in the presence of apo
A-T or CS-6253 was expressed as a percentage of control (100%, in the absence of acceptor) (54
to S7 inset). Results shown are representative of three independent experiments. *P < 0.05 by
Student's t-test.

(TIF)

S8 Fig. In-vitro time-dependent ABCG1-mediated cholesterol efflux activity to nHDL-CS-
6253 particles generated by BHK cells expressing ABCA1. Unlabeled BHK cells expressing
ABCA1 were treated with 0.96 uM lipid free apo A-I or CS-6253 for 18 h as described in exper-
imental procedures in the online-only Supplementary appendix, S1 Appendix. Then the
medium was collected and added to 3[H]cholesterol-labeled ABCG1 expressing cells in a time-
dependent fashion (0-6h), and assayed for cholesterol efflux (only 6h time point is shown).
(TIF)

S9 Fig. In-vitro ABCG1-mediated cholesterol efflux activity to lipid free CS-6253 and
nHDL-CS-6253 particles generated by BHK cells expressing ABCA1. Unlabeled ABCA1
expressing cells were treated with increasing concentrations of apo A-I or CS-6253 for 18 h.
The medium from unlabeled ABCAL cells treated as described in experimental procedures,
centrifuged to remove cellular debris, added to *>[H]cholesterol-BHK ABCG1 expressing cells
for 6 h, and assayed for efflux as described in the online-only Supplementary appendix, S1
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Appendix. Lipid free peptide and apo A-I are also tested against ABCG1 expressing cells for 6h
cholesterol efflux. (We selected 1 uM nHDL mimetic or nHDL-apo A-I or lipid free peptide
and apo A-I for the figure). Kinetic parameters for ABCG1-mediated cholesterol efflux to
nHDL-apo A-I or CS-6253 are as follows: nHDL-Apo A-I: K,,, = 2.63£0.38 pg/ml (0.10

10.01 uM), V,,.0r = 16.23£0.61% efflux/6h, and relative catalytic efficiency: V,,,./K,, = 6.17.
nHDL-CS-6253: K,,, = 2.5940.65 pg/ml (0.76+0.18 uM), V.4 = 4.612£0.65% efflux/4h, and
relative catalytic efficiency: V,,,,,/K,, = 1.77. Kinetic parameters for ABCG1-mediated choles-
terol efflux to lipid free peptide and apo A-I are as follows: Apo A-I: K,,, = 1.7+0.50 pug/ml
(0.06 + 0.01 uM), V0 = 0.96 + 0.01% efflux/6h, and relative catalytic efficiency: V,,,./K,, =
0.56. CS-6253: K,,, = 8.33+4.36 pg/ml (0.18+0.15 uM), V10, = 0.99£0.19% efflux/6h, and rela-
tive catalytic efficiency: V,,,,/K,, = 0.11. Efflux of *[H]cholesterol is shown as means + SD of
triplicate experiments.

(TIF)

$10 Fig. Dynamics of esterification of nascent LpCS-6253. nHDL-CS-6253 particles were
labelled with cell derived *[H]cholesterol and incubated with a normolipidemic plasma at a
ratio of (1ug peptide: 10pg plasma apo A-I). LCAT activity was determined after incubation for
1h at 37°C in the presence or absence of 2 mM DTNB. After lipid extraction, 3[H]cholesterol
(unesterified) and *[H]CE from plasma were separated by TLC and assayed for radioactivity as
described in the online-only Supplementary appendix, S1 Appendix. LCAT activity was mea-
sured as CE divided by cholesterol/h. Results are mean (+SD) of triplicate experiments.
*P<0.05.

(TIF)

S11 Fig. Dynamics of transfer of nascent LpCS-6253. Radiolabelled *[H]-choline nascent-
like HDL lipoprotein apo A-I, CS-6253 or were incubated with normolipidemic plasma for 6 h
at 37°C in the presence or the absence of AEBSF as indicated in methods in the online-only
Supplementary appendix, S1 Appendix. After incubation, apoB was precipitated by PEG.
ApoB containing particles fractions were dialyzed and PLTP transfer is calculated between
nHDL and apoB fractions. Control (open bar) consists of radiolabelled particles alone in PBS+-
BSA. Results are mean (+SD) of triplicate experiments. * P<0.05.

(TTF)

Acknowledgments

The authors thank Drs. Salman Azhar and Stephanie Bittner for animal procedures. Animal
study was performed in Geriatric Research, Education, and Clinical Center (GRECC), Veterans
Administration Palo Alto Health Care System, Stanford University School of Medicine, Palo
Alto, CA 94304

Author Contributions

Conceived and designed the experiments: AH JG. Performed the experiments: AH. Analyzed
the data: AH ]JG. Contributed reagents/materials/analysis tools: JG JKB JOJ. Wrote the paper:
AH JG. Provided critical comments for the manuscript: JKB JOJ.

References

1. Rader DJ, Alexander ET, Weibel GL, Billheimer J, Rothblat GH. The role of reverse cholesterol trans-
port in animals and humans and relationship to atherosclerosis. J Lipid Res. 2009 Apr; 50 Suppl:S189—
94. PMID: 19064999. Pubmed Central PMCID: PMC2674717. Epub 2008/12/10. eng doi: 10.1194/jir.
R800088-JLR200

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24, 2015 27/32


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131997.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131997.s012
http://www.ncbi.nlm.nih.gov/pubmed/19064999
http://dx.doi.org/10.1194/jlr.R800088-JLR200
http://dx.doi.org/10.1194/jlr.R800088-JLR200

@’PLOS ‘ ONE

Apo Mimetic CS-6253 Mimmics Apo A-l

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Leman LJ, Maryanoff BE, Ghadiri MR. Molecules that mimic apolipoprotein A-I: potential agents for
treating atherosclerosis. J Med Chem. 2014 Mar 27; 57(6):2169-96. PMID: 24168751. Pubmed Central
PMCID: PMC3969399. Epub 2013/10/31. eng doi: 10.1021/jm4005847

Getz GS, Wool GD, Reardon CA. Biological properties of apolipoprotein a-l mimetic peptides. Curr
Atheroscler Rep. 2010 Mar; 12(2):96—104. PMID: 20425244. Pubmed Central PMCID: PMC3087815.
Epub 2010/04/29. eng doi: 10.1007/s11883-010-0097-4

Hafiane A, Kellett S, Genest J. Treatment options for low high-density lipoproteins. Current opinion in
endocrinology, diabetes, and obesity. 2014 Apr; 21(2):134-9. PMID: 24535232. Epub 2014/02/19. eng
doi: 10.1097/MED.0000000000000049

Getz GS, Wool GD, Reardon CA. Apoprotein A-I mimetic peptides and their potential anti-atherogenic
mechanisms of action. Curr Opin Lipidol. 2009 Jun; 20(3):171-5. PMID: 19373084. Epub 2009/04/18.
eng doi: 10.1097/MOL.0b013e32832ac051

Remaley AT, Amar M, Sviridov D. HDL-replacement therapy: mechanism of action, types of agents and
potential clinical indications. Expert Rev Cardiovasc Ther. 2008 Oct; 6(9):1203—15. PMID: 18939908.
Epub 2008/10/23. eng doi: 10.1586/14779072.6.9.1203

Bielicki JK, Zhang H, Cortez Y, Zheng Y, Narayanaswami V, Patel A, et al. A new HDL mimetic peptide
that stimulates cellular cholesterol efflux with high efficiency greatly reduces atherosclerosis in mice. J
Lipid Res. 2010 Jun; 51(6):1496-503. PMID: 20075422. Pubmed Central PMCID: PMC3035513. Epub
2010/01/16. eng doi: 10.1194/jlr.M003665

Remaley AT, Thomas F, Stonik JA, Demosky SJ, Bark SE, Neufeld EB, et al. Synthetic amphipathic
helical peptides promote lipid efflux from cells by an ABCA1-dependent and an ABCA1-independent
pathway. J Lipid Res. 2003 Apr; 44(4):828-36. PMID: 12562845. Epub 2003/02/04. eng

Amar MJ, D'Souza W, Turner S, Demosky S, Sviridov D, Stonik J, et al. 5A apolipoprotein mimetic pep-
tide promotes cholesterol efflux and reduces atherosclerosis in mice. J Pharmacol Exp Ther. 2010 Aug;
334(2):634—41. PMID: 20484557. Pubmed Central PMCID: PMC2913774. Epub 2010/05/21. eng doi:
10.1124/jpet.110.167890

Zheng Y, Patel AB, Narayanaswami V, Hura GL, Hang B, Bielicki JK. HDL mimetic peptide ATI-5261
forms an oligomeric assembly in solution that dissociates to monomers upon dilution. Biochemistry.
2011 May 17; 50(19):4068-76. PMID: 21476522. Pubmed Central PMCID: PMC3100537. Epub 2011/
04/12. eng doi: 10.1021/bi2002955

Hafiane A, Bielicki JK, Johansson JO, Genest J. Apolipoprotein E derived HDL mimetic peptide ATI-
5261 promotes nascent HDL formation and reverse cholesterol transport in vitro. Biochim Biophys
Acta. 2014 Oct; 1842(10):1498-512. PMID: 25091998. Epub 2014/08/06. eng doi: 10.1016/j.bbalip.
2014.07.018

Oram JF, Vaughan AM, Stocker R. ATP-binding cassette transporter A1 mediates cellular secretion of
alpha-tocopherol. J Biol Chem. 2001 Oct 26; 276(43):39898-902. PMID: 11546785. Epub 2001/09/08.
eng

Vaughan AM, Oram JF. ABCA1 and ABCG1 or ABCG4 act sequentially to remove cellular cholesterol
and generate cholesterol-rich HDL. J Lipid Res. 2006 Nov; 47(11):2433-43. PMID: 16902247. Epub
2006/08/12. eng

Kritharides L, Christian A, Stoudt G, Morel D, Rothblat GH. Cholesterol metabolism and efflux in human
THP-1 macrophages. Arterioscler Thromb Vasc Biol. 1998 Oct; 18(10):1589-99. PMID: 9763531.
Epub 1998/10/09. eng

Denis M, Haidar B, Marcil M, Bouvier M, Krimbou L, Genest J. Characterization of oligomeric human
ATP binding cassette transporter A1. Potential implications for determining the structure of nascent
high density lipoprotein particles. J Biol Chem. 2004 Oct 1; 279(40):41529-36. PMID: 15280376. Epub
2004/07/29. eng

Krimbou L, Denis M, Haidar B, Carrier M, Marcil M, Genest J Jr. Molecular interactions between apoE
and ABCA1: impact on apoE lipidation. J Lipid Res. 2004 May; 45(5):839—-48. PMID: 14754908. Epub
2004/02/03. eng

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. J
Biol Chem. 1951 Nov; 193(1):265-75. PMID: 14907713. Epub 1951/11/01. eng

Hafiane A, Jabor B, Ruel |, Ling J, Genest J. High-density lipoprotein mediated cellular cholesterol
efflux in acute coronary syndromes. Am J Cardiol. 2014 Jan 15; 113(2):249-55. PMID: 24210679.
Epub 2013/11/12. eng doi: 10.1016/j.amjcard.2013.09.006

Doonan RJ, Hafiane A, Lai C, Veinot JP, Genest J, Daskalopoulou SS. Cholesterol efflux capacity,
carotid atherosclerosis, and cerebrovascular symptomatology. Arterioscler Thromb Vasc Biol. 2014
Apr; 34(4):921-6. PMID: 24558111. Epub 2014/02/22. eng doi: 10.1161/ATVBAHA.113.302590

Bailey D, Ruel I, Hafiane A, Cochrane H, latan I, Jauhiainen M, et al. Analysis of lipid transfer activity
between model nascent HDL particles and plasma lipoproteins: implications for current concepts of

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24,2015 28/32


http://www.ncbi.nlm.nih.gov/pubmed/24168751
http://dx.doi.org/10.1021/jm4005847
http://www.ncbi.nlm.nih.gov/pubmed/20425244
http://dx.doi.org/10.1007/s11883-010-0097-4
http://www.ncbi.nlm.nih.gov/pubmed/24535232
http://dx.doi.org/10.1097/MED.0000000000000049
http://www.ncbi.nlm.nih.gov/pubmed/19373084
http://dx.doi.org/10.1097/MOL.0b013e32832ac051
http://www.ncbi.nlm.nih.gov/pubmed/18939908
http://dx.doi.org/10.1586/14779072.6.9.1203
http://www.ncbi.nlm.nih.gov/pubmed/20075422
http://dx.doi.org/10.1194/jlr.M003665
http://www.ncbi.nlm.nih.gov/pubmed/12562845
http://www.ncbi.nlm.nih.gov/pubmed/20484557
http://dx.doi.org/10.1124/jpet.110.167890
http://www.ncbi.nlm.nih.gov/pubmed/21476522
http://dx.doi.org/10.1021/bi2002955
http://www.ncbi.nlm.nih.gov/pubmed/25091998
http://dx.doi.org/10.1016/j.bbalip.2014.07.018
http://dx.doi.org/10.1016/j.bbalip.2014.07.018
http://www.ncbi.nlm.nih.gov/pubmed/11546785
http://www.ncbi.nlm.nih.gov/pubmed/16902247
http://www.ncbi.nlm.nih.gov/pubmed/9763531
http://www.ncbi.nlm.nih.gov/pubmed/15280376
http://www.ncbi.nlm.nih.gov/pubmed/14754908
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://www.ncbi.nlm.nih.gov/pubmed/24210679
http://dx.doi.org/10.1016/j.amjcard.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24558111
http://dx.doi.org/10.1161/ATVBAHA.113.302590

@’PLOS ‘ ONE

Apo Mimetic CS-6253 Mimmics Apo A-I

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

nascent HDL maturation and genesis. J Lipid Res. 2010 Apr; 51(4):785-97. PMID: 19797257. Pubmed
Central PMCID: PMC2842159. Epub 2009/10/03. eng doi: 10.1194/jIr.M001875

Hassan HH, Bailey D, Lee DY, latan I, Hafiane A, Ruel |, et al. Quantitative analysis of ABCA1-depen-
dent compartmentalization and trafficking of apolipoprotein A-I: implications for determining cellular
kinetics of nascent high density lipoprotein biogenesis. J Biol Chem. 2008 Apr 25; 283(17):11164-75.
PMID: 18218626. Epub 2008/01/26. eng doi: 10.1074/jbc.M707720200

Hatch FT. Practical methods for plasma lipoprotein analysis. Adv Lipid Res. 1968; 6:1-68. PMID:
4179999. Epub 1968/01/01. eng

Asztalos BF, Cupples LA, Demissie S, Horvath KV, Cox CE, Batista MC, et al. High-density lipoprotein
subpopulation profile and coronary heart disease prevalence in male participants of the Framingham
Offspring Study. Arterioscler Thromb Vasc Biol. 2004 Nov; 24(11):2181-7. PMID: 15388521. Epub
2004/09/25. eng

Krimbou L, Tremblay M, Davignon J, Cohn JS. Characterization of human plasma apolipoprotein E-
containing lipoproteins in the high density lipoprotein size range: focus on pre-beta1-LpE, pre-beta2-
LpE, and alpha-LpE. J Lipid Res. 1997 Jan; 38(1):35—-48. PMID: 9034198. Epub 1997/01/01. eng

Denis M, Haidar B, Marcil M, Bouvier M, Krimbou L, Genest J Jr. Molecular and cellular physiology of
apolipoprotein A-I lipidation by the ATP-binding cassette transporter A1 (ABCA1). J Biol Chem. 2004
Feb 27; 279(9):7384-94. PMID: 14660648. Epub 2003/12/09. eng

Zimetti F, Weibel GK, Duong M, Rothblat GH. Measurement of cholesterol bidirectional flux between
cells and lipoproteins. J Lipid Res. 2006 Mar; 47(3):605—13. PMID: 16327021. Epub 2005/12/06. eng

Hafiane A, Bielicki JK, Johansson JO, Genest J. Apolipoprotein E derived HDL mimetic peptide ATI-
5261 promotes nascent HDL formation and reverse cholesterol transport in vitro. Biochim Biophys
Acta. 2014 Aug 1. PMID: 25091998. Epub 2014/08/06. Eng

Nordskog BK, Reagan JW Jr., St Clair RW. Sterol synthesis is up-regulated in cholesterol-loaded
pigeon macrophages during induction of cholesterol efflux. J Lipid Res. 1999 Oct; 40(10):1806-17.
PMID: 10508200. Epub 1999/10/03. eng

Alexander ET, Vedhachalam C, Sankaranarayanan S, de la Llera-Moya M, Rothblat GH, Rader DJ,
et al. Influence of apolipoprotein A-l domain structure on macrophage reverse cholesterol transport in
mice. Arterioscler Thromb Vasc Biol. 2011 Feb; 31(2):320-7. PMID: 21071688. Pubmed Central
PMCID: PMC3024460. Epub 2010/11/13. eng doi: 10.1161/ATVBAHA.110.216226

Yancey PG, de la Llera-Moya M, Swarnakar S, Monzo P, Klein SM, Connelly MA, et al. High density
lipoprotein phospholipid composition is a major determinant of the bi-directional flux and net movement
of cellular free cholesterol mediated by scavenger receptor Bl. J Biol Chem. 2000 Nov 24; 275
(47):36596—604. PMID: 10964930. Epub 2000/08/31. eng

Nieland TJ, Penman M, Dori L, Krieger M, Kirchhausen T. Discovery of chemical inhibitors of the selec-
tive transfer of lipids mediated by the HDL receptor SR-BI. Proc Natl Acad Sci U S A. 2002 Nov 26; 99
(24):15422-7. PMID: 12438696. Pubmed Central PMCID: PMC137732. Epub 2002/11/20. eng

Sethi AA, Stonik JA, Thomas F, Demosky SJ, Amar M, Neufeld E, et al. Asymmetry in the lipid affinity of
bihelical amphipathic peptides. A structural determinant for the specificity of ABCA1-dependent choles-
terol efflux by peptides. J Biol Chem. 2008 Nov 21; 283(47):32273-82. PMID: 18805791. Pubmed Cen-
tral PMCID: PMC2583319. Epub 2008/09/23. eng doi: 10.1074/jbc.M804461200

Hafiane A, Genest J. HDL, Atherosclerosis, and Emerging Therapies. Cholesterol. 2013; 2013:891403.
PMID: 23781332. Pubmed Central PMCID: PMC3678415. Epub 2013/06/20. eng doi: 10.1155/2013/
891403

Smith JD. Apolipoprotein A-l and its mimetics for the treatment of atherosclerosis. Curr Opin Investig
Drugs. 2010 Sep; 11(9):989-96. PMID: 20730693. Pubmed Central PMCID: PMC3074469. Epub
2010/08/24. eng

latan |, Bailey D, Ruel |, Hafiane A, Campbell S, Krimbou L, et al. Membrane microdomains modulate
oligomeric ABCA1 function: impact on apoAl-mediated lipid removal and phosphatidylcholine biosyn-
thesis. J Lipid Res. 2011 Nov; 52(11):2043-55. PMID: 21846716. Pubmed Central PMCID:
PMC3196236. Epub 2011/08/19. eng doi: 10.1194/jlr.M016196

Krimbou L, Hajj Hassan H, Blain S, Rashid S, Denis M, Marcil M, et al. Biogenesis and speciation of
nascent apoA-I-containing particles in various cell lines. J Lipid Res. 2005 Aug; 46(8):1668—77. PMID:
15897603. Epub 2005/05/18. eng

Hassan HH, Denis M, Krimbou L, Marcil M, Genest J. Cellular cholesterol homeostasis in vascular
endothelial cells. Can J Cardiol. 2006 Feb; 22 Suppl B:35B—40B. PMID: 16498511. Pubmed Central
PMCID: PMC2780830. Epub 2006/02/25. eng

Liu R, Hojjati MR, Devlin CM, Hansen IH, Jiang XC. Macrophage phospholipid transfer protein defi-
ciency and ApoE secretion: impact on mouse plasma cholesterol levels and atherosclerosis. Arterios-
cler Thromb Vasc Biol. 2007 Jan; 27(1):190-6. PMID: 17038631. Epub 2006/10/14. eng

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24,2015 29/32


http://www.ncbi.nlm.nih.gov/pubmed/19797257
http://dx.doi.org/10.1194/jlr.M001875
http://www.ncbi.nlm.nih.gov/pubmed/18218626
http://dx.doi.org/10.1074/jbc.M707720200
http://www.ncbi.nlm.nih.gov/pubmed/4179999
http://www.ncbi.nlm.nih.gov/pubmed/15388521
http://www.ncbi.nlm.nih.gov/pubmed/9034198
http://www.ncbi.nlm.nih.gov/pubmed/14660648
http://www.ncbi.nlm.nih.gov/pubmed/16327021
http://www.ncbi.nlm.nih.gov/pubmed/25091998
http://www.ncbi.nlm.nih.gov/pubmed/10508200
http://www.ncbi.nlm.nih.gov/pubmed/21071688
http://dx.doi.org/10.1161/ATVBAHA.110.216226
http://www.ncbi.nlm.nih.gov/pubmed/10964930
http://www.ncbi.nlm.nih.gov/pubmed/12438696
http://www.ncbi.nlm.nih.gov/pubmed/18805791
http://dx.doi.org/10.1074/jbc.M804461200
http://www.ncbi.nlm.nih.gov/pubmed/23781332
http://dx.doi.org/10.1155/2013/891403
http://dx.doi.org/10.1155/2013/891403
http://www.ncbi.nlm.nih.gov/pubmed/20730693
http://www.ncbi.nlm.nih.gov/pubmed/21846716
http://dx.doi.org/10.1194/jlr.M016196
http://www.ncbi.nlm.nih.gov/pubmed/15897603
http://www.ncbi.nlm.nih.gov/pubmed/16498511
http://www.ncbi.nlm.nih.gov/pubmed/17038631

@’PLOS ‘ ONE

Apo Mimetic CS-6253 Mimmics Apo A-l

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Liu Y, Tang C. Regulation of ABCA1 functions by signaling pathways. Biochim Biophys Acta. 2012
Mar; 1821(3):522-9. PMID: 21920460. Pubmed Central PMCID: PMC3243790. Epub 2011/09/17. eng
doi: 10.1016/j.bbalip.2011.08.015

Diditchenko S, Gille A, Pragst I, Stadler D, Waelchli M, Hamilton R, et al. Novel formulation of a recon-
stituted high-density lipoprotein (CSL112) dramatically enhances ABCA1-dependent cholesterol efflux.
Arterioscler Thromb Vasc Biol. 2013 Sep; 33(9):2202-11. PMID: 23868939. Epub 2013/07/23. eng doi:
10.1161/ATVBAHA.113.301981

Tardy C, Goffinet M, Boubekeur N, Ackermann R, Sy G, Bluteau A, et al. CER-001, a HDL-mimetic,
stimulates the reverse lipid transport and atherosclerosis regression in high cholesterol diet-fed LDL-
receptor deficient mice. Atherosclerosis. 2014 Jan; 232(1):110-8. PMID: 24401224. Epub 2014/01/10.
eng doi: 10.1016/j.atherosclerosis.2013.10.018

Adorni MP, Zimetti F, Billheimer JT, Wang N, Rader DJ, Phillips MC, et al. The roles of different path-
ways in the release of cholesterol from macrophages. J Lipid Res. 2007 Nov; 48(11):2453-62. PMID:
17761631. Epub 2007/09/01. eng

Vedhachalam C, Narayanaswami V, Neto N, Forte TM, Phillips MC, Lund-Katz S, et al. The C-terminal
lipid-binding domain of apolipoprotein E is a highly efficient mediator of ABCA1-dependent cholesterol
efflux that promotes the assembly of high-density lipoproteins. Biochemistry. 2007 Mar 13; 46
(10):2583-93. PMID: 17305370. Epub 2007/02/20. eng

Mazzone T. Apolipoprotein E secretion by macrophages: its potential physiological functions. Curr
Opin Lipidol. 1996 Oct; 7(5):303-7. PMID: 8937521. Epub 1996/10/01. eng

Nandi S, Ma L, Denis M, Karwatsky J, Li Z, Jiang XC, et al. ABCA1-mediated cholesterol efflux gener-
ates microparticles in addition to HDL through processes governed by membrane rigidity. J Lipid Res.
2009 Mar; 50(3):456—66. PMID: 18941142. Epub 2008/10/23. eng doi: 10.1194/jIr.M800345-JLR200

Wool GD, Reardon CA, Getz GS. Apolipoprotein A-1 mimetic peptide helix number and helix linker influ-
ence potentially anti-atherogenic properties. J Lipid Res. 2008 Jun; 49(6):1268—-83. PMID: 18323574.
Pubmed Central PMCID: PMC3837452. Epub 2008/03/08. eng doi: 10.1194/jlIr.M700552-JLR200

Sviridov DO, Andrianov AM, Anishchenko 1V, Stonik JA, Amar MJ, Turner S, et al. Hydrophobic amino
acids in the hinge region of the 5A apolipoprotein mimetic peptide are essential for promoting choles-
terol efflux by the ABCAT1 transporter. J Pharmacol Exp Ther. 2013 Jan; 344(1):50-8. PMID: 23042953.
Pubmed Central PMCID: PMC3533411. Epub 2012/10/09. eng doi: 10.1124/jpet.112.198143

Getz GS, Reardon CA. The structure/function of apoprotein A-I mimetic peptides: an update. Curr Opin
Endocrinol Diabetes Obes. 2014 Apr; 21(2):129-33. PMID: 24569554. Epub 2014/02/27. eng doi: 10.
1097/MED.0000000000000045

Yancey PG, Bielicki JK, Johnson WJ, Lund-Katz S, Palgunachari MN, Anantharamaiah GM, et al.
Efflux of cellular cholesterol and phospholipid to lipid-free apolipoproteins and class A amphipathic pep-
tides. Biochemistry. 1995 Jun 20; 34(24):7955-65. PMID: 7794908. Epub 1995/06/20. eng

Tall AR, Costet P, Wang N. Regulation and mechanisms of macrophage cholesterol efflux. J Clin
Invest. 2002 Oct; 110(7):899-904. PMID: 12370265. Pubmed Central PMCID: PMC151157. Epub
2002/10/09. eng

Oram JF, Yokoyama S. Apolipoprotein-mediated removal of cellular cholesterol and phospholipids. J
Lipid Res. 1996 Dec; 37(12):2473-91. PMID: 9017501. Epub 1996/12/01. eng

Liu XH, Xiao J, Mo ZC, Yin K, Jiang J, Cui LB, et al. Contribution of D4-F to ABCA1 expression and cho-
lesterol efflux in THP-1 macrophage-derived foam cells. J Cardiovasc Pharmacol. 2010 Sep; 56
(8):309-19. PMID: 20625316. Epub 2010/07/14. eng doi: 10.1097/FJC.0b013e3181edaf69

Lusis AJ. Atherosclerosis. Nature. 2000 Sep 14; 407(6801):233—-41. PMID: 11001066. Pubmed Central
PMCID: PMC2826222. Epub 2000/09/23. eng

Tavori H, Su YR, Yancey PG, Giunzioni |, Wilhelm AJ, Blakemore JL, et al. Macrophage apoAl protects
against dyslipidemia-induced dermatitis and atherosclerosis without affecting HDL. J Lipid Res. 2015
Jan 15. PMID: 25593328. Epub 2015/01/17. Eng

Tang CK, Tang GH, Yi GH, Wang Z, Liu LS, Wan S, et al. Effect of apolipoprotein A-l on ATP binding
cassette transporter A1 degradation and cholesterol efflux in THP-1 macrophage-derived foam cells.
Acta Biochim Biophys Sin (Shanghai). 2004 Mar; 36(3):218-26. PMID: 15202507. Epub 2004/06/19.
eng

Nagata KO, Nakada C, Kasai RS, Kusumi A, Ueda K. ABCA1 dimer-monomer interconversion during
HDL generation revealed by single-molecule imaging. Proc Natl Acad Sci U S A. 2013 Mar 26; 110
(13):5034—9. PMID: 23479619. Pubmed Central PMCID: PMC3612634. Epub 2013/03/13. eng doi: 10.
1073/pnas.1220703110

Trompier D, Alibert M, Davanture S, Hamon Y, Pierres M, Chimini G. Transition from dimers to higher
oligomeric forms occurs during the ATPase cycle of the ABCA1 transporter. J Biol Chem. 2006 Jul 21;
281(29):20283-90. PMID: 16709568. Epub 2006/05/20. eng

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24,2015 30/32


http://www.ncbi.nlm.nih.gov/pubmed/21920460
http://dx.doi.org/10.1016/j.bbalip.2011.08.015
http://www.ncbi.nlm.nih.gov/pubmed/23868939
http://dx.doi.org/10.1161/ATVBAHA.113.301981
http://www.ncbi.nlm.nih.gov/pubmed/24401224
http://dx.doi.org/10.1016/j.atherosclerosis.2013.10.018
http://www.ncbi.nlm.nih.gov/pubmed/17761631
http://www.ncbi.nlm.nih.gov/pubmed/17305370
http://www.ncbi.nlm.nih.gov/pubmed/8937521
http://www.ncbi.nlm.nih.gov/pubmed/18941142
http://dx.doi.org/10.1194/jlr.M800345-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18323574
http://dx.doi.org/10.1194/jlr.M700552-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/23042953
http://dx.doi.org/10.1124/jpet.112.198143
http://www.ncbi.nlm.nih.gov/pubmed/24569554
http://dx.doi.org/10.1097/MED.0000000000000045
http://dx.doi.org/10.1097/MED.0000000000000045
http://www.ncbi.nlm.nih.gov/pubmed/7794908
http://www.ncbi.nlm.nih.gov/pubmed/12370265
http://www.ncbi.nlm.nih.gov/pubmed/9017501
http://www.ncbi.nlm.nih.gov/pubmed/20625316
http://dx.doi.org/10.1097/FJC.0b013e3181edaf69
http://www.ncbi.nlm.nih.gov/pubmed/11001066
http://www.ncbi.nlm.nih.gov/pubmed/25593328
http://www.ncbi.nlm.nih.gov/pubmed/15202507
http://www.ncbi.nlm.nih.gov/pubmed/23479619
http://dx.doi.org/10.1073/pnas.1220703110
http://dx.doi.org/10.1073/pnas.1220703110
http://www.ncbi.nlm.nih.gov/pubmed/16709568

@’PLOS ‘ ONE

Apo Mimetic CS-6253 Mimmics Apo A-I

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sorci-Thomas MG, Thomas MJ. High density lipoprotein biogenesis, cholesterol efflux, and immune
cell function. Arterioscler Thromb Vasc Biol. 2012 Nov; 32(11):2561-5. PMID: 23077142. Pubmed
Central PMCID: PMC3793253. Epub 2012/10/19. eng doi: 10.1161/ATVBAHA.112.300135

Remaley AT, Stonik JA, Demosky SJ, Neufeld EB, Bocharov AV, Vishnyakova TG, et al. Apolipoprotein
specificity for lipid efflux by the human ABCAI transporter. Biochem Biophys Res Commun. 2001 Jan
26; 280(3):818—-23. PMID: 11162594. Epub 2001/02/13. eng

Arakawa R, Hayashi M, Remaley AT, Brewer BH, Yamauchi Y, Yokoyama S. Phosphorylation and sta-
bilization of ATP binding cassette transporter A1 by synthetic amphiphilic helical peptides. J Biol Chem.
2004 Feb 20; 279(8):6217—-20. PMID: 14701850. Epub 2004/01/01. eng

Phillips MC. New insights into the determination of HDL structure by apolipoproteins: Thematic review
series: high density lipoprotein structure, function, and metabolism. J Lipid Res. 2013 Aug; 54(8):2034—
48. PMID: 23230082. Pubmed Central PMCID: PMC3708355. Epub 2012/12/12. eng doi: 10.1194/jlr.
R034025

Vedhachalam C, Duong PT, Nickel M, Nguyen D, Dhanasekaran P, Saito H, et al. Mechanism of ATP-
binding cassette transporter A1-mediated cellular lipid efflux to apolipoprotein A-I and formation of high
density lipoprotein particles. J Biol Chem. 2007 Aug 24; 282(34):25123-30. PMID: 17604270. Epub
2007/07/03. eng

White CR, Smythies LE, Crossman DK, Palgunachari MN, Anantharamaiah GM, Datta G. Regulation
of pattern recognition receptors by the apolipoprotein A-l mimetic peptide 4F. Arteriosclerosis, thrombo-
sis, and vascular biology. 2012 Nov; 32(11):2631-9. PMID: 22982462. Pubmed Central PMCID:
PMC4083685. Epub 2012/09/18. eng doi: 10.1161/ATVBAHA.112.300167

Smythies LE, White CR, Maheshwari A, Palgunachari MN, Anantharamaiah GM, Chaddha M, et al.
Apolipoprotein A-I mimetic 4F alters the function of human monocyte-derived macrophages. Am J Phy-
siol Cell Physiol. 2010 Jun; 298(6):C1538—48. PMID: 20219948. Pubmed Central PMCID:
PMC2889631. Epub 2010/03/12. eng doi: 10.1152/ajpcell.00467.2009

Sorci-Thomas MG, Owen JS, Fulp B, Bhat S, Zhu X, Parks JS, et al. Nascent high density lipoproteins
formed by ABCA1 resemble lipid rafts and are structurally organized by three apoA-l monomers. J Lipid
Res. 2012 Sep; 53(9):1890-909. PMID: 22750655. Pubmed Central PMCID: PMC3413229. Epub
2012/07/04. eng doi: 10.1194/jlr.M026674

Lund-Katz S, Lyssenko NN, Nickel M, Nguyen D, Chetty PS, Weibel G, et al. Mechanisms responsible
for the compositional heterogeneity of nascent high density lipoprotein. J Biol Chem. 2013 Aug 9; 288

(32):23150-60. PMID: 23836906. Pubmed Central PMCID: PMC3743487. Epub 2013/07/10. eng doi:
10.1074/jbc.M113.495523

Cavelier C, Lorenzi |, Rohrer L, von Eckardstein A. Lipid efflux by the ATP-binding cassette transporters
ABCA1 and ABCG1. Biochim Biophys Acta. 2006 Jul; 1761(7):655-66. PMID: 16798073. Epub 2006/
06/27.eng

de la Llera-Moya M, Drazul-Schrader D, Asztalos BF, Cuchel M, Rader DJ, Rothblat GH. The ability to
promote efflux via ABCA1 determines the capacity of serum specimens with similar high-density lipo-
protein cholesterol to remove cholesterol from macrophages. Arterioscler Thromb Vasc Biol. 2010 Apr;
30(4):796-801. PMID: 20075420. Pubmed Central PMCID: PMC2866499. Epub 2010/01/16. eng doi:
10.1161/ATVBAHA.109.199158

Miyazaki O, Ogihara J, Fukamachi |, Kasumi T. Evidence for the presence of lipid-free monomolecular
apolipoprotein A-1 in plasma. J Lipid Res. 2014 Feb; 55(2):214—-25. PMID: 24304668. Pubmed Central
PMCID: PMC3886660. Epub 2013/12/07. eng doi: 10.1194/jlr.M041038

Favari E, Calabresi L, Adorni MP, Jessup W, Simonelli S, Franceschini G, et al. Small discoidal pre-
beta1 HDL particles are efficient acceptors of cell cholesterol via ABCA1 and ABCG1. Biochemistry.
2009 Nov 24; 48(46):11067—74. PMID: 19839639. Epub 2009/10/21. eng doi: 10.1021/bi901564g

Calabresi L, Franceschini G. Lecithin:cholesterol acyltransferase, high-density lipoproteins, and athero-
protection in humans. Trends Cardiovasc Med. 2010 Feb; 20(2):50-3. PMID: 20656215. Epub 2010/
07/27. eng doi: 10.1016/j.tcm.2010.03.007

Dergunov AD. Sequence-specific apolipoprotein A-l effects on lecithin:cholesterol acyltransferase
activity. Mol Cell Biochem. 2013 Jun; 378(1-2):283-90. PMID: 23516040. Epub 2013/03/22. eng doi:
10.1007/s11010-013-1619-5

Anantharamaiah GM, Jones JL, Brouillette CG, Schmidt CF, Chung BH, Hughes TA, et al. Studies of
synthetic peptide analogs of the amphipathic helix. Structure of complexes with dimyristoyl phosphati-
dylcholine. J Biol Chem. 1985 Aug 25; 260(18):10248-55. PMID: 4019510. Epub 1985/08/25. eng
Garber DW, Venkatachalapathi YV, Gupta KB, Ibdah J, Phillips MC, Hazelrig JB, et al. Turnover of syn-
thetic class A amphipathic peptide analogues of exchangeable apolipoproteins in rats. Correlation with
physical properties. Arterioscler Thromb. 1992 Aug; 12(8):886—-94. PMID: 1637786. Epub 1992/08/01.
eng

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24,2015 31/32


http://www.ncbi.nlm.nih.gov/pubmed/23077142
http://dx.doi.org/10.1161/ATVBAHA.112.300135
http://www.ncbi.nlm.nih.gov/pubmed/11162594
http://www.ncbi.nlm.nih.gov/pubmed/14701850
http://www.ncbi.nlm.nih.gov/pubmed/23230082
http://dx.doi.org/10.1194/jlr.R034025
http://dx.doi.org/10.1194/jlr.R034025
http://www.ncbi.nlm.nih.gov/pubmed/17604270
http://www.ncbi.nlm.nih.gov/pubmed/22982462
http://dx.doi.org/10.1161/ATVBAHA.112.300167
http://www.ncbi.nlm.nih.gov/pubmed/20219948
http://dx.doi.org/10.1152/ajpcell.00467.2009
http://www.ncbi.nlm.nih.gov/pubmed/22750655
http://dx.doi.org/10.1194/jlr.M026674
http://www.ncbi.nlm.nih.gov/pubmed/23836906
http://dx.doi.org/10.1074/jbc.M113.495523
http://www.ncbi.nlm.nih.gov/pubmed/16798073
http://www.ncbi.nlm.nih.gov/pubmed/20075420
http://dx.doi.org/10.1161/ATVBAHA.109.199158
http://www.ncbi.nlm.nih.gov/pubmed/24304668
http://dx.doi.org/10.1194/jlr.M041038
http://www.ncbi.nlm.nih.gov/pubmed/19839639
http://dx.doi.org/10.1021/bi901564g
http://www.ncbi.nlm.nih.gov/pubmed/20656215
http://dx.doi.org/10.1016/j.tcm.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/23516040
http://dx.doi.org/10.1007/s11010-013-1619-5
http://www.ncbi.nlm.nih.gov/pubmed/4019510
http://www.ncbi.nlm.nih.gov/pubmed/1637786

@’PLOS ‘ ONE

Apo Mimetic CS-6253 Mimmics Apo A-I

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Chen X, Burton C, Song X, McNamara L, Langella A, Cianetti S, et al. An apoA-I mimetic peptide
increases LCAT activity in mice through increasing HDL concentration. International journal of biologi-
cal sciences. 2009; 5(5):489-99. PMID: 19680471. Pubmed Central PMCID: PMC2726446. Epub
2009/08/15. eng

Bolin DJ, Jonas A. Sphingomyelin inhibits the lecithin-cholesterol acyltransferase reaction with recon-
stituted high density lipoproteins by decreasing enzyme binding. J Biol Chem. 1996 Aug 9; 271
(32):19152-8. PMID: 8702592. Epub 1996/08/09. eng

de Souza JA, Vindis C, Hansel B, Negre-Salvayre A, Therond P, Serrano CV Jr., et al. Metabolic syn-
drome features small, apolipoprotein A-I-poor, triglyceride-rich HDL3 particles with defective anti-apo-
ptotic activity. Atherosclerosis. 2008 Mar; 197(1):84-94. PMID: 17868679. Epub 2007/09/18. eng

Troutt JS, Alborn WE, Mosior MK, Dai J, Murphy AT, Beyer TP, et al. An apolipoprotein A-I mimetic
dose-dependently increases the formation of prebetal HDL in human plasma. J Lipid Res. 2008 Mar;
49(3):581-7. PMID: 18056684. Epub 2007/12/07. eng

Kawano M, Miida T, Fielding CJ, Fielding PE. Quantitation of pre beta-HDL-dependent and nonspecific
components of the total efflux of cellular cholesterol and phospholipid. Biochemistry. 1993 May 18; 32
(19):5025-8. PMID: 8494878. Epub 1993/05/18. eng

Waksman R, Torguson R, Kent KM, Pichard AD, Suddath WO, Satler LF, et al. A first-in-man, random-
ized, placebo-controlled study to evaluate the safety and feasibility of autologous delipidated high-den-
sity lipoprotein plasma infusions in patients with acute coronary syndrome. J Am Coll Cardiol. 2010 Jun
15; 55(24):2727-35. PMID: 20538165. Epub 2010/06/12. eng doi: 10.1016/j.jacc.2009.12.067

Kee P, Rye KA, Taylor JL, Barrett PH, Barter PJ. Metabolism of apoA-I as lipid-free protein or as com-
ponent of discoidal and spherical reconstituted HDLs: studies in wild-type and hepatic lipase transgenic
rabbits. Arterioscler Thromb Vasc Biol. 2002 Nov 1; 22(11):1912—7. PMID: 12426224. Epub 2002/11/
12.eng

Wroblewska M. The origin and metabolism of a nascent pre-beta high density lipoprotein involved in
cellular cholesterol efflux. Acta Biochim Pol. 2011; 58(3):275-85. PMID: 21750785. Epub 2011/07/14.
eng

Song X, Fischer P, Chen X, Burton C, Wang J. An apoA-I mimetic peptide facilitates off-loading choles-
terol from HDL to liver cells through scavenger receptor Bl. Int J Biol Sci. 2009; 5(7):637—46. PMID:
19847320. Pubmed Central PMCID: PMC2764346. Epub 2009/10/23. eng

Law SW, Gray G, Brewer HB Jr. cDNA cloning of human apoA-I: amino acid sequence of preproapoA-
|. Biochem Biophys Res Commun. 1983 Apr 15; 112(1):257-64. PMID: 6404278. Epub 1983/04/15.
eng

PLOS ONE | DOI:10.1371/journal.pone.0131997  July 24,2015 32/32


http://www.ncbi.nlm.nih.gov/pubmed/19680471
http://www.ncbi.nlm.nih.gov/pubmed/8702592
http://www.ncbi.nlm.nih.gov/pubmed/17868679
http://www.ncbi.nlm.nih.gov/pubmed/18056684
http://www.ncbi.nlm.nih.gov/pubmed/8494878
http://www.ncbi.nlm.nih.gov/pubmed/20538165
http://dx.doi.org/10.1016/j.jacc.2009.12.067
http://www.ncbi.nlm.nih.gov/pubmed/12426224
http://www.ncbi.nlm.nih.gov/pubmed/21750785
http://www.ncbi.nlm.nih.gov/pubmed/19847320
http://www.ncbi.nlm.nih.gov/pubmed/6404278

