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Abstract

Cardiovascular diseases due to atherosclerosis are the leading cause of death worldwide. In recent years,
novel therapeutics designed to enhance high-density lipoprotein (HDL) activity as a treatment for atherosclerosis
have been explored. Of particular interest is the use of amphipathic a-helical peptides to mimic the action of
the main HDL protein, apolipoprotein (Apo)Al. Immunomodulatory peptides share many physical and functional
properties with ApoAl and its mimetics; we therefore hypothesized that they too might be capable of enhancing
cholesterol efflux. The aim of this study was to determine whether a potent immunomodulatory peptide, innate
defence regulator (IDR)-1018, could promote cholesterol efflux from cells. Here, we report that IDR-1018 induced
a dose-dependent increase in ApoAl on the cell surface and ATP-binding cassette transporter A1 (ABCAT1)
protein levels. Functional assays revealed that low doses of IDR-1018 improved HDL-mediated suppression of
intracellular cholesteryl ester accumulation in macrophages and enhanced HDL-mediated cellular cholesterol
efflux from smooth muscle cells and macrophages. Based on these results we propose that natural and synthetic
immunomodulatory peptides like IDR-1018 represent a large new group of peptides that could be developed for
the treatment of atherosclerosis.
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M-CSF: Macrophage-Colony Stimulating Factor; gRT-PCR: Quantitative Real Time-Polymerase Chain Reaction;
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Introduction

Atherosclerosis is characterized by aberrant
accumulation of lipids, recruitment of immune cells
and development of chronic inflammation in arteries
[1]. Though numerous cell types are involved in the
pathogenesis of this disease, macrophages and smooth
muscle cells (SMCs) are thought to play a particularly
significant role [1-5]. During the development of
atherosclerosis, SMCs and macrophages internalize
and store substantial amounts of cholesterol,
developing into pro-inflammatory foam cells [2,3].
Reverse cholesterol transport by apolipoprotein Al
(ApoAl) and high density lipoproteins (HDL) combats
this process though the removal of excess cholesterol
from peripheral tissues [6]. The initial stages of this
process involve efflux of cholesterol from cells via
the cholesterol transporters ATP-binding cassette
(ABC)A1 and ABCG1 to lipid-poor ApoA1 and HDL
particles, respectively [3,7-9]. ApoAl and HDL also
exhibit extensive immunomodulatory activity [10-
15]. Therefore, substantial efforts have focused on
enhancing the cholesterol efflux and anti-inflammatory
activities of ApoAl and HDL for atherosclerosis
prevention [16]. This includes the use of ApoAl peptide
mimetics [16], which have been designed largely on
the structural and physical properties thought to confer
the ability of ApoAl to induce cholesterol efflux [17,18].
The result has been a series of short amphipathic
a-helical peptides with an ability to both induce cellular
cholesterol efflux and modulate immune responses,
both in vitro and in vivo [11,19-29].

Naturally occurring host defence peptides (HDPs)
and their synthetic derivatives, termed innate defence
regulators (IDRs), are powerful immunomodulatory
peptides [30] that share several physical and biological
characteristics with ApoAl and ApoAl peptide mimetics.
They are short cationic amphipathic molecules that
adopt a variety of conformations, including a-helices
[30-32]. IDR-1018, a 12-amino acid peptide developed
in our lab, adopts an amphipathic a-helical conformation
in the presence of zwitterionic micelles [32]. It exhibits
potent and pleiotropic immunomodulatory activities
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including promotion of chemokine production,
suppression  of  pro-inflammatory  responses,
enhancement of wound healing, and modulation of
the differentiation state of macrophages [32-36]. IDR-
1018 has also proven to be an effective treatment in
animal models of Mycobacterium tuberculosis and
Staphylococcus aureus infections and in preventing
death due to severe (cerebral) malaria and perinatal
brain injury [37-39].

The aim of this study was to determine if IDR-1018,
previously developed for its immunomodulatory
activities, was also capable of promoting cellular
cholesterol efflux. Here we show that IDR-1018
bound serum ApoAl and facilitated its interaction with
macrophages and, at low concentrations, enhanced
HDL-mediated cholesterol efflux from macrophages
and smooth muscle cells. Based on these results, we
propose that IDR-1018 enhances cholesterol efflux
from cells in a concentration dependent manner by
binding to serum ApoAl, and improving its interaction
with cells, thus promoting the transfer of cholesterol to
ApoAl and HDL particles. This is a novel mechanism of
action, unlike that of ApoAl peptide mimetics.

Materials and Methods
Blood collection and ethics statement

Blood and serum was collected from healthy
volunteers according to the guidelines of the University
of British Columbia clinical research ethics board (UBC-
CREB# H04-70232).

Reagents

Solid phase F-moc chemistry followed by reverse
phase HPLC was used to synthesize and purify the
peptide, IDR-1018 (VRLIVAVRIWRR-NH,) (CPC
Scientific, Sunnyvale CA), to greater than 95% purity.
Cholesterol and fatty acid free bovine serum albumin
(FAFA) were purchased from Sigma Aldrich (St
Louis MO) and ApoAl was obtained from Academy
Biomedical (Houston TX). [1,2-®H]-cholesterol and
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[1-'“C]-oleate were purchased from PerkinElmer
(Waltham, MA). HDL, was isolated as described
previously [40]. Delipidated plasma was generated
from human plasma adjusted to a density of 1.21 using
KBr, then spun at 400,000xg for 4 hours at 8°C in order
to remove lipoproteins. Following lipoprotein removal,
the plasma was dialyzed overnight (at 4°C) against a
buffer containing 150 mM NaCl, 50 mM Tris-HCI and
0.3 mM EDTA, pH 7.4.

Cell culture

All cells used in this study were cultured in a
humidified incubator at 37°C and 5% CO,. Human
monocyte-derived macrophages were generated as
described previously [36]. For certain experiments,
the differentiation process was carried out in medium
containing penicillin (100 units/ml) and streptomycin
(100 pg/ml) (Life technologies, Burlington ON) to
prevent bacterial growth.

The human skin fibroblast (HSF) cell line was
obtained from ATCC (Manassas, VA). The rat
smooth muscle (SMC) cell line WKY3M-22 [41] was
a generous gift from Dr. Joan Lemire (University of
Washington, Seattle). Both cell lines were cultured in
DMEM supplemented with 10% FBS (both from GE
Healthcare Life Technologies), penicillin (100 units/ml)
and streptomycin (100 pg/ml) (Life Technologies).

Western blot analysis

Following stimulation, cells were washed with PBS
and lysed. Equal amounts of total protein were run on
SDS-polyacrylamide (SDS-PAGE) gels. Membranes
were probed with antisera to ApoAl (EMD Millipore),
ApoE (Meridian Life Science, Memphis TN), ABCA1
(Santa Cruz Biotechnology Inc., Dallas TX), low-density
lipoprotein receptor (Research Diagnostic Inc), and,
for normalization, B-actin (Cell signaling Technology
Inc., Danvers MA). Imaged software was used for
densitometric calculations.

RNA isolation and quantitative real-time
PCR (qRT-PCR)

RNA isolation and qRT-PCR were carried out as
described previously [36]. Primer sequences are
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presented in Table S1. Beta-2-microglobulin (B2M) was
used as the reference housekeeping gene.

Cholesterol efflux assay

Cholesterol efflux experiments were carried out as
described previously [42] with minor modifications. On
day one of the macrophage differentiation process,
media was removed and replaced with RPMI 1640
media containing 10% FBS, 10 ng/ml M-CSF, and 0.2
MCi/ml [1,2-*H]cholesterol. Cells were incubated in
this medium for five days. On day six, the medium was
removed and cells were washed with PBS containing
fatty acid-free albumin (FAFA) (1 mg/ml). The cells were
then cholesterol loaded in RMPI 1640 media containing
2 mg/ml FAFA, 10 ng/ml M-CSF and 30 pg/ml free
cholesterol for 24 hours. Subsequently, the medium
was removed and cells were washed with PBS+FAFA
(1 mg/ml) then equilibrated for 24 hours in RPMI 1640
medium supplemented with 1 mg/ml FAFA.

SMCs and fibroblasts were grown to approximately
60% confluence before being incubated with
DMEM containing 10% FBS and 0.2 uCi/ml [1,2-°H]
cholesterol. Labeling continued until cells reached
100% confluence, at which point they were washed and
cholesterol loaded.

Following labeling, cells were washed then incubated
for 16 hours with ApoAl, HDL alone or HDL in
combination with IDR-1018 in RPMI medium containing
1mg/ml FAFA. For the combination treatments, the HDL
concentration was kept constant at 0.12 uM (20 pg/ml)
while IDR-1018 concentration was varied, generating
a range of peptide:HDL molar ratios. Subsequently,
radiolabelled extracellular cholesterol was collected
from supernatant and intracellular free cholesterol and
cholesteryl esters were extracted and separated by thin
layer chromatography. Samples were then assayed for
radioactivity. The amount of extracellular cholesterol
and intracellular free cholesterol and cholesteryl esters
was calculated as the percent of total radioactivity
recovered.

Cholesterol esterification

On day 6 of the differentiation procedure,

77



macrophages were cholesterol loaded in RMPI 1640 Results

media containing 2 mg/ml FAFA, 10 ng/ml M-CSF

and 30 pg/ml free cholesterol for 24 hours. Cells were  Stimulation with IDR-1018 increased
washed and treated as described for the cholesterol the level of proteins associated with
efflux experiments. After treatment, cholesterol the cholesterol efflux pathway in
esterification was assessed as described previously macrophages

[42]. Data are presented as a percentage of the BSA

control. Since peptide IDR-1018 shares several physical

and immunomodulatory properties with ApoAl and its
peptide mimetics [10,11,18,29,32-34,36]. In addition,
several natural immunomodulatory peptides have been
Data are expressed as mean + SEM. Statistical previously shown to bind lipoproteins and, in some
differences were calculated with Graphpad Prism 6.0 cases, facilitate the interaction of lipoproteins with cells
(GraphPad Software, La Jolla CA) using a two-tailed [43-45]. Thus, we examined if IDR-1018 was able to
Student’s t-test. P values <0.05 were considered modulate the mediators of cellular cholesterol efflux.
statistically significant. Incubation of macrophages with 13 uM of IDR-1018 in
medium containing human serum induced a significant

increase in three major components of the cholesterol
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Figure 1:1DR-1018 increased the level of proteins associated with cellular cholesterol trafficking in
macrophages.
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A) Macrophages were stimulated with 13uM IDR-1018 for 24hr in RPMI media containing 2% human serum.
Cell lysates were run on a 12% gel and probed for ApoAl, ApoE, ABCA1, LDLR and B-actin. Densitometry was
completed using Image J software. Data is presented as the mean + SEM. A minimum of three independent
experiments were completed, data analyzed using Student’s t-test. *p<0.05, **p<0.01 B) Macrophages were
stimulated with increasing concentrations of IDR-1018 for 24hr in RPMI media containing 2% human serum. Cell
lysates were run on a 12% gel and probed for ApoAl, ABCA1and B-actin. C) Fold change (FC) in gene expression
determined by PCR in macrophages that were stimulated with 13uM IDR-1018 for 4 or 24hr in RPMI media
containing 2% human serum. RNA was extracted and ApoAl, ApoE, ABCA1, SRB1, NCP1/2, CETP and LCAT
expression were determined using qPCR. Data is presented as the mean + SEM of at least three independent
experiments.
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efflux pathway, ApoAl, ApoE, and ABCA1 [7] (Figure
1A). Indeed, cellular ApoAl and ABCA1 levels were
dose-dependently increased by IDR-1018 treatment
(Figure 1B), consistent with the possibility that IDR-
1018 might modulate cholesterol efflux by increasing
the cell-associated levels of key proteins involved in the
process.

Gene expression analysis revealed that the IDR-1018
induced a modest increase in ApoAl and no increase
in ApoE and ABCA1 mRNA levels (Figure 1C). These
results suggest IDR-1018 increased binding of serum
or secreted ApoAl and ApoE to the cultured cells,
and a reduction of ABCA1 protein degradation due to
increased binding of apoAl to the cell surface [46,47].
IDR-1018 did not significantly alter expression of other
genes associated with the cellular cholesterol efflux
pathway.

IDR-1018 bound to HDL in serum as
well as exogenous lipid-free ApoAl
and promoted their interaction with
macrophages

We then explored further the apparent increase in
ApoAl binding to the cell surface in response to IDR-
1018. Stimulation of macrophages with IDR-1018 for
15-60 minutes in medium containing human serum
resulted in elevated cell-associated ApoAl, with the
increase being observed as early as 15 minutes post-
stimulation (Figure 2A). IDR-1018 has previously been
shown to bind to and be internalized ([48], unpublished
data) Thus, the rapid increase in ApoAl induced
by IDR-1018 might have been a result of IDR-1018
binding to HDL or free ApoAl in the serum, which then
associated with cells. To confirm whether IDR-1018
bound ApoAl in serum, macrophages were stimulated
with IDR-1018 under a variety of serum conditions.
Macrophages were also loaded with free cholesterol
to mimic conditions under which macrophages would
upregulate the cholesterol efflux pathway. As for
previous experiments, a substantial (nearly 8-fold)
increase in cell-associated ApoAl was observed for
cholesterol-loaded macrophages stimulated with IDR-
1018 in the presence of human serum (Figure 2B).
This interaction was nearly abolished when delipidated
serum was used. A similar result was observed for SMCs
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(Figure S1). These data were consistent with those of
Sorensen et al. [44], who showed that the binding of
LL-37 to ApoAl and apoB did not occur in delipidated
serum. Addition of exogenous lipid-free ApoAl and HDL
both partially restored IDR-1018 induced association of
ApoAl with macrophages and SMCs (Figure 2B and
Figure S1). However, very little lipid-free ApoAl is found
in vivo [49] therefore, the substantial increase in ApoAl
observed when macrophages were stimulated with
IDR-1018 in the presence of serum was likely the result
of IDR-1018 binding to serum HDL, thus facilitating its
interaction with cells.

Low molar concentrations of IDR-1018
enhanced HDL-mediated depletion of
intracellular free cholesterol available for
esterification

To determine if there were functional consequences
of the binding of IDR-1018 to HDL, and the subsequent
interaction of this complex with macrophages, we
examined whether IDR-1018 influenced HDL-induced
cholesterol efflux from macrophages. In these studies,
the concentration of HDL was kept constant at 0.12 uM
(20 pg/ml) while the concentration of IDR-1018 was
varied, resulting in varying peptide:HDL molar ratios.
Based on the dose-dependent increase in ApoAl
observed when cells were stimulated with 3.3 to 33
MM of IDR-1018, high peptide:HDL ratios were initially
utilized for the cholesterol efflux studies. Although, IDR-
1018 alone had no effect on cholesterol efflux (data not
shown), high concentrations inhibited HDL-mediated
cholesterol efflux from cells (Figure S2). Therefore, the
concentration of IDR-1018 was reduced substantially
to generate peptide:HDL molar ratios ranging from 1:5
to 5:1.

To study the effect of these lower peptide:HDL ratios
on cellular cholesterol levels, we initially utilized a
cholesterol esterification assay. This assay accurately
measures the degree to which cells are storing residual
cholesterol, and thus also acts as an indicator of
cholesterol efflux and has much lower backgrounds than
other cholesterol assays. To store excess cholesterol
in a non-toxic form, cells convert free cholesterol
into cholesteryl esters, a reaction catalyzed by the
endoplasmic reticulum enzyme Acyl-CoA cholesterol
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Figure 2: IDR-1018 rapidly increased ApoAl protein levels and interacted with HDL and exogenous
lipid free ApoAl.

A) Protein levels in macrophages that were stimulated with 13uM IDR-1018 for 15 or 60 minutes in RPMI
media containing 2% human serum. Cell lysates were run on a 12% gel and probed for ApoAl and B-actin (left).
Densitometry (right) was calculated using Image J software and fold change (FC) is relative to no IDR-1018
control. Data are presented as the mean + SEM. B) Macrophages were stimulated with 13 uM IDR-1018 (20 pg/
ml) in the presence of media containing 0.2% human serum or de-lipidated human serum with or without lipid-poor
ApoAl (10 pg/ml) or HDL (20 pg/ml) for 16 hours. Cell lysates were run on a 12% gel and probed for ApoAl and
B-actin (left). Densitometry values (right) were calculated using Image J software. Data are presented as the mean

of three independent experiments + SEM.

acyltransferase (ACAT) [50]. In this assay, cells were
stimulated with HDL alone or in combination with IDR-
1018, followed by incubation with radiolabeled oleic
acid. The oleic acid is used by ACAT as a substrate
for the esterification of cholesterol [42]. The amount
of radioisotope incorporated into cholesteryl esters
estimates the level of cholesterol substrate available
to ACAT. A decrease in cholesterol esterification is
consistent with an increase in cholesterol efflux, which
reduces the amount of intracellular free cholesterol
available for esterification. A significant decrease

J Nutri Bio, 1(1):75 -89 (2016)

in cholesterol esterification (55%) was observed in
macrophages incubated with 20 ug/mI HDL for 16 hours
(Figure 3). The 1:1 peptide:HDL molar ratio using 0.12
MM IDR-1018 enhanced the ability of HDL to deplete
ACAT-accessible cholesterol a further 25%, suggesting
that at low concentrations, IDR-1018 increased the
HDL-mediated reduction in cholesterol storage. Thus,
these results are consistent with the suggestion that, at
low concentrations IDR-1018, promoted HDL-mediated
efflux of free cholesterol from macrophages, leading
to decreased cholesterol esterification. In contrast to
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Figure 3: At low concentrations, IDR-1018 enhanced HDL-mediated inhibition of cholesterol
esterification.

Macrophages were loaded with free cholesterol for 24 hour then stimulated with 0.12 uM HDL (20 pg/ml) alone
or in combination with IDR-1018 for 16 hours. For the combination treatments (IDR1018:HDL), 0.12uM of IDR-
1018 (0.18 pg/ml) and HDL (20 ug/ml) were added to the cells for a 1:1 molar ratio. Following the treatments,
cells were incubated with [14C]Joleate-alubumin for 1 hour. Media was removed and cholesteryl esters
isolated from cell lysates. Data is presented as the mean percentage of BSA control + SEM. Five independent
experiments were completed, data analyzed using the paired Student’s t-test ***p<0.001, *p<0.05.

the cholesterol efflux studies presented in Figure S2,
higher concentrations of IDR-1018 appeared to have
little effect on HDL-mediated depletion of excess
intracellular cholesterol.

Low molar concentrations of IDR-1018
enhanced HDL-induced cholesterol efflux
from macrophages and smooth muscle
cells

To further characterize the effect of IDR-1018 on
cholesterol efflux by HDL from macrophages and
smooth muscle cells (SMC), a cholesterol efflux assay
measuring extracellular and intracellular cholesterol
was employed at the lower peptide:HDL molar ratios
that proved effective in the ACAT assay. HDL induced a
significant ~4-fold increase in extracellular cholesterol
compared to the BSA control indicating that HDL was
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potently inducing cholesterol efflux (Figure 4A).The 1:1
and 5:1 HDL:IDR-1018 ratios induced approximately
15% more cholesterol efflux from macrophages and
SMCs, compared to HDL alone, suggesting that IDR-
1018 increased HDL-mediated cholesterol efflux from
SMCs (p<0.05) and possibly macrophages (Figure
4A and B). Consistent with the ACAT assay, HDL also
induced a significant decrease in intracellular free
cholesterol and cholesteryl esters compared to the BSA
control (Figure 5). Addition of IDR-1018 significantly
further decreased the intracellular free cholesterol
content of macrophages compared to HDL alone but
had no effect on cholesteryl esters (Figure 5A). This
suggests that the increase in extracellular cholesterol
observed with the addition of IDR-1018 might have
resulted from IDR-1018 promoting the release of
cholesterol that had yet to be esterified. Alternatively,
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Figure 4: At low concentrations, IDR-1018 enhanced HDL-mediated cholesterol efflux from free
cholesterol loaded cells.

Macrophages (A) and smooth muscle cells (B) were labeled with *H-cholesterol. Following the labeling period,
cells were cholesterol loaded for 24 hours then equilibrated in media containing lipid free albumin for an additional
24 hours. Cells were then stimulated with 0.12 uM HDL (20 pg/ml) alone or in combination with IDR-1018 for
16 hours. For the combination treatment (peptide:HDL), 0.12 uM of HDL was combined with 0.12 uM (0.2 g/
ml) IDR-1018 for macrophages (1:1 ratio) or 0.6 uM (0.92 pg/ml) for smooth muscle cells (5:1 ratio). Following
treatment, media was removed and used to measure extracellular cholesterol content while cell lysates were used
to measure intracellular cholesterol content. Five independent experiments were completed for both macrophages
and smooth muscle cells with one experiment on macrophages excluded as an outlier. Data is presented as the
mean percentage of total cholesterol + SEM, data analyzed using the paired Student t-test **p<0.01, *p<0.05.

IDR-1018 might have enhanced the transfer of
radiolabeled cholesterol from the plasma membrane to
HDL via the aqueous diffusion pathway [9].

Asmentioned above, IDR-1018significantly enhanced
HDL-dependent cholesterol efflux from SMCs (Figure
4B). This increase correlated with a moderate but non-
significant reduction in intracellular cholesteryl esters
(Figure 5B). The results for the SMCs are of particular
interest since these cells are now thought to represent
more than 50% of the foam cells present in arteries [4].

At low molar concentrations, IDR-1018
did not alter ApoAl or ABCA1 protein
expression

Immunoblot analyses of ApoAl and ABCA1 were
completed for macrophages stimulated with the
peptide:HDL ratios that enhanced HDL-mediated
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cholesterol efflux as well as the 114:1 ratio which
is equivalent to 13 pM IDR-1018, a concentration
that increased ApoAl and ABCA1 in macrophages
stimulated in serum. HDL alone induced a modest
increase in ApoAl. The 1:5, 1:1 and 5:1 ratios (0.023
pM, 0.12 pM and 0.58 pM, IDR-1018 respectively)
induced a slight decrease in ApoAl compared to HDL
alone (Figure 6A). Although 13 uM of IDR-1018 had no
effect on ApoAl when used alone, combined with HDL
(114:1 ratio) it increased ApoAl substantially, further
supporting the hypothesis that IDR-1018 could interact
with HDL in serum and promote its interaction with cells.

With respectto ABCAT1, a differenttrend was observed
compared to the results from macrophages stimulated
with IDR-1018 in the presence of human serum.
At time zero, the cholesterol-loaded macrophages
exhibited elevated ABCA1 levels (Figure 6B), which
was expected given that ABCA1 expression is known
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Figure 5: IDR-1018 further reduced the intracellular cholesterol content of HDL-treated cells.

Macrophages (A) and smooth muscle cells (B) were labeled with ®H-cholesterol followed by loading with
cholesterol for 24 hours then equilibrated in media containing lipid free albumin for an additional 24 hours. . Cells
were then stimulated with 0.12 uM HDL (20 ug/ml) alone or in combination with IDR-1018 for 16 hours. For the
combination treatment (peptide:HDL), 0.12 uM of HDL was combined with 0.12 uM (0.18 pg/ml) IDR-1018 for
macrophages (1:1 ratio) or 0.6 uM (0.92 pg/ml) for smooth muscle cells (5:1 ratio). Following treatment, cell
lysates were used to measure intracellular free cholesterol (right graph) and cholesteryl esters (left graph). Results
are average of 4 (macrophages) or 5 (SMC) experiments. Data is presented as the mean percentage of total
cholesterol + SEM, data analyzed using the paired Student t-test ***p<0.001, **p<0.01, *p<0.05.

to be upregulated in response to increased intracellular
cholesterol levels [51-53]. After 16 hours the ABCA1
level declined slightly in the BSA control. This was
attributed to passive aqueous diffusion of cholesterol
fromthe cells[9]. Stimulation with HDL further decreased
ABCA1, presumably as a result of HDL inducing efflux
of cholesterol from the cells, reducing intracellular
cholesterol content [52]. Interestingly, ABCA1 was
nearly undetectable in cells stimulated with 13uM of
IDR-1018 alone or in combination with HDL (114:1
peptide:HDL ratio). This contrasted with the results
obtained when macrophages were stimulated with
13uM of IDR-1018 in the presence of human serum,
but without additional HDL (Figure 1A and B). Much like
the results for ApoAl, the low peptide:HDL ratios had
little effect on ABCA1 levels compared to HDL alone.

Discussion

This study shows that IDR-1018 elevated the level of
several proteins involved in cellular cholesterol efflux,
aided HDL in depleting intracellular free cholesterol,
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and enhanced HDL-mediated cholesterol efflux from
SMCs and macrophages. Based on these data, we
propose a model in which IDR-1018 enhanced HDL-
mediated cholesterol efflux possibly by binding to HDL
in serum and promoting its association with cells. It
seems possible that this led to the improved transfer
of cholesterol to HDL particles, while still allowing
HDL to dissociate from the cell after efflux. At higher
concentrations, IDR-1018 strongly enhanced the
association of HDL with cells but efflux was inhibited,
possibly because the dissociation of HDL from the cell
was reduced (Figure 7).

Stimulation with IDR-1018 of macrophages that
were not loaded with cholesterol, induced a significant
increase in several components of the cholesterol efflux
pathway including a dose-dependent increase in two of
the mostimportantcomponents, ApoAland ABCA1.The
increase in ApoAl observed in response to IDR-1018
stimulation, was likely the result of IDR-1018 interacting
with HDL in serum, thus facilitating its interaction with the
plasma membranes of macrophages, since delipidation
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Figure 6: At low concentrations, IDR-1018 did not alter HDL-mediated changes in ApoAl or ABCA1
levels.

Macrophages were loaded with free cholesterol then incubated with 0.12 uM HDL (20 pg/ml) or 13 uM IDR-1018
(20 pg/ml) alone or in combination for 16 hours. For the 1:5, 1:1, 5:1, and 114:1 peptide:HDL molar ratios, the
concentration of IDR-1018 was varied (0.023 uM, 0.12 pM, 0.58 uM, and 13 uM IDR-1018 respectively) while the
HDL concentration was kept constant at 0.12 uM. Cell lysates were run on a 12% gel and probed for ApoAl (A),
ABCA1 (B) and B-actin. Images are one experiment representative of three.

concentration of IDR-1018 used to generate the 1:1
peptide:HDL molar ratio (0.12 uM IDR-1018), appeared
to enhance cholesterol efflux from macrophages and
significantly reduced intracellular free cholesterol and
the esterification of cholesterol for storage. IDR-1018
also significantly enhanced HDL-mediated cholesterol
efflux from SMCs and reduced cholesteryl ester levels
compared to HDL alone. Macrophages and SMCs play
a significant role in the pathogenesis of atherosclerosis
as the major sites of excess cholesterol sequestration
and the resulting inflammation [1,4]. Therefore, the
ability to enhance cholesterol efflux from these cell types
is particularly relevant. The concentrations of IDR-1018
that enhanced HDL-mediated cholesterol efflux from
macrophages did not visibly alter ApoAl protein levels.
Based onthese results, we propose thatatlow IDR-1018
concentrations, fewer peptide molecules were present
to interact with each HDL particle. Thus, although
IDR-1018 enhanced HDL association with cellular
membranes, this interaction would have been relatively
weak, allowing HDL particles to dissociate from the cell
after taking up cholesterol. As the peptide:HDL ratio
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increased, more peptide molecules would interact with
each HDL particle, eventually coating HDL particles
with peptide. While this likely enhanced the interaction
of HDL with cellular membranes, it also potentially
prevented the HDL particles from dissociating from the
cells, thus inhibiting cholesterol efflux. A model of this
hypothesis is presented in Figure 7.

Conclusions

The results presented in this study suggest that IDR-
1018 enhanced HDL-mediated cholesterol efflux from
multiple cell types, in part by facilitating the interaction
of HDL with cells. These represent new biological
properties for IDR-1018. These findings are especially
important given that there has been little development
for many of the ApoAl peptide mimetics that entered
clinical trials for the treatment of atherosclerosis [16].
Although ApoAl mimetic peptides are able to directly
induce cholesterol efflux, high concentrations (10-80
pg/ml) are required to achieve this effect [26,28,60].
In our system, low molar concentrations of IDR-1018
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Figure 7: Proposed model for the enhancement of HDL-mediated cellular cholesterol efflux by IDR-
1018.

At low concentrations, IDR-1018 enhanced HDL-mediated cholesterol efflux by binding to HDL particles
in serum and facilitating their association with cells. This improved the transfer of free cholesterol (FC) to HDL
particles via ABCA1, ABCG1 or passive aqueous diffusion, while still allowing its dissociation from cells. The
addition of IDR-1018 also enhanced HDL-mediated suppression of cholesteryl ester (CE) synthesis in cells. At
high concentrations, IDR-1018 became inhibitory possibly because the interaction between IDR-1018, HDL and
the plasma membrane was too strong, preventing the dissociation of HDL from the cell. However, suppression of
cholesterol esterification appeared unaffected by IDR-1018.

of plasma abolished the IDR-1018-mediated increases
in ApoAl. A similar result was previously observed for
another immunomodulatory peptide LL-37 that binds
HDL particles through an interaction between its
hydrophobic c-terminal domain and the lipids of HDL
[44]. Several immunomodulatory peptides interact with
both mammalian membranes and biomolecules such
as lipoproteins and DNA [45,48,54-56]. This allows
the peptides to facilitate interactions between the
biomolecules and cells [45,54,57]. It seems likely that
IDR-1018 interacted with HDL in a similar manner.

The increase in ABCA1 induced by IDR-1018 in
macrophages stimulated in the presence of human
serum, likely also occurred post-transcriptionally. ApoAl
and several ApoAl peptide mimetics increase ABCA1
protein levels [58-60] through stabilization of the
ABCAT1 protein and prevention of its degradation, an
important mode of post-translational regulation for this
transporter [46,47,58,59,61,62]. The results suggest
that IDR-1018 was able to increase ABCAT1 levels by
stabilizing it, although it is unclear if it did so directly or

J Nutri Bio, 1(1):75 -89 (2016)

through its interaction with lipid-poor ApoAl in serum.
In cholesterol-loaded macrophages, IDR-1018 caused
a substantial decrease in ABCA1 levels. Because the
intracellular cholesterol level is also a major regulator
of ABCA1, this result was initially thought to be due
to IDR-1018 inducing cholesterol efflux from cells,
which would result in a downregulation of ABCA1
[52]. However, since IDR-1018 alone had no effect on
cholesterol efflux and at higher concentrations inhibited
HDL-mediated cholesterol efflux, it seems unlikely that
this was due to enhanced cholesterol efflux from cells
and the consequent downregulation of ABCA1 [52].

Unlike ApoA1 and ApoA1 peptide mimetics, IDR-1018
was unable to directly induce cholesterol efflux from
cells, however IDR-1018 did enhance HDL-mediated
cholesterol efflux from SMCs and likely macrophages.
This activity was dependent upon the concentration of
IDR-1018 used. Concentrations of IDR-1018, similar to
those that substantially increased ApoAl association
with macrophages, actually inhibited HDL-mediated
cholesterol efflux from cells. Conversely, the low
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were needed, the equivalent of 0.12-0.58 pg/ml, to
enhance cholesterol efflux normally induced by HDL.
This is 10 times lower than the concentrations used in
in vitro studies of the immunomodulatory properties
of IDR-1018. Interestingly, the concentrations of IDR-
1018 required to observe its immunomodulatory
properties are similar to the concentrations of IDR-1018
that inhibited cholesterol efflux. Thus, testing in animal
models of reverse cholesterol transport are needed to
determine if the enhanced cellular cholesterol efflux
induced by IDR-1018 is physiologically relevant.
Regardless, the results presented here suggest that the
immunomodulatory peptides currently in development
as anti-infectives could also have potential use in the
treatment of atherosclerosis.
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