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Objective: CER-001 is a novel engineered HDL-mimetic comprised of recombinant human apoA-I and
phospholipids that was designed to mimic the beneﬁcial properties of nascent pre-b HDL. In this study,
we have evaluated the capacity of CER-001 to perform reverse lipid transport in single dose studies as
well as to regress atherosclerosis in LDLr/ mice after short-term multiple-dose infusions.
Approach and results: CER-001 induced cholesterol efﬂux from macrophages and exhibited antiinﬂammatory response similar to natural HDL. Studies with HUVEC demonstrated CER-001 at a concentration of 500 mg/mL completely suppressed the secretion of cytokines IL-6, IL-8, GM-CSF and MCP-1.
Following infusion of CER-001 (10 mg/kg) in C57Bl/6J mice, we observed a transient increase in the
mobilization of unesteriﬁed cholesterol in HDL particles containing recombinant human apoA-I. Finally
we show that cholesterol elimination was stimulated in CER-001 treated animals as demonstrated by the
increased cholesterol concentration in liver and feces. In a familial hypercholesterolemia mouse model
(LDL-receptor deﬁcient mice), the infusion of CER-001 caused 17% and 32% reductions in plaque size, 17%
and 23% reductions in lipid content after 5 and 10 doses given every 2 days, respectively. Also, there was
an 80% reduction in macrophage content in the plaque following 5 doses, and decreased VCAM-1
expression by 16% and 22% in the plaque following 5 and 10 intravenous doses of CER-001, respectively.
Conclusion: These data demonstrate that CER-001 rapidly enhances reverse lipid transport in the mouse,
reducing vascular inﬂammation and promoting regression of diet-induced atherosclerosis in LDLr/
mice upon a short-term multiple dose treatment.
Ó 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
For a number of years, HDL has been recognized to have an
atheroprotective role by promoting reverse lipid transport, a process
facilitating the cholesterol efﬂux from cholesterol-loaded macrophages in the artery wall and its elimination by the liver via biliary
excretion. Epidemiologic studies suggest an inverse correlation between high plasma HDL cholesterol levels and coronary disease [1].
Previous experiments have shown that the infusion of plasma
puriﬁed HDL in cholesterol-fed rabbits limited the extent of aortic
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fatty streaks and lowered lipid deposition in the arterial wall [24].
The ability of HDL to promote the cholesterol efﬂux from lipidloaded macrophages contributes to the reduction of atherosclerotic plaques [5]. However, the composition of HDL being complex
(different lipids, apolipoproteins and enzymes), these macromolecules can protect against atherosclerosis also through the contributions of their anti-inﬂammatory [6,7], antioxidant [6,8] and
antithrombotic [9] properties as well.
Several efforts have been made to increase HDL cholesterol level
in plasma using orally administered small molecules which interfered with the lipid metabolism by different mechanisms and
resulted over time in a change of HDL and/or HDL-cholesterol
concentration [10,11]. In addition, a short term infusion of reconstituted HDL in animal models as well as in human have shown
promising effects on the plaque size and morphology [12,13].
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The intravenous administration of recombinant apolipoproteinAImilano/phospholipid complex (ETC-216), the ﬁrst randomized trial
of HDL infusion in humans, produced signiﬁcant reduction of coronary atherosclerosis as measured by IVUS [14]. Another study with
puriﬁed apolipoproteinA-I (apoA-I) from human plasma combined
with soybean phosphatidylcholine (CSL-111) resulted in signiﬁcant
improvement in the plaque characterization index and coronary
score on quantitative coronary angiography in humans [15].
In recent clinical trials, niacin and CETP-inhibitors failed to
reduce the incidence of coronary events over a long term treatment. These studies further emphasize the idea that the number
of functional HDL particles and enhancement of reverse lipid
transport are the important factors for the prevention of cardiovascular events rather than an elevation of HDL cholesterol (HDLc) [1618]. Indeed, the best factor which correlated with the
incidence of CHD and cardiovascular events was HDL particle
number rather than the cholesterol content of the HDL fraction
(i.e. HDL-c) [19,20].
These studies suggest that raising apoA-I levels in plasma
through increasing nascent HDL particle number should have a
pronounced effect on atherogenesis. We have designed CER-001, a
novel engineered HDL particle preparation comprised of recombinant human apoA-I and phospholipids. This manuscript will
demonstrate that these particles have anti-inﬂammatory properties similar to natural nascent HDL, induce cholesterol mobilization
upon intravenous infusion, and show beneﬁcial effects on the
prevention of atherosclerosis in diet-induced atherosclerosis in
LDLr/ mice.

2. Material and methods
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2.3. Assay for cholesterol efﬂux
J774 mouse macrophages obtained from ATCC (N TIB-67) were
grown in Dulbecco’s modiﬁed Eagle’s medium (DMEM, Invitrogen)
supplemented with 10% FBS (foetal bovine serum, Invitrogen),
100 units/mL penicillin G (Invitrogen) and 100 units/mL streptomycin (Invitrogen) at 37  C with 5% CO2. Cells were seeded on 24well plates at 60,000 cells/well. The day later, oxidized LDL (50 mL,
12.5 mg) was mixed with [3H] cholesterol (1 mCi, Perkin Elmer) in
DMEM 2.5% FBS for 15 min and added to J774 cells in 500 mL DMEM
2.5% FBS for 24 h. Then medium was removed and J774 macrophages
were equilibrated an additional 16 h with 0.5 mL DMEM medium/
well. The efﬂux was induced by adding increasing concentrations of
CER-001, HDL3 or human recombinant apoA-I (expressed and puriﬁed from CHO) (0e200 mg/mL) for 6 h in 250 mL DMEM without
FBS. After the incubation, the radioactivity in medium (0.25 mL) was
determined by liquid scintillation counting. The intracellular [3H]
cholesterol was extracted with 0.5 mL hexaneeisopropanol (3:2)
and measured by liquid scintillation counting. For time course
experiment, CER-001, HDL3 and human recombinant apoA-I were
added at 25 mg/mL and incubated for the indicated time points.
Cholesterol efﬂux capacity was quantiﬁed in blood samples
from C57Bl/6J mouse plasma collected before administration of the
dose and 30 min after administration of CER-001 as previously
described [21]. Brieﬂy, oxidized LDL (25 mg/mL), labeled with [3H]cholesterol (1 mCi/mL; PerkineElmer), were added to J774 macrophages in culture for 24 h in 2.5% serum medium. [3H]-cholesterol
release was measured after 6 h incubation of 1% (v/v) mouse
plasma. All assays were performed in sixplicate. Mouse plasma
(pre-dose) was included on each plate and the cholesterol efﬂux
values of treated plasma were normalized by removing these
values of pre-dose plasma.

2.1. Preparation of CER-001
2.4. Multiplex protein array
Recombinant human apolipoproteinA-I was expressed in CHO
cells using adenovirus mediated transfection of pCS-apoA-I-WPRE
vector. A stable cell line was created for the production of recombinant apoA-I (CatalentPharma Solution, Madison WI). The recombinant protein was produced and custom puriﬁed by Novasep
(France). The puriﬁed protein was formulated into CER-001 (HDL
mimetic particle) preparations by mixing phospholipid containing
egg sphingomyelin and dipalmitolyphosphatidyl glycerol (97:3).
The protein-to-phospholipid ratio was 1:2.7 in the solution2. The
characterization of protein and CER-001 (protein/phospholipid
complex) is presented in Supplement ﬁgure I. The doses of CER-001
were deﬁned as the human apoA-I concentration present in the
dosing solution.

HUVECs cells were grown in Medium 200 supplemented with 1
low serum growth (Invitrogen) at 37  C with 5% CO2. Cells were
seeded in 96-well plates at 15,000 cells/well. Next day, the cells were
treated with LPS (1 mg/mL) in the presence of CER-001 (various
concentrations),human HDL2, human HDL3 or human recombinant
apoA-I (500 mg/mL) for 16 h. The conditioned media is then collected
and the concentrations of IL-6, IL-8, membrane cofactor protein-1
(MCP-1) and granulocyte macrophage colony stimulating factor
(GM-CSF) were performed by the phenotype analysis department of
the Platform in Life Sciences Anexplo of Toulouse Genopole (Genotoul) using the Pro human cytokine multiplex kit from Bio-Rad.
2.5. Cholesterol mobilization in mice

2.2. Puriﬁcation of human LDL, HDL2 and HDL3
Classes of lipoproteins were isolated from plasma of normolipidemic healthy human donors. The lipoproteins were obtained
by sequential ﬂotation ultracentrifugation in KBr solution (VLDL,
d ¼ 1.006 g/mL; LDL, 1.006 < d < 1.063 g/mL). HDL2 were ﬁrst
isolated (110,000  g for 40 h) at d ¼ 1.125 g/mL followed by
HDL3 (110,000  g for 40 h) at d ¼ 1.19 g/mL. Before use, the lipoproteins were extensively dialyzed against phosphate-buffered
saline.

2
CER-001 is currently a clinical candidate in the development at Cerenis Therapeutics. The composition, process of manufacturing and formulation is proprietary
and not in public domain at the time of submission of this manuscript. However,
company plans to publish additional information regarding the process in the near
future.

C57BL/6J male mice, 9e10 week old, weight approximately 22 g
were obtained from Janvier. CER-001 was infused (retro-orbital vein)
as a single dose to fasted C57Bl/6J mice at 10 mg/kg (50 mL injected
volume). At various time points, plasma samples were collected and
the plasma cholesterol concentration was measured by enzymatic
reaction (Biolabo). Baseline values (t ¼ 0) are subtracted to determine
the increase in cholesterol levels following dose administration.
Plasma human apoA-I concentration is determined by an ELISA kit
according to the manufacturer protocol (AssayPro, EA5201). Baseline
values (t ¼ 0) are subtracted to determine the increase in cholesterol
levels following dose administration.
2.6. Plasma lipoproteins proﬁles
Lipoproteins proﬁles were measured by HPLC using a Sepharose
6 column and detected for total cholesterol and unesteriﬁed
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cholesterol with inline enzymatic detection [22] (Synelvia, Labege
France).
2.7. Cholesterol determination in LDLr/ mouse liver and feces
The analysis of cholesterol content in mouse liver and mouse feces
was performed by “Le plateau MetaToul-LIPIDOMIQUE”, Toulouse,
France. A pre-weighed amount of liver tissue was homogenized in
1 mL of methanol/water 5 mM EGTA (2:1 v/v) with FAST-PREP (MP
Biochemicals) and the equivalent of 0.5 mg of tissue was evaporated.
Lipids were extracted according to Bligh and Dyer method [23] in
dichloromethane/methanol/water (2.5:2.5:2.1, v/v/v), in the presence
of the internal standards: 3 mg of stigmasterol, 3 mg of cholesteryl
heptadecanoate,12 mg of glyceryltrinonadecanoate. Dichloromethane
phase was evaporated to dryness, and dissolved in 20 mL of ethyl acetate. 1 mL of the lipid extract was analyzed by gas-liquid chromatography on a FOCUS Thermo Electron system using a Zebron-1
Phenomenex fused silica capillary columns (5 m  0,32 mm i.d,
0.50 mm ﬁlm thickness).
Total feces (from a group of 10 mice) were dried and crushed with
ceramic beads for 30 s, twice. Few mg of crushed feces were homogenized in 1 mL of methanol/water 5 mM EGTA (2:1 v/v) with
FAST-PREP (MP Biochemicals). Lipids corresponding to 5 mg of feces
were extracted and analyzed as previously described for liver tissue.

For labeling of the THP-1 monocytes, the cell suspension was
adjusted to 2  106 cells/mL in RPMI 10% FBS (Invitrogen) and
loaded with the ﬂuorescent dye calceinacetoxymethyl ester (Invitrogen) at 5 mM for 30 minutes at 37  C. THP-1 monocytes were
washed to remove unincorporated calcein and then added to
microwells containing HUVECs for 1 h.
3. Experimental results
3.1. CER-001 efﬂuxes cholesterol in vitro similar to HDL3
The CER-001 efﬂux capacity in comparison to HDL3 and lipidfree apoA-I was ﬁrst evaluated in J774 macrophage cells. J774
macrophages were loaded with radiolabelled ox-LDL-c and incubated for 6 h with increasing concentrations of CER-001 in serumfree medium. The CER-001 mediated cholesterol efﬂux increased in
a dose-related manner with concentrations of the complex and was
similar to the HDL3 mediated cholesterol efﬂux (Fig. 1a). CER-001 is
twofold more potent than lipid-free apoA-I in efﬂuxing cholesterol
from macrophages. In these deﬁned experimental conditions,
cholesterol efﬂux from J774 macrophages reach a plateau at 100 mg/
mL of CER-001.

2.8. Assessment of atherosclerosis in aortas of LDLr/ mice
LDLr/ mice (males of 8 weeks, Charles River) were maintained on
high cholesterol diet (21% fat, 0.5% cholesterol) for 11 weeks. Groups of
15 animals each were injected in the tail vein 5 or 10 times with placebo or CER-001 (10 mg/kg e 50 mL) every second days starting at
week 8. At termination, aortas of each group were embedded in OCT
and frozen at 20  C. The blocks were cut at 20 mm to be near to the
aortic root at the level of the 3 valves. From this moment, the
sectioning thickness was set to 10 mm and 21 slides with 2 serial
sections were stored. Sections numbered 1, 8 and 15 were stained with
HematoxylineEosin. Sections numbered 2, 9 and 16 were stained with
Oil Red O. Sections numbered 3, 10 and 17 were immunolabeled to
highlight macrophages with a primary antibody anti-F4/80 (AbDSerotec, rat monoclonal ClA3-1), and a secondary antibody rabbit anti-rat
(Epitomics, 3030-1) and Omnimap-DAB detection system (Ventana).
After the immunolabeling, the sections were counterstained with
Hematoxylin. Labeled macrophages appeared stained in brown and
the nuclei of unlabelled cells were stained in blue.
Sections numbered 4, 11 and 18 were immunolabeled to highlight inﬂammation with a primary antibody anti-VCAM-1 (CD106)
(AbDSerotec, rat monoclonal MVCAM A (429)), a secondary antibody rabbit anti-rat (Epitomics, 3030-1) and Omnimap-DAB detection system (Ventana). After the immunolabeling, the sections
were counterstained with Hematoxylin. VCAM-1 labeling appeared
in brown and the nuclei of unlabelled cells were stained in blue. The
sections were analyzed by Histalim (Montpellier, France).
2.9. Cell adhesion assay
HUVECs cells were seeded on black 96-well plates at
15,000 cells/well and treated with LPS (1 mg/mL) in the presence of
CER-001 or human HDL3 (0e500 mg/ml) for 16 h [24]. The experiment was also conducted in two separate steps where LPS was
added for 6 h, removed from the medium and replaced by CER-001
or human HDL3 overnight. After the treatment period, HUVECs
were washed and medium was replaced by ﬂuorescent THP-1 cell
suspension. Non-adherent THP-1 were then removed by gentle
washing with PBS and the ﬂuorescence of HUVEC-bound THP-1
cells was monitored at l490 excitation and l520 emission.

Fig. 1. CER-001 causes cholesterol efﬂux in J774 macrophages comparable to human HDL3. Panel A. [3H] cholesterol-labeled oxidized LDL was added to J774
(murine macrophages) and incubated for 24 h. Cholesterol efﬂux was assayed for
6 h in the presence of recombinant human apoA-I (:), human HDL3 (7) and CER001 (-) at the concentration range of 1.5625e100 mg/mL in serum-free medium.
Panel B. [3H]-cholesterol-labeled oxidized LDL were added to J774and incubated
24 h. Cholesterol efﬂux was assayed in the medium containing 25 mg/mL of
acceptor recombinant human apoA-I (:), human HDL3 (7) or CER-001 (-) at 2, 3,
4, 5, 6,8, 16 and 24 h in serum-free medium. Background (DMEM medium alone)
was illustrated as (C).
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Over a period of 24 h, CER-001 was able to sequester increasing
concentrations of cholesterol from macrophages similar to HDL3
(Fig. 1b) with a marked difference at incubation periods¼>8 h. The
HDL3 cholesterol efﬂux determined in the experiment is similar to
previous reports from the literature [2527]. There was no cytotoxicity or cell lysis observed under these experimental conditions
using the J774 macrophages as reported by the proliferation assays
(data not shown). These data suggest that the observed cholesterol
efﬂux was speciﬁc for the acceptor added on the cells.
3.2. CER-001 strongly decreases the secretion of cytokines by LPStreated HUVEC
Chronic inﬂammation is considered a hallmark of the development and progression of the atherosclerotic plaque [28]. Lipopolysaccharide (LPS) is largely described for inducing the secretion
of cytokines and adhesion molecules. These mediators are
responsible for increasing monocyte inﬁltration into the arterial
wall, driving to the development of atherosclerotic plaques. To test
whether CER-001 regulated the expression of LPS-induced inﬂammatory molecules, the conditioned media of HUVECs exposed
to LPS in the absence or presence of CER-001, HDL2, HDL3 or lipidfree apoA-I, was collected. The levels of IL-6, IL-8, MCP-1 and GMCSF measured in those samples are presented (Fig. 2AeD). The
different inﬂammatory markers were induced by LPS treatment
and shed into the conditioned media of HUVECs in absence of lipoproteins. Increasing concentrations of CER-001 reduced the
secretion of all the cytokines tested starting at 5 mg/mL in a dose-
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dependent manner, with complete inhibition at the 500 mg/mL
concentration. Treatment with puriﬁed HDL2 and HDL3 lipoproteins and lipid-free apoA-I (500 mg/mL) had a modest effect on
cytokine secretions. To rule out that CER-001 could have sequestered LPS during the incubation period, a cell adhesion assay was
performed where LPS was not mixed with the CER-001
(Supplemental ﬁgure I). When LPS was added on HUVEC, the
cells secreted inﬂammatory molecules, which in turn were able to
recruit non-adherent monocytes. We observed a dose-dependent
decrease of thp-1 monocytes recruitment for LPS added separately from CER-001 (supplemental ﬁgure IA). The inhibition of
monocyte recruitment was similar to the condition where LPS and
CER-001 were mixed together (supplemental ﬁgure IB) suggesting
that the anti-inﬂammatory activity of CER-001 was not due to LPS
capture. This observation was further conﬁrmed by using TNF-a (a
non lipid inﬂammation marker) as an alternative inducer of the
inﬂammatory mediators, and we observed that CER-001 demonstrated similar inhibition of cytokine secretion by HUVECs (data not
shown).
3.3. CER-001 mobilizes unesteriﬁed cholesterol in mice
The cholesterol mobilization proﬁle of CER-001 in C57Bl/6J mice
given a single dose (10 mg/kg) is presented in Fig. 3. Following
injection, the human apoA-I concentration (Cmax) reached over
300 mg/mL in 15 min in the mouse plasma. After 4 h, half of the
injected complex was eliminated, and 15% of human apoA-I was
detected in the plasma of the injected mice (Fig. 3b). The plasma

Fig. 2. CER-001 reduces the release of GM-CSF, IL-6, IL-8 and MCP-1 molecules from LPS-treated HUVECs. HUVECs were treated with LPS (1 mg/mL) in the presence of CER-001 (0.3,
1, 5, 50, 500 mg/mL), human HDL3, human HDL2 or recombinant human apoA-I (500 mg/mL) for 16 h. The conditioned media were collected for measurement of cytokines: Panel A.
GM-CSF, Panel B. IL-6, Panel C. IL-8 and Panel D. MCP-1 by multiplex protein array. The values represent the means of triplicate determinations.*p < 0.05, ***p < 0.0005, one way
ANOVA for CER-001 and n.s. not signiﬁcant, *p < 0.01, **p < 0.0005, ***p < 0.0001, t-test for HDL2, HDL3 and apoA-I.
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Fig. 3. CER-001 mobilized cholesterol following infusion in C57Bl/6J mice. Placebo (Sucrose: Mannitol 1:1 in 10 mM phosphate buffer) and CER-001 was given as a single dose to
fasted C57Bl/6J (5 animals/group) at doses of 10 mg/kg intravenously. At various time points, plasma samples were collected and Panel A. the plasma unesteriﬁed cholesterol for
placebo (B) and CER-001 (-), the plasma cholesterol ester for placebo (6) and CER-001 (;) were measured enzymatically. Baseline values (t ¼ 0) were subtracted to determine
the increase in cholesterol levels following dose administration. For unesteriﬁed cholesterol values vary from 0.2 to 0.25 g/L and for cholesterol ester values vary from 0.75 to 0.85 g/
L. Panel B. The plasma human apoA-I for placebo (B) and CER-001 (-) was determined at different time points by ELISA after infusion of CER-001 at 10 mg/kg. Panel C. Plasma VLDL
cholesterol, LDL cholesterol and HDL cholesterol were resolved by FPLC as described in material and method. Each lipoprotein fraction was quantiﬁed for cholesterol content (n ¼ 3
mice per condition). TC for total cholesterol, UC for unesteriﬁed cholesterol, PD for pre-dose. Cholesterol values were expressed as mg/dL. CER-001 was injected at 10 mg/kg. Panel
D. Determination of cholesterol efﬂux capacity for mouse plasma. Cholesterol efﬂux was determined for mouse plasma (1% ﬁnal concentration) for 6 h on J774 macrophages preloaded with [3H]-cholesterol-oxLDL. The results are expressed as a percentage of cholesterol efﬂux corrected from pre-dose. Values for cholesterol efﬂux before correction from predose vary from 10 to 14%. **p < 0.01.

total cholesterol curve after single dose CER-001 treatment (Fig. 3a)
paralleled (were super imposable upon) the apoA-I pharmaco-kinetic curve, reaching a maximum at about 30 min. Again, half of
this pool of cholesterol was cleared from plasma in the next 4 h. As
expected, most of the plasma cholesterol mobilized by CER-001
was unesteriﬁed cholesterol and the majority is retrieved in the
HDL fraction as observed by FPLC proﬁle (Fig. 3c and supplemental
ﬁgure III). We observed also a transient increase of cholesterol in
the VLDL fraction at 1H with the return to baseline at 4H after
infusion of CER-001. LCAT is not strongly stimulated as we observe a
weak increase of cholesterol ester at 1H in the HDL fraction for the
CER-001 injected mice compared to the placebo one (supplemental
ﬁgure III).
The plasma acceptor capacity for the mice injected with CER001 was modiﬁed as we observed an increase in macrophage to
plasma cholesterol efﬂux (Fig. 3D). CER-001 in blood 30 min after
infusion is still able to efﬂux cholesterol from macrophages in vitro.
3.4. Plasma cholesterol clearance is increased for LDLr/ mice
injected with CER-001
Reverse lipid transport (RLT) is the process by which excess
cellular cholesterol is liberated from peripheral tissues by HDL and
delivered to the liver for ultimate elimination via the intestine [29].
LDLr/ mice were fed with a high cholesterol diet (HCD) for 10e11
weeks to develop atherosclerotic lesions. CER-001 (10 mg/kg) was

given intravenously every second days starting at week 8 (10 doses)
and at week 9 (5 doses). The lipid analysis of liver by GCeMS
showed that unesteriﬁed cholesterol and cholesterol ester concentrations were increased by 10% in the livers of mice injected
with CER-001 at the 10 mg/kg dose (Fig. 4A and B). In addition, the
unesteriﬁed cholesterol excretion in feces sampled from 10 mice
over 24 h was also increased (10%) in mice treated with CER-001 at
10 mg/kg (Fig. 4C). The relative effect on elimination of cholesterol
esters appeared to be more pronounced compared to that of
unesteriﬁed cholesterol, i.e. a 50% increase in the cholesterol ester
content in the feces (versus placebo) compared a 10% increase in
unesteriﬁed cholesterol content in mice treated CER-001 (Fig. 4D).
However, given that the absolute amount of esteriﬁed cholesterol
in the feces was negligible compared to that of unesteriﬁed
cholesterol (which represents 90% of total cholesterol clearance via
this route of excretion), this apparent difference in relative
cholesterol ester elimination is not signiﬁcant. Thus infusion of
CER-001 increased cholesterol clearance by the liver into the feces
primarily in the form of unesteriﬁed cholesterol, thus demonstrating that CER-001 performed the ﬁnal step of RLT in these mice.
3.5. CER-001 inhibits plaque progression and plaque inﬂammation
in LDLr/ mice
We have studied the effect of infusion of CER-001 in a Familial
Hypercholesterolemia (FH) animal model. Following 10e11 weeks
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Fig. 4. The infusion of CER-001 in LDLr/ mice increases cholesterol content in liver and cholesterol elimination in feces. LDLr/ mice on high cholesterol diet for 10e11 weeks
were treated with placebo (Sucrose: Mannitol1:1 in 10 mM phosphate buffer) or CER-001 (10 mg/kg e 5 and 10 infusions), intravenously, every second day. Lipids from the liver and
the feces were extracted according to the Blight and Dyer method and analyzed by GC/MS. Panel A. Liver unesteriﬁed cholesterol, Panel B. Liver cholesterol ester. The values for liver
cholesterol content represent the mean of 5 and 10 infusions which represents 20 different animals/condition. Panel C. Unesteriﬁed cholesterol in feces, Panel D. Cholesterol ester in
feces. The values for the feces analysis come from the collection over 24 h of a group of 10 animals.The coefﬁcient variation for the feces analysis is 5%. *p < 0.05; n.s, not signiﬁcant.

on HCD, LDLr/ mice developed atherosclerotic lesions in the
aortic root, characterized by fatty streaks and accumulation of
macrophage foam cells (Fig. 5). CER-001 (10 mg/kg) was given
intravenously every second days starting at week 8 (10 doses) and
at week 9 (5 doses). Treatment with CER-001 reduced plaque size
by 17% (5 doses) and 32% (10 doses), and lipid content by 17% (5
doses) and 23% (10 doses), respectively. Plaque inﬂammation was
also affected; there was a decrease of lesion macrophage content by
80% (5 doses) and VCAM-1 expression by 16% (5 doses) and 22% (10
doses) (Fig. 5). These data demonstrate that infusion of CER-001 in
LDLr/ mice slowed the formation of atherosclerotic plaques and
associated inﬂammation after a short-term multiple-dose
treatment.
4. Discussion
CER-001 is a novel HDL-mimetic lipoprotein particle that has
very high capacity to mobilize cholesterol when administered
intravenously in animals. In the present study we demonstrate that
infused CER-001 engineered HDL-like particles performed the key
steps of Reverse Lipid Transport (RLT), speciﬁcally promoting efﬂux
of cholesterol from lipid-laden macrophages in vitro, mobilizing
cholesterol into the plasma of mice, and increasing elimination of
cholesterol from the body through the feces. In addition, multipledose CER-001 administration reduced the development of atherosclerotic plaque in the aortas of LDLr/ mice.
CER-001 was designed to mimic the beneﬁcial properties of
nascent pre-b HDL, which are known to stimulate more than 50% of
the cellular cholesterol efﬂux [30]. Stimulation of cholesterol efﬂux
decreases macrophage foam cell formation and reduces the

development of atherosclerotic plaques [31]. Determination of
cholesterol efﬂux is also a hallmark of HDL activity/capacity for
recycling cholesterol from cells [32]. In this study we have shown
that CER-001 stimulated the cholesterol efﬂux from mouse macrophages similar to HDL3. This effect was also comparable when
evaluated in human macrophages THP-1 (data not shown)
demonstrating CER-001 is a functional HDL particle that captures
cholesterol from macrophages in different species.
Another factor contributing to the anti-atherogenic effect of HDL
is related to their anti-inﬂammatory properties [7,33]. Numerous
studies suggest HDL inhibits the expression of cell adhesion molecules, VCAM-1, ICAM-1 and IL-8 [34e36] and the elevation of
plasma HDL concentrations reduced interleukin (IL)-1einduced
expression of leukocyte adhesion molecules such as E-selectin [37].
The anti-inﬂammatory properties of CER-001 were tested and
compared to HDL2, HDL3 and lipid-free apoA-I. We demonstrated a
dose-dependent inhibition by CER-001 of cytokine secretion
stimulated by either LPS or TNF-a. Recent work on reversa mice
[38] demonstrated lowering hyperlipidemia decreases plaque
inﬂammation. The potential of CER-001 to remove cholesterol from
cells (especially macrophages) and to change the lipid environment
could contribute to this anti-inﬂammatory effect in vitro and in vivo.
Atheroprotection mediated by HDL is most likely pleiotropic,
but the ability of HDL to remove cholesterol from the vessel wall,
and more speciﬁcally from macrophages present in atherosclerotic
plaque, and deliver it to the liver for elimination through the feces
through the process of reverse lipid transport is thought to represent the key role of an HDL particle [39]. The capacity of CER-001 to
mobilize cholesterol into the plasma in vivo was monitored after
infusion in mice. We observed a rapid increase in plasma of human
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Fig. 5. The infusion of CER-001 in LDLr/ mice fed high cholesterol diet reduces plaque size, decreases lipid content and inﬂammation in aortas. LDLr-/- mice on high cholesterol
diet for 10e11 weeks were treated with placebo (Sucrose: Mannitol1:1 in 10 mM phosphate buffer) or CER-001 (10 mg/kg), intravenously, every second day. The mice received 5 or
10 injections of placebo (B) or CER-001 (-). The aortas were embedded in OCT and cut every 10 mm from the aortic root at the level of the 3 valves. Sections were labeled with:
Panel A. Hematoxylin-Eosin (plaque sizes), Panel B. Oil red O (lipid content), Panel C. anti-CD106 (VCAM-1 staining) and Panel D. anti-F4/80 (macrophage staining). The values
represent the means determined from at least 10 different aortas. For anti-F4/80, only the 5 injections are represented. Panels EeL, typical example of staining of aorta slides used
for the quantiﬁcations. Panel E and I, hematoxylin eosin staining; panel F and J, ORO staining; panels G and K, macrophage staining; panels H and L, VCAM-1 antibody staining of
transversal sections of LDLr/ mice aortas. *p < 0.05, ***p < 0.0001.

apoA-I and plasma unesteriﬁed cholesterol concentrations, and
those pools were cleared after 4 h. The pharmacokinetics of human
apoA-I measured in the mouse plasma and the pharmacokinetics of
cholesterol mobilized into the HDL fraction (in the form of unesteriﬁed cholesterol as observed by FPLC) mediated by CER-001 are
superimposable. This increase in plasma CER-001 concentration is
also accompanied by an increase of mobilization of cholesterol from
macrophages demonstrating CER-001 in plasma is functional.
Those ﬁnding are a strong indicator of the stability/integrity of CER001 particles during the process of loading the mobilized cholesterol until its elimination.

Reverse lipid transport (RLT) is deﬁned as the process by which
excess of cholesterol from peripheral cells is transported to the liver
for removal from the body by excretion as neutral sterols and bile
acids into the feces [40]. The relationship between HDL-c levels and
fecal cholesterol excretion was assessed in normolipidemic volunteers where no correlation could be found [41] and in subjects with
familial hypoalphalipoproteinemia [42] where the concentration of
apoA-I was correlated with the fecal excretion of cholesterol. The
infusion of proapolipoprotein A-I [43] or rHDL [44] showed a clear
increase in sterol excretion. The cholesterol clearance in the present
study in LDLr/ was determined following infusion with CER-001
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and compared to placebo animals. We have observed that CER-001
increased liver cholesterol concentration, which was subsequently
accompanied by an increase in elimination of cholesterol in the
feces of these animals. Contrary to recent observations that
doubling HDL-c levels through CETP inhibition had no effect on
fecal sterol excretion in human [45], the cholesterol mobilized by
CER-001 is rapidly cleared from the plasma and excreted by the
liver in the feces.
Familial hypercholesterolemia patients that are homozygous for
LDLr mutation generally have high serum levels of LDL-c and show
accumulation of cholesterol in their coronary arteries, aorta, and
aortic valves and accelerated incidence of atherosclerotic cardiovascular events [46]. Heterozygote LDLr mutation carriers have
typically twice elevated plasma LDL-c concentration and twofold
increased risk for coronary artery disease compared to the general
population. The prevalence is 1:500 for heterozygote and
1:1,000,000 for homozygote FH [47]. The LDLr/ mouse is a
commonly used animal model for the FH patient. We evaluated the
impact of CER-001 on the atherosclerotic plaques in this model. A
short-term treatment with CER-001 every two days was able to
reduce the size and the lipid content of established atheroma plaques and also ameliorated the inﬂammation state. The tendency for
regression of plaque size was already demonstrated in human,
using HDL complexes such as apoA-Imilano/POPC or puriﬁed ApoA-I/
POPC complexes. The present study further emphasizes the value of
HDL-mimetic such as CER-001 in the management and stabilization
of atherosclerotic plaques.
We have provided experimental in vitro and in vivo evidence
that CER-001, a novel HDL-mimetic, performs the key steps of
reverse lipid transport. The engineered lipoprotein composition of
CER-001 exhibits anti-inﬂammatory properties similar to natural
HDL, particularly HDL3 subfraction. CER-001 mediated removal of
cholesterol through the liver and the feces and consequentially
reduced plaque burden and inﬂammation in an established mouse
model of accelerated atherosclerosis. The infusion of CER-001, a
novel HDL-mimetic, could be a suitable therapy for the treatment of
atherosclerosis and associated vascular complications including in
familial hypercholesterolemia patients.
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