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Nascent HDL (High-Density Lipoprotein) Discs 
Carry Cholesterol to HDL Spheres
Effects of HDL Particle Remodeling on Cholesterol Efflux

Alexei V. Navdaev, Lorenzo Sborgi, Samuel D. Wright, Svetlana A. Didichenko

OBJECTIVE: To characterize the fate of protein and lipid in nascent HDL (high-density lipoprotein) in plasma and explore 
the role of interaction between nascent HDL and mature HDL in promoting ABCA1 (ATP-binding cassette transporter 
1)-dependent cholesterol efflux.

APPROACH AND RESULTS: Two discoidal species, nascent HDL produced by RAW264.7 cells expressing ABCA1 (LpA-I [apo AI 
containing particles formed by incubating ABCA1-expressing cells with apo AI]), and CSL112, human apo AI (apolipoprotein 
AI) reconstituted with phospholipids, were used for in vitro incubations with human plasma or purified spherical plasma 
HDL. Fluorescent labeling and biotinylation of HDL were employed to follow the redistribution of cholesterol and apo AI, 
cholesterol efflux was measured using cholesterol-loaded cells. We show that both nascent LpA-I and CSL112 can rapidly 
fuse with spherical HDL. Redistribution of the apo AI molecules and cholesterol after particle fusion leads to the formation 
of (1) enlarged, remodeled, lipid-rich HDL particles carrying lipid and apo AI from LpA-I and (2) lipid-poor apo AI particles 
carrying apo AI from both discs and spheres. The interaction of discs and spheres led to a greater than additive elevation of 
ABCA1-dependent cholesterol efflux.

CONCLUSIONS: These data demonstrate that although newly formed discs are relatively poor substrates for ABCA1, they 
can interact with spheres to produce lipid-poor apo AI, a much better substrate for ABCA1. Because the lipid-poor apo AI 
generated in this interaction can itself become discoid by the action of ABCA1, cycles of cholesterol efflux and disc-sphere 
fusion may result in net ABCA1-dependent transfer of cholesterol from cells to HDL spheres. This process may be of 
particular importance in atherosclerotic plaque where cholesterol acceptors may be limiting.

VISUAL OVERVIEW: An online visual overview is available for this article.
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The liver is known to secrete apo AI (apolipoprotein 
AI) as discoidal nascent HDL (high-density lipopro-
tein). Discoidal HDL accumulates in the plasma of 

patients with congenital LCAT (lecithin:cholesterol acyl-
transferase) deficiency,1,2 and discoid forms are found 
upon perfusion of intact animal livers3 and after incu-
bation of cholesterol-loaded cells with exogenous apo 
AI.4,5 The membrane protein ABCA1 (ATP-binding cas-
sette transporter 1) appears to play an obligate role in 
formation of discoidal nascent HDL since induction of 

ABCA1 dramatically enhances production of discs by 
cultured cells,5 and patients with congenital deficiency 
of ABCA1 have negligible circulating HDL.6 Discoidal 
nascent HDL particles are normally short-lived because 
plasma LCAT acts on discs to produce spherical HDL.7–

10 It has been long assumed that the life cycle of apo 
AI involves gradual growth from disc to small sphere to 
large sphere11,12; however, recent work has challenged 
this notion. Mendivil et al13 demonstrated that HDL of all 
size classes were observed in the peripheral circulation 
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at early time points after administration of labeled amino 
acids to human volunteers, and kinetic analysis of sub-
sequent time points was inconsistent with a model of 
gradual growth. Additionally, Xu et al9 showed that esteri-
fication of nascent HDL by plasma LCAT is not neces-
sary for the rapid hepatic clearance of free cholesterol 
from nascent HDL. Further data inconsistent with grad-
ual growth of discs to spheres comes from observations 
on CSL112, a discoid particle composed of human apo 
AI and phosphatidylcholine currently in clinical develop-
ment for treatment of acute coronary syndrome.14 Infu-
sion of CSL112 into volunteers lead to rapid elevation 
of all size classes with a particularly large elevation of 
lipid-poor apo AI (also known as a HDL-VS [very small 
HDL] or pre-β1-HDL).15,16

Recently, we have described a novel sequence of molec-
ular interactions that underlies the behavior of CSL112 in 
patients and in plasma.15 This interaction involves first a 
fusion of discoidal CSL112 with spherical HDL followed 
rapidly by a fission event, which results in (1) an enlarged 
sphere and (2) lipid-poor apo AI. The fission and fusion 
is a rapid, temperature-dependent process, and it does 
not require plasma enzymes or remodeling proteins and 
enzymes, such as LCAT, cholesteryl ester transfer protein, 
phospholipid transfer protein, hepatic lipase, and endo-
thelial lipase. CSL112 interacts equally well with HDL2 
and HDL3. The apo AI in the enlarged remodeled sphere 
derives from both the parent sphere and from CSL112. 
Similarly, the apo AI in the lipid-poor apo AI derives from 
the parent sphere and from CSL112. This sequence of 
interactions is consistent with all our observations on the 
behavior of CSL112 upon mixing with purified lipopro-
teins, whole plasma, or upon infusion into volunteers.15 The 
proposed mechanism of remodeling is further supported 
by early clinical findings with a prototype discoidal particle, 
CSL111, which showed rapid incorporation of infused apo 
AI and phospholipids into the endogenous HDL in healthy 
subjects17 and in patients with type II diabetes mellitus.18,19

CSL112 differs from nascent HDL in that it does not con-
tain cholesterol or lipoproteins other than apo AI. CSL112 
contains 2 molecules of apo AI per particle and a defined 
amount of phospholipid,14 whereas nascent HDL includes 
particle species that are diverse in size, apo AI, and lipid 
content.4,5,20–25 Therefore, in this study, we asked whether 
nascent HDL particles (LpA-I [apo AI containing particles 

formed by incubating ABCA1-expressing cells with apo AI]), 
formed from lipid-free apo AI in a process of cellular lipid 
efflux mediated by ABCA1, share with CSL112 the ability to 
fuse with spherical HDL to generate both lipid-poor apo AI 
and enlarged spheres. We further investigated if this fusion/
fission process may play a role in ABCA1-dependent trans-
fer of cellular cholesterol to spherical HDL.

Here, we show that model nascent HDL particles 
(LpA-I), produced by RAW264.7 cells expressing 
ABCA1, can rapidly fuse with native plasma HDL with 
subsequent rapid fission resulting in 2 distinct particle 
subtypes (1) large, remodeled HDL carrying cholesterol 
and (2) lipid-poor apo AI particles. Similar to CSL112, 
the remodeled particles formed by the interaction of 
LpA-I with plasma HDL have elevated capacity to efflux 
cholesterol via ABCA1.

MATERIALS AND METHODS
The authors declare that all supporting data are available within 
the article.

Preparation of Reconstituted HDL Formulations
Experimental formulations of reconstituted HDL (Table III in 
the Data Supplement)26 were produced using the cholate dialy-
sis method of Matz and Jonas.27 Briefly, a buffered solution of 
sodium cholate was used to dissolve the lipids (phosphatidyl-
choline, sphingomyelin or cholesterol). Soybean phosphatidyl-
choline was purchased from Phospholipid GmbH (Cologne, 

Nonstandard Abbreviations and Acronyms

ABCA1 ATP-binding cassette transporter 1
apo AI apolipoprotein AI
HDL high-density lipoprotein
LCAT lecithin:cholesterol acyltransferase
LpA-I  apo AI containing particles formed by 

incubating ABCA1-expressing cells with apo AI

Highlights

• Here, we demonstrate that both model nascent HDL 
(high-density lipoprotein) discs formed by ABCA1 
(ATP-binding cassette transporter 1)-expressing cells 
incubated with apo AI (apolipoprotein AI) and HDL 
discs comprised of human apo AI reconstituted with 
phosphatidylcholine (CSL112) share the ability to fuse 
with spherical plasma HDL to generate large choles-
terol-rich remodeled spheres and lipid-poor apo AI.

• Lipid-poor apo AI is the primary acceptor of cho-
lesterol from macrophages in the arterial wall, and 
its availability is likely a limiting factor in cholesterol 
removal from plaque.

• We propose a model in which nascent HDL discs 
may act as shuttles between cells and HDL spheres, 
thus enabling all the HDL particles, not just the 
smallest species, to participate in reverse choles-
terol transport.

• The impact of the interaction between discoidal and 
spherical HDLs on clinical cardiovascular disease and 
the potential of discoidal CSL112 to rapidly reduce 
cholesterol content and stabilize atherosclerotic 
plaque is now being tested in a large Phase III trial 
in patients with acute coronary syndrome (AEGIS-II 
[ApoA-I Event Reducing in Ischemic Syndromes II]).
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Germany), sphingomyelin from chicken egg yolk, and cholesterol 
were from Sigma-Aldrich. Lipid solutions were then incubated 
with plasma-derived apo AI purified as described previously28 to 
obtain lipoprotein particles with the required apo AI/lipid molar 
ratio. Excess cholate was removed by diafiltration. Lipoprotein 
particles were then concentrated by ultrafiltration to a protein 
concentration of 20 to 30 mg/mL and lyophilized.

Isolation of HDL2 and HDL3
HDL2 (d=1.065–1.121 g/mL) and HDL3 (d=1.13–1.18 g/
mL), were isolated from cryo-depleted plasma (CSL Behring) 
by sequential ultracentrifugation.29

Protein Labeling
Labeling of HDL3 with EZ-Link Sulpho-NHS-LC-Biotin or 
with DyLight 488 Amine-Reactive Dye (both from Pierce 
Biotechnology) was performed as described previously.15 
Details are described in Data Supplement.

To prepare fluorescent apo AI, CSL112 was labeled with 
Sulfo-Cy5.5-NHS (Lumiprobe GmbH), as described previ-
ously.15 Labeled CSL112 (40 mg of protein, ≈5 mg/mL) was 
delipidated with ethanol/diethyl ether mixture,30 dissolved in 
endotoxin-free PBS (Cy.5.5–apo AI at 5 mg/mL), and kept at 
−70oC until use.

Preparation of Model Nascent HDL
Murine macrophage RAW264.7 cells were seeded in 150 cm2 
cell culture flasks and grown in DMEM supplemented with 10% 
(v/v) FBS, 2 mmol/L glutamine, 100 units/mL penicillin, and 100 
μg/mL streptomycin in a humidified 37°C incubator in the pres-
ence of 5% CO2. When cells reached 70% to 80% confluence, 
the medium was removed, and the cells were loaded with unla-
beled 0.2 mmol/L cholesterol (Sigma). Labeling medium was 
prepared by adding cholesterol dissolved in ethanol at 10 mg/
mL to DMEM containing 5% FBS, 2 mmol/L glutamine. After 
loading with cholesterol for 24 hours, cells were washed with 
PBS. To upregulate ABCA1, cells were incubated in DMEM/2 
mmol/L glutamine/0.2% fatty-acid-free BSA medium contain-
ing 0.3 mmol/L 8-bromoadenosine cAMP for 16 hours. Lipid-
free apo AI (0.6 mg apo AI per flask) was added to the cells at a 
final concentration of 20 μg/mL in plain DMEM containing 0.1 
mmol/L 8-bromoadenosine cAMP for 24 hours. The resultant 
LpA-I particles were separated from lipid-free apo AI by den-
sity gradient ultracentrifugation at 4°C in a Kontron TFT 70.38 
rotor, Hitachi CP100TX centrifuge. Briefly, the density of the cell 
supernatant was adjusted to 1.18 g/mL and centrifuged for 24 
hours at 55 000 rpm (330 000g). The top fraction was collected, 
concentrated with Ultracel 100K filters, and subjected to size 
exclusion chromatography on Superose 6 column (2.6×70 cm) 
using an Akta fast protein liquid chromatography system. The 
LpA-I particles were eluted with PBS, pH 7.4, at a flow rate of 1.5 
mL/min. Fractions (4 mL) were collected and analyzed. Relevant 
fractions were pooled and designated as 1-LpA-I, 2-LpA-I, and 
3-LpA-I from the largest to the smallest particle size (Figure 1). 
LpA-I particles were concentrated by ultrafiltration on Ultracel 
100K up to a final protein concentration of 1 to 2 mg/mL. For 
particle stabilization, sucrose was added up to a final concentra-
tion of 1%, and particles were stored in small aliquots (200 μL) 
in liquid nitrogen until use. In the majority of the experiments, 

unless indicated, 2-LpA-I (designated as LpA-I) was used for 
the protein labeling and for the incubations with plasma HDL. A 
similar procedure was used to generate Cy5.5-LpA-I particles.

Cy5.5-LpA-I/TopFluor particles were generated by incu-
bation of TopFluor-cholesterol-labeled RAW264.7 cells with 
Cy5.5–apo AI. Labeling medium was prepared by complex-
ing the sterols, TopFluor-cholesterol (23-[dipyrromethene-
boron difluoride]-24-norcholesterol, Avanti Polar Lipids), and 
unlabeled cholesterol (Sigma), with methyl-β-cyclodextrin 
(Sigma) at a molar ratio of 1:80 (cholesterol/β-cyclodextrin).31 
Concentrations of TopFluor-cholesterol, unlabeled choles-
terol and β-cyclodextrin were 0.025 mmol/L, 0.1 mmol/L 
and 10 mmol/L, respectively. Labeling of RAW264.7 cells 
with TopFluor-cholesterol was carried out for 1 hour at 37°C. 
Except for cell labeling, conditions for cells culture, prepara-
tion, and purification of Cy5.5-LpA-I/TopFluor particles were 
similar to those described for LpA-I.

Cholesterol Efflux Assay
Cholesterol efflux capacity of different acceptors was assessed 
using [3H]cholesterol-loaded RAW264.7 macrophages as pre-
viously described.14,15 Efflux was promoted by incubating the 
[3H]cholesterol-labeled RAW264.7 cells with each individual 
acceptor for 5 hours. The difference in efflux between stim-
ulated and nonstimulated cells was taken as a measure of 
ABCA1-dependent efflux.

Nondenaturing Polyacrylamide Gradient 
Gel Electrophoresis, Western Blotting, and 
Fluorescence Imaging
The HDL particle size distribution was determined by nondenatur-
ing polyacrylamide gradient gel electrophoresis using native 4% 
to 16% Bis-Tris polyacrylamide gels (Invitrogen by ThermoFisher 
Scientific). Gels were run at 160 V for 2 hours. Molecular size 
markers were from GE Healthcare (Amersham High Molecular 
Weight Calibration Kit for Electrophoresis). Western blotting 
and fluorescent imaging were performed as described previ-
ously.15 Goat anti-human apo AI polyclonal antibodies (Rockland 
Immunochemicals Inc) were used for immunodetection of apo AI.

In Vitro Incubations
Blood was donated voluntarily with signed informed consent 
under medical supervision. The donation procedure has been 
approved by an in-house ethical committee led by the medi-
cal director. Blood was collected using EDTA-coated tubes 
(Vacuette, Grenier Bio-One, Austria). To prepare plasma, blood 
cells are removed by centrifugation for 15 minutes at 2 000×g 
using a refrigerated centrifuge.

Cy5.5-LpA-I was added to fresh human EDTA-plasma at a 
concentration of 1 mg protein/mL, PBS was added to control 
plasma sample. Following incubation at 37°C for 0.5 and 1 hour, 
apoB-containing particles were precipitated from plasma with 
polyethyleneglycol, as described previously.15 ApoB-depleted 
supernatants were used for measurement of cholesterol efflux. 
The final concentration of Cy5.5-LpA-I added to efflux medium 
was 5 μg/mL, plasma concentration was 0.5%.

DL488-HDL3 (fluorescently labeled HDL3), B-HDL3 

(biotinylated HDL3), LpA-I (1-LpA-I, 2-LpA-I, 3-LpA-I or 
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2-Cy5.5-LpA-I) were used for in vitro incubations as indicated 
in the figure legends.

Incubation mixtures (80 μL) containing biotinylated HDL3 
were incubated with GE Healthcare’s Streptavidin Sepharose 
or Sepharose 4B beads (50 μL of the 50% slurry in PBS) with 
manual gentle mixing. After incubation for 15 minutes at room 
temperature, the beads were removed by centrifugation, and 
the supernatants were analyzed.

HDL3 or HDL2 (1 mg/mL final concentration) were incu-
bated with increasing concentrations of CSL112 or LpA-I 
(0.05, 0.1, 0.2, and 0.4 mg protein/mL) in PBS for 1 hour at 
37°C. Different formulations of reconstituted HDL (described 
in the Data Supplement) were incubated with HDL3 at 17°C, 
37°C, and 50°C as indicated, at a final concentration of each 
lipoprotein 1 mg/mL.

Protein and Lipid Analysis, ELISA
Protein concentrations were measured using DC Protein 
Assay Kit II (Bio-Rad). Phospholipid and total and free cho-
lesterol levels were evaluated enzymatically (LabAssay 
Phospholipid, LabAssay Cholesterol, and Free Cholesterol E; 
Wako Diagnostics). Preβ1-HDL was measured using ELISA kit 
(Sekisui/American Diagnostica GmbH) according to the manu-
facturer’s recommendations.

Protein conjugate analysis by size exclusion chromatogra-
phy coupled to multiple angle light scattering was performed as 
described in the Data Supplement. Data collection and analysis 
were performed in the ASTRA software using ASTRA’s Protein 
Conjugate Analysis method.32 The differential refractive index 
increments (dn/dc) of 0.185, 0.150, and 0.130 were used for 
molar mass determination of apo AI, phosphatidylcholine and 
mixture of mammalian lipids, respectively.33,34

Statistics
Values are presented as mean±SD. All results were ana-
lyzed for statistical significance using 1-way ANOVA followed 
by Dunnett post hoc test. Statistical significance was set at 
P<0.05. The normality of data and variance were not tested.

RESULTS
Characteristics and Composition of Nascent 
LpA-I Particles
Nascent LpA-I particles were generated by incubation 
of lipid-free apo AI with ABCA1-expressing RAW 264.7 
cells and purified, as described in Materials and Methods. 
Figure 1A shows the elution profile of LpA-I particles by 
size exclusion chromatography. For further characteriza-
tion, peak and side fractions were pooled and designated 
as 1-LpA-I, 2-LpA-I, and 3-LpA-I. Predominant species in 
1-LpA-I, 2-LpA-I, and 3-LpA-I had hydrodynamic diameters 
of ≈12 nm, ≈10 nm, and ≈8.7 nm, respectively (Figure 1B). 
Both molar ratios of phospholipid to protein and cholesterol 
to protein in individual LpA-I species reflected the increase 
in the average particle size (Table), which is consistent with 
previous reports.9,20,21 The phospholipid to protein molar 
ratio of the smallest nascent 3-LpA-I (23.8±1.7) was 
comparable to that of purified plasma HDL2 (22.5±0.2), 
and for nascent 1-LpA-I and 2-LpA-I species, these ratios 
were higher (28.0±6.5 and 26.9±6.1, respectively). Com-
pared with plasma HDLs, nascent LpA-I particles showed 
higher levels of cholesterol present in unesterified form 
(Table). The molar ratio of cholesterol to phospholipid had 

Figure 1. Purification of nascent LpA-I (apo AI [apolipoprotein AI] containing particles formed by incubating ABCA1 [ATP-
binding cassette transporter 1]-expressing cells with apo AI) particles.
A, LpA-I particles were fractionated by size exclusion chromatography on a Superose 6 column. Fractions were collected, pooled as indicated 
and designated as 1-LpA-I (light gray), 2-LpA-I (black), and 3-LpA-I (dark gray) from the largest to the smallest particle size. B, LpA-I subspecies 
were separated by nondenaturing polyacrylamide gradient gel electrophoresis and visualized by Coomassie Blue G-250 staining. mAU 
indicates milli absorbance unit.
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a trend to increase with increasing particle size (2.7±0.1 
for 3-LpA-I; 3.1±0.3 for 2-LpA-I; and 3.5±0.3 for 1-LpA-I).

Remodeling of Nascent LpA-I in Human Plasma 
In Vitro
Remodeling of plasma HDL is a dynamic process which 
can affect the capacity of the plasma to efflux cellular 
cholesterol.35,36 Incubation of LpA-I containing apo AI 
labeled with Cy5.5 fluorophore (Cy5.5-LpA-I) with nor-
molipidemic plasma caused changes in plasma HDL par-
ticle size distribution and led to progressive accumulation 

of lipid-poor apo AI (Figure 2A, right). The LpA-I were 
converted to both smaller and larger particles suggest-
ing that Cy5.5–apo AI became associated with existing 
plasma HDL. A significant portion of Cy5.5–apo AI was 
found in a lipid-poor form (Figure 2A, left).

HDL remodeling induced by LpA-I led to changes in 
plasma capacity to promote cellular cholesterol efflux from 
RAW264.7 cells. Figure 2B shows that when tested alone, 
LpA-I and plasma caused comparable cholesterol efflux 
that was mainly driven by the ABCA1-independent path-
way (64% and 59%, respectively), whereas the contribu-
tion of the ABCA1-dependent pathway was smaller (36 
and 41%, respectively). Incubation of nascent LpA-I with 
plasma resulted in a sharp increase in the plasma capacity 
to support ABCA1-dependent cholesterol efflux (≈3-fold 
increase compared with plasma alone). This finding is con-
sistent with the formation of lipid-poor apo AI, which is the 
most efficient acceptor of cellular cholesterol via ABCA1.37

In Vitro Remodeling of Nascent LpA-I in the 
Presence of HDL3

Next, we examined the interaction between LpA-I and 
purified plasma HDL3. Cy5.5-LpA-I was incubated 
with purified plasma HDL3 labeled with DyLight 488 
(DL488-HDL3). As shown in Figure 3, both Cy5.5–apo 

Table. HDL Particle Content of Phospholipid, Total, and 
Free Cholesterol

Ratio

Phospholipid:  
Protein (mol/mol)

Cholesterol:  
Protein (mol/mol)

Free cholesterol: 
Protein (mol/mol)

1-LpA-I 28.0±6.5 98.1±8.4 89.3±2.4

2-LpA-I 26.9±6.1 83.3±9.9 76.0±2.3

3-LpA-I 23.8±1.7 62.5±3.5 59.5±0.7

HDL3 19.5±1.4 22.5±2.1 4.2±1.2

HDL2 22.5±0.2 29.5±3.5 8.2±1.9

The data are shown as mean±SD (n=5). ABCA1 indicates ATP-binding cas-
sette transporter 1; apo AI, apolipoprotein AI; HDL, high-density lipoprotein; 
and LpA-I, apo AI containing particles formed by incubating ABCA1-expressing 
cells with apo AI.

Figure 2. Effects of nascent LpA-I (apo AI [apolipoprotein AI] containing particles formed by incubating ABCA1 [ATP-binding 
cassette transporter 1]-expressing cells with apo AI) on the remodeling of endogenous plasma HDL (high-density lipoprotein) 
and on the plasma cholesterol efflux capacity.
A, Fluorescently labeled nascent LpA-I (Cy5.5-LpA-I) was incubated with human plasma for 0.5 h and 1 h at 37°C. Plasma samples then 
were separated by nondenaturing polyacrylamide gradient gel electrophoresis, subjected to fluorescence imaging (left; Cy5.5–apo AI) and 
Western blotting for apo AI (right; total apo AI). The migration positions of HDL2, HDL3, and lipid-poor apo AI are indicated. B, Plasma samples 
incubated with Cy5.5-LpA-I or PBS for 1 h were used for the measurements of cholesterol efflux from RAW264.7 cells. A sample of LpA-I 
was included in the analysis as a control. Each efflux value represents the mean±SD for 4 independent experiments performed with different 
samples measured in triplicate. ABCA1-dependent efflux is presented as the difference in efflux between 8-bromoadenosine cAMP-stimulated 
and nonstimulated cells. ABCA1-dependent efflux: *P<0.05 vs plasma.
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AI and DL488–apo AI from nascent Cy5.5-LpA-I and 
DL488-HDL3, respectively, exhibited similar patterns of 
association with remodeled HDL species, including lipid-
poor apo AI. The majority of the original Cy5.5-LpA-I 
(≈10 nm) was converted to smaller particles (≈9–9.5 nm; 
Figure 3, left), which also accumulated the major portion 
of DL488–apo AI derived from HDL3 (Figure 3, middle). 
Individual changes in LpA-I and HDL3 particle size dis-
tribution detected by fluorescence imaging were consis-
tent with the size distribution of particles detected with 
anti–apo AI antibody (Figure 3, right). These results sug-
gest that during remodeling, LpA-I associates with HDL3 
giving rise to hybrid particles containing apo AI from both 
LpA-I and HDL3.

Particle Fusion and Cholesterol Transfer From 
Nascent LpA-I to HDL Take Place During 
Particle Remodeling
To investigate whether apo AI derived from LpA-I or 
HDL3 resides on the same remodeled particles and 
whether particle remodeling is accompanied by the 
transfer of cholesterol between LpA-I particles and HDL, 
we generated LpA-I (Cy5.5-LpA-I/TopFluor) contain-
ing TopFluor-cholesterol as described in Materials and 
Methods. Cy5.5-LpA-I/TopFluor was then incubated with 
B-HDL3, and the incubation mixtures were treated either 
with Streptavidin Sepharose beads to capture HDL par-
ticles containing biotinylated apo AI or with Sepharose 
beads (control). As shown in Figure 4, in control mixtures 

treated with Sepharose beads, the majority of the remod-
eled HDL particles had an average particle size of ≈9 nm. 
They were smaller than parent Cy5.5-LpA-I/TopFluor 
(≈10 nm) and slightly larger than parent B-HDL3 (≈8.7 
nm) as detected with anti–apo AI antibody (Figure 4A). 
The main portion of both biotinylated apo AI and Cy5.5–
apo AI (Figure 4D and 4B, respectively), and all detected 
TopFluor-cholesterol (Figure 4C) were associated with 
these remodeled particles. The lipid-poor apo AI frac-
tion contained biotinylated apo AI and Cy5.5–apo AI 
(Figure 4D and 4B) but no trace of TopFluor-cholesterol 
(Figure 4C). Precipitation with Streptavidin Sepharose 
beads removed, from the incubation mixtures, all bioti-
nylated apo AI together with the majority of Cy5.5–apo 
AI and TopFluor-cholesterol, indicating that apo AI from 
LpA-I and apo AI from HDL3 are present on the same 
remodeled particles (see confirming studies in Figure I 
in the Data Supplement). A small amount of Cy5.5-LpA-
I/TopFluor particles (≈10 nm and ≈9 nm) remained in 
the incubation mixture after removal of biotinylated apo 
AI (Figure 4A and 4B). Smaller Cy5.5-LpA-I/TopFluor 
particles contained much less TopFluor-cholesterol com-
pared with nonremodeled parent Cy5.5-LpA-I/TopFluor 
(Figure 4C) suggesting that a net transfer of cholesterol 
from nascent 2-LpA-I to HDL3 contributes to their for-
mation. In conclusion, these data support the concept of 
fusion between LpA-I and HDL3, followed by structural 
rearrangements and the dissociation of apo AI. Addition-
ally, particle remodeling is accompanied by the move-
ment of cholesterol between the particles.

Particle Remodeling Between Nascent LpA-I 
and HDL3 Leads to the Enhancement of 
Cholesterol Efflux
To evaluate the effects of the particle remodeling on HDL 
functionality, we measured the cholesterol efflux capaci-
ties of the remodeled HDL particles generated upon 
in vitro incubation of 1-LpA-I, 2-LpA-I or 3-LpA-I with 
HDL3 using corresponding parent particles and apo AI 
for direct comparison. Figure 5 demonstrates that when 
tested alone, all nascent LpA-I species showed com-
parable capacity to efflux cholesterol. Similar to HDL3, 
they were more efficient acceptors of cellular cholesterol 
via the ABCA1-independent pathway. With decreasing 
LpA-I particle size, the contribution of ABCA1-depen-
dent efflux increased but was much less than that of the 
apo AI comparator. These observations are consistent 
with prior work suggesting that nascent LpA-I are both 
products of and substrates for ABCA1 and that the level 
of lipidation of LpA-I determines their ability for subse-
quent interaction with ABCA1.38

Incubation of HDL3 with 1-LpA-I, 2-LpA-I or 3-LpA-I 
significantly increased (1.7- to 4-fold) the potential of 
remodeled HDL species to efflux cellular cholesterol 
via ABCA1 (Figure 5) in comparison to corresponding 

Figure 3. Lipoprotein particle remodeling is induced by the 
interaction of nascent LpA-I (apo AI [apolipoprotein AI] 
containing particles formed by incubating ABCA1 [ATP-
binding cassette transporter 1]-expressing cells with apo AI) 
and HDL3 in vitro.
Fluorescently labeled LpA-I (Cy5.5-LpA-I) and HDL3 (DL488-
HDL3) were incubated for 1 h at 37oC, final concentration of 
each lipoprotein was 0.5 mg/mL. Lipoproteins were subjected 
to nondenaturing polyacrylamide gradient gel electrophoresis. 
Cy5.5–apo AI (left) and DL488–apo AI (middle) were visualized 
by fluorescent imaging, apo AI (right) was detected by anti–apo AI 
antibody. The migration of lipid-poor apo AI is also indicated. HDL 
indicates high-density lipoprotein.
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parent LpA-I species, whereas an increase in ABCA1-
independent efflux was less prominent (1.3- to 2.2-fold).

LpA-I formed by ABCAI-expressing murine mac-
rophage RAW264.7 cells have been shown to pos-
sess a discoidal morphology.5 To estimate the potential 
impact of disc- sphere remodeling in normal physiol-
ogy, we explored conditions which may more closely 
reflect those seen in humans. Given that plasma con-
tains very low levels of discoidal HDL,11,39,40 we induced 
HDL remodeling in vitro using graded concentrations of 
discs (LpA-I or CSL112) in the presence of an amount 
of HDL2 or HDL3 comparable to that in normal human 
plasma. Then we sought to mimic the conditions near 
cholesterol-laden, ABCA1-expressing cells outside the 
vasculature, where lipoprotein levels are about 5-fold 
reduced compared to blood levels.40–42

HDL3 or HDL2 (at 1 mg protein/ mL) were incu-
bated with increasing concentrations of nascent LpA-I 
or CSL112 (0.05, 0.1, 0.2, and 0.4 mg/mL apo AI) for 1 
hour at 37°C. Then the incubation mixtures were used as 
cholesterol acceptors at a low final HDL3 or HDL2 con-
centration (10 μg protein/mL) to measure cholesterol 
efflux from RAW264.7 cells expressing ABCA1. Fig-
ure 6 shows that under experimental conditions in which 
macrophage cells were in excess and the concentration 
of HDL2 or HDL3 (10 μg/ml) was a limiting factor for 
cholesterol efflux, addition of lower levels of discs, LpA-I 

(≥2 μg) or CSL112 (≥1 μg), elevated ABCA1-depen-
dent efflux to a greater than additive extent (Figure 6A 
and 6B, respectively; Table I in the Data Supplement). 
CSL112 appeared more effective than nascent LpA-I 
in synergistically elevating ABCA1-dependent efflux; 
this difference may be related to levels of lipid-poor apo 
AI produced upon HDL remodeling. CSL112 produced 
more lipid-poor apo AI than LpA-I when incubated with 
HDL2 or HDL3 at the same low concentration of 0.2 
mg protein/mL (Figure 6C). Larger production of lipid-
poor apo AI by CSL112 was seen even upon doubling 
the protein concentration of LpA-I to 0.4 mg protein/mL 
(Figure 6C), which corresponds to approximately similar 
phospholipid and particle concentration as CSL11214 at 
0.2 mg protein/mL (Table; Figure II and Table II in the 
Data Supplement).

Taken together, these data suggest a synergistic 
action of discs and spheres to enable ABCA1-depen-
dent efflux and show that the efficiency of the forma-
tion of lipid-poor apo AI upon remodeling depends on 
the disc size, structure and lipid composition. The struc-
ture of spherical HDL also appeared to play a role in the 
process of particle remodeling with greater production 
of lipid-poor apo AI deriving from smaller HDL3 versus 
larger HDL2 (Figure 6C). This is consistent with observa-
tions that apo AI interacts much more readily with HDL3 
than with large HDL2.

43

Figure 4. Cholesterol transfer between nascent LpA-I (apo AI [apolipoprotein AI] containing particles formed by incubating 
ABCA1 [ATP-binding cassette transporter 1]-expressing cells with apo AI) and HDL3 takes place during particle remodeling 
in vitro.
Cy5.5-LpA-I/TopFluor particles containing TopFluor-cholesterol were incubated with B-HDL3 (biotinylated HDL3) for 1 h at 37°C, final 
concentration of each lipoprotein was 0.5 mg/mL. Following treatment of the reaction mixtures with Sepharose beads (−) or Streptavidin 
Sepharose beads (+), lipoproteins remained in the supernatants were separated by nondenaturing polyacrylamide gradient gel electrophoresis. 
apo AI (A) and biotinylated apo AI (D) were detected with anti–apo AI antibody and NeutrAvidin, respectively. Cy5.5–apo AI (B) and TopFluor-
cholesterol (C) were visualized by fluorescent imaging. The position of migration of lipid-poor apo AI is indicated. HDL, high-density lipoprotein
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Lipid Content and Size of Lipoproteins 
Influence Generation of Lipid-Poor apo AI Upon 
Interaction of Discs With Spheres
To understand the physical determinants driving the 
remodeling reaction here, we used a series of well-defined 
formulations of reconstituted lipoproteins26 (Table III in 
the Data Supplement), each of which contains 2 mole-
cules of apo AI per particle, to show the influence of lipid 
amount and identity on apo AI release upon interaction 
with HDL (Figure 7). Increasing the phosphatidylcholine 
levels from a molar ratio of phosphatidylcholine 32:1 apo 
AI to a molar ratio of phosphatidylcholine 100:1 apo AI 
caused a graded reduction in lipid-poor apo AI produc-
tion, and further addition of cholesterol caused further 
reduction of lipid-poor apo AI production. Similar findings 
were seen whether lipid-poor apo AI was measured by 
gel electrophoresis or by immunoassay (Figure 7A and 
7B). Substitution of the phosphatidylcholine with sphin-
gomyelin in HDL (sphingomyelin 100:1 apo AI) reduced 
lipid-poor apo AI release at 17°C and 37°C, but similar 

release was seen upon elevation of temperature to 50°C 
(Figure 7C and 7D). These data suggest the gel-to-liquid 
crystalline phase transition temperature of the phospho-
lipid affects remodeling, with inhibition near or below 
that temperature44 but that above this temperature, the 
amount of lipid is a critical parameter.

DISCUSSION
Earlier published work on model nascent HDL particles 
has documented their interaction with spherical HDL. 
Injection of LpA-I into rabbits36 and into human apo AI 
transgenic mice45 resulted in a rapid changes in the 
LpA-I size distribution following interaction with pre-
existing endogenous HDL. Furthermore, Bailey et al36 
showed that the free cholesterol content of injected [3H]
free cholesterol-radiolabeled reconstituted HDL was 
rapidly redistributed to rabbit HDL and low-density lipo-
protein. Recently, Xu et al9 demonstrated the transfer 
of [3H]free cholesterol, [14C]phospholipid, and [125I]apo 
AI contents of LpA-I particles to plasma HDL and low-
density lipoprotein in vitro.9 In the present study, we cor-
roborate these findings and describe additional steps in 
HDL biogenesis. We show that LpA-I particles generated 
by ABCA1-expressing RAW264.7 cells spontaneously 
fuse with spherical plasma HDL in vitro. Subsequent 
fission of the fusion product leads to 2 novel species: 
HDL spheres of enlarged size and lipid-poor apo AI (Fig-
ures 2 through 4, and 6C). In this process, LpA-I first 
donates both apo AI and lipid to the spherical HDL, and 
in the subsequent fission, lipid-free apo AI from both 
the spherical HDL and the LpA-I is released into the 
medium. Plasma factors, such as phospholipid transfer 
protein, cholesterol ester transfer protein, or LCAT, are 
known to contribute to HDL remodeling in some con-
texts, but we found they are not essential for the particle 
remodeling studied here because LpA-I is able to induce 
HDL remodeling and lipid-poor apo AI release in plasma 
of wild-type mice, which are naturally cholesterol ester 
transfer protein–deficient as well as in plasma from mice 
deficient in phospholipid transfer protein or LCAT (Figure 
III in the Data Supplement). The sequence of events we 
document here for LpA-I closely resembles the sequence 
we established for CSL112, a discoid particle composed 
of human apo AI and phosphatidylcholine.15 These stud-
ies also showed transient fusion of CSL112 discs with 
HDL spheres and subsequent fission to yield lipid-poor 
apo AI. These common features of HDL particle remod-
eling induced by LpA-I and CSL112 suggest a general 
mechanism by which spontaneous interaction between 
spherical and discoidal HDL leads to generation of lipid-
poor apo AI making it available for additional cycles of 
tissue cholesterol efflux (Figure 8).

Particle size and composition of discoidal and spheri-
cal HDLs appear to be critical parameters controlling the 
levels of lipid-poor apo AI produced during remodeling. 

Figure 5. Particle remodeling between nascent LpA-I (apo AI 
[apolipoprotein AI] containing particles formed by incubating 
ABCA1 [ATP-binding cassette transporter 1]-expressing 
cells with apo AI) and HDL3 leads to the enhancement of the 
cholesterol efflux.
1-LpA-I, 2-LpA-I or 3-LpA-I were incubated with HDL3 for 1 h at 
37°C (at a final concentration of 0.5 mg/mL of each lipoprotein). The 
LpA-I, HDL3, and apo AI incubated alone in PBS were included as 
controls. Incubation mixtures were used for the measurements of 
cholesterol efflux from RAW264.7 cells. The final concentration of 
cholesterol acceptors in efflux medium was 10 µg/mL. Each efflux 
value represents the mean±SD for 3 independent experiments 
performed with different samples measured in triplicate. HDL, high-
density lipoprotein. ABCA1-dependent efflux: ***P<0.001, **P<0.01, 
*P<0.05 vs HDL3; ##P<0.01, vs 1-LpA-I; §P<0.05, vs 2-LpA-I; ns 
(nonsignificant) difference vs 3-LpA-I.
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Increasing size and lipid content of discs appear to 
reduce formation of lipid-poor apo AI during remodel-
ing (Figure 6C and Figure 7A), and increasing size of 
spheres also appears to reduce production of lipid-poor 
apo AI during remodeling (Figure 6C). The stability of the 
interaction of apo AI with lipid is likely to dictate its pro-
pensity to disassociate as a lipid-poor species, and fur-
ther study of the energetics of the formation of lipid-poor 
apo AI during disc-sphere interaction is warranted. At a 

simple level, our results are consistent with the notion 
that particles with less or insufficient surface lipid may 
allow ready disassociation.

Two distinct physiological consequences of the inter-
action of discs with spheres may be observed in two 
locations in the body. In the liver, which produces nascent 
HDL from newly synthesized apo AI, discs are fed into 
the perisinusoidal space of Disse before passing into the 
circulation. The plentiful HDL spheres in circulation likely 

Figure 6. Small discoidal CSL112 induces more lipid-poor apo AI (apolipoprotein AI) upon incubation with HDL (high-density 
lipoprotein) compared with the nascent LpA-I (apo AI containing particles formed by incubating ABCA1 [ATP-binding cassette 
transporter 1]-expressing cells with apo AI).
HDL3 or HDL2 (final protein concentration 1 mg/mL) were incubated for 1 h at 37°C in the absence or presence of increasing concentrations 
of LpA-I or CSL112 (at 0.05, 0.1, 0.2, and 0.4 mg protein/mL). Cholesterol efflux from RAW264.7 macrophages is shown (A and B). Final 
concentrations of LpA-I (A) or CSL112 (B) in efflux medium were 0.5, 1, 2, and 4 µg protein/mL; HDL3 or HDL2 were at 10 µg protein/mL, as 
indicated. Data from three independent experiments are shown. Values are presented as mean±SD. ABCA1-dependent efflux: ***P<0.001, 
**P<0.01 vs HDL2; 

### P<0.001 vs HDL3. C, HDL2 or HDL3 (final protein concentration 1 mg/mL) were incubated with LpA-I (0.2 and 0.4 mg/
mL final protein concentrations; [LpA_0.2] and [LpA_0.4], respectively) or CSL112 (final protein concentration 0.2 mg/mL; [CSL112_0.2]) for 
1 h at 37°C. Lipoproteins were separated by nondenaturing polyacrylamide gradient gel electrophoresis, and apo AI was detected by anti–apo 
AI antibody. The migration of lipid-poor apo AI is indicated.
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drive a very rapid interaction with the newly formed discs. 
Indeed, Mendivil et al. have observed virtually no labeled 
discs in the peripheral circulation 120 minutes after the 
addition of labeled amino acids to human volunteers.13 
Rather, the newly synthesized apo AI was found in a full 
spectrum of HDL sizes, as predicted by our observations. 
Lipid-rich, large, remodeled spheres produced upon 
interaction of nascent HDL discs and spherical HDL 
could enter pathways for cholesterol clearance.

The second location in which disc-sphere interac-
tions may be critical is in the interstitial fluid surrounding 
foam cells of an atheroma. In this location, the amount 

of substrate for ABCA1 is likely to be the main feature 
that limits the exit of cholesterol. The most important 
contributor to this condition is the very high volume of 
cholesterol-laden cells versus the low volume of inter-
stitial fluid that can receive the cholesterol. Additional 
factors limiting efflux in plaque are the low concen-
tration of HDL in interstitial fluid (20% of plasma lev-
els)46,47 and the inability of mature HDL spheres and 
lipid-rich discs to interact with ABCA1 (Figures 5 and 
6).38 Finally, the oxidative and inflammatory environment 
in the plaque may further diminish the ability of local apo 
AI to interact with ABCA1.48–50 Thus, the interaction of 

Figure 7. Phospholipid:protein ratio and lipid composition of discoidal HDLs (high-density lipoproteins) impact on interaction 
with HDL3 and apo AI (apolipoprotein AI) release.
HDL3 (final protein concentration 1 mg/mL) was incubated for 1 h with different formulations of reconstituted HDL (final protein concentration 
1 mg/mL) as indicated. Formulations of reconstituted HDL are described in Table II in the Data Supplement. Lipid-poor apo AI was analyzed 
either by Western blotting with anti–apo AI antibody following separation of lipoproteins by nondenaturing polyacrylamide gradient gel 
electrophoresis (A and C) or by pre-β1 HDL ELISA (B and D). Lipoproteins incubated alone in PBS were included as controls. A and B, 
Incubation at 37°C. C, Incubation at 17°C and 50°C. D, Shown data for incubations of HDL3 with phosphatidylcholine (PC) 100:1 apo AI (gray 
bars) and sphingomyelin (SM) 100:1 apo AI (white bars) at 17°C, 37°C and 50°C. B and D, Data from three independent experiments are 
shown. Values are presented as mean±SD. B, Pre-β1: ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 vs HDL3. D, Pre-β1: ####P<0.0001 
and *P<0.05 vs HDL3, for incubations at 50°C and 37°C, respectively.
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discs with spheres described here may help close a gap 
in the understanding of cholesterol transport from the 
atheroma. Discs formed locally by the action of ABCA1 
expressed on foam cells may fuse with nearby spheres 
to both transfer cholesterol to the spheres and gener-
ate more lipid-free apo AI, and thereby more acceptors 
for ABCA1-dependent efflux. As this process cycles, 
the discs may act as shuttles between cells and HDL 
spheres, thus enabling all the HDL particles, not just 
the smallest species, to participate in cholesterol trans-
port (Figure 8). In support of this, we have observed that 
addition of a small amount of discs to a larger portion of 
spheres causes a greater than additive rise in ABCA1-
dependent cholesterol efflux (Figures 6 and Table I in 
the Data Supplement). The ability of discs to enhance 
cholesterol efflux under conditions in which the avail-
ability of ABCA1 substrate is a limiting factor suggests 
a mechanism underlying the strong reduction of plaque 
cholesterol observed upon infusion of apo AI discs. As 
previously noted,14 more than half of plaque cholesterol 
ester can be removed in two weeks after infusion of 
apo AI discs into rabbits,51 mice,52 or man.53 The poten-
tial to rapidly reduce cholesterol content and stabilize 
atherosclerotic plaque is now being tested in AEGIS-II 

(ApoA-I Event Reducing in Ischemic Syndromes II), a 
large Phase III trial of CSL112.54

In recent years, 2 different formulations of apo AI, 
MDCO216 and CER001, showed disappointing results in 
clinical trials with plaque imaging end points.55,56 It is likely 
that multiple factors contributed to this failure. The intra-
vascular ultrasound imaging methods used in these trials 
depict plaque size but not plaque stability, and recent ani-
mal studies have shown that apo AI may strongly reduce 
plaque cholesterol and macrophage content and elevate 
plaque collagen without net changes in plaque size.50 The 
end points chosen may thus have been insensitive to the 
effects of the drugs. The failed trials also used relatively 
low doses of apo AI.57 But in the context of the current 
findings, it is noteworthy that CER001 was composed of 
sphingomyelin, a lipid which may not optimally support the 
remodeling described here (Figure 7) and which inhibits 
LCAT, the second step of reverse cholesterol transport.58 
MDCO216 was composed with dimeric apo AI Milano, a 
mutant version of apo AI, which fails to activate LCAT,59 
causes hypercatabolism of endogenous apo AI60 and 
does not form lipid-poor apo AI during remodeling61 as 
seen with CSL112 (Figure 6C). The ongoing AEGIS-II 
trial of CSL112 employs a major adverse cardiac event 
end point and may avoid the above issues.

Figure 8. Shuttle model for discs in ABCA1 (ATP-binding cassette transporter 1)-dependent transport of cholesterol to HDL 
(high-density lipoprotein).
Nascent LpA-I (apo AI [apolipoprotein AI] containing particles formed by incubating ABCA1-expressing cells with apo AI) discs are formed by 
ABCA1-mediated efflux of cellular cholesterol and phospholipids to lipid-poor apo AI. Nascent LpA-I can interact with HDL in the interstitial 
fluid, shuttling cholesterol and phospholipid into HDL. This interaction may lead to the particle fusion and subsequent shedding of apo AI 
from the remodeled large fusion product to yield new lipid-poor apo AI. Phospholipids in LpA-I and HDL3 are colored in blue and light brown, 
respectively. Apo AI molecules are shown in green (LpA-I) and purple (HDL3); cholesterol is shown in yellow.
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A key limitation of this study is that the HDL remodel-
ing was studied using a static in vitro cell-free system, 
and the contribution of HDL-low-density lipoprotein and 
HDL-cell interactions on the process was not assessed. 
This study describes the effects of spontaneous inter-
action between discoidal and spherical HDL particles, 
independent of LCAT, cholesterol ester transfer protein, 
and phospholipid transfer protein. The role of other fac-
tors, such as hepatic lipase and endothelial lipase, that 
are known to affect HDL remodeling, were not inves-
tigated. Additionally, besides cholesterol efflux, we did 
not explore other functional properties of the remodeled 
HDL particles, which can be atheroprotective (ie, anti-
inflammatory and antioxidant).

In conclusion, our findings provide a biochemical 
description of the pathway for nascent HDL remodeling 
and insights into the mechanism of interaction between 
discoidal and spherical HDLs. The proposed model sup-
ports the hypothesis that lipid-poor apo AI, the primary 
acceptor of the cholesterol that is exported from cells 
via ABCA1, can be locally produced in close vicinity to 
atherosclerotic plaque, initiate de novo ABCA1-depen-
dent cholesterol efflux from macrophages and thereby 
contribute to the removal of excess cell cholesterol and 
improvement in plaque composition and possibly stability.
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