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Enhanced HDL Functionality in Small HDL Species
Produced Upon Remodeling of HDL by Reconstituted
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Effects on Cholesterol Efflux, Anti-Inflammatory and Antioxidative Activity
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Rationale: CSL112, human apolipoprotein A-I (apoA-I) reconstituted with phosphatidylcholine, is known to cause
a dramatic rise in small high-density lipoprotein (HDL).

Objective: To explore the mechanisms by which the formation of small HDL particles is induced by CSL112.

Methods and Results: Infusion of CSL112 into humans caused elevation of 2 small diameter HDL fractions and
1 large diameter fraction. Ex vivo studies showed that this remodeling does not depend on lipid transfer proteins
or lipases. Rather, interaction of CSL112 with purified HDL spontaneously gave rise to 3 HDL species: a large,
spherical species composed of apoA-I from native HDL and CSL112; a small, disc-shaped species composed of
apoA-I from CSL112, but smaller because of the loss of phospholipids; and the smallest species, lipid-poor apoA-I
composed of apoA-I from HDL and CSL112. Time-course studies suggest that remodeling occurs by an initial
fusion of CSL112 with HDL and subsequent fission leading to the smaller forms. Functional studies showed that
ATP-binding cassette transporter 1-dependent cholesterol efflux and anti-inflammatory effects in whole blood
were carried by the 2 small species with little activity in the large species. In contrast, the ability to inactivate lipid
hydroperoxides in oxidized low-density lipoprotein was carried predominantly by the 2 largest species and was
low in lipid-poor apoA-IL.

Conclusions: We have described a mechanism for the formation of small, highly functional HDL species involving
spontaneous fusion of discoidal HDL with spherical HDL and subsequent fission. Similar remodeling is likely to occur
during the life cycle of apoA-I in vivo. (Circ Res. 2016;119:751-763. DOI: 10.1161/CIRCRESAHA.116.308685.)
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High-density lipoprotein (HDL) cholesterol (HDL-C) lev-
els poorly predict the ability of plasma to promote choles-
terol efflux from cells and to reduce inflammatory responses of
cells ex vivo. For example, plasma samples from patients with
median levels of HDL-C may have cholesterol efflux values
either well above or below the median.! Importantly, efflux
values to apolipoprotein B—depleted plasma are much stron-
ger predictors of risk of coronary heart disease than HDL-C
values.>™ This illustrates both the disconnection of functional
measures of HDL-C and the potential value of functional mea-
sures in understanding human disease. This point is further

emphasized by observations on the cholesterylester transfer
protein (CETP) inhibitor, dalcetrapib. Treatment with dal-
cetrapib elevated HDL-C by =30% but increased total cho-
lesterol efflux (primarily ATP-binding cassette transporter
[ABCA1]-independent efflux) by <10%.’

Editorial, see p 704

Recent work has described a mechanism by which mea-
sures of HDL-C and cholesterol efflux may diverge. The largest
source of patient-to-patient variation in cholesterol efflux is the
ABCA 1-dependent fraction of efflux.! The ABCA1 transporter
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Nonstandard Abbreviations and Acronyms

ABCA1 ATP-binding cassette transporter 1
ApoA-I apolipoprotein A-I

ATF3 activating transcription factor 3
CETP cholesterylester transfer protein
HDL high-density lipoprotein

HDL-C HDL-cholesterol

IL-18 interleukin 163

LCAT lecithin:cholesterol acyltransferase
LDL low-density lipoprotein

Met(0) methionine sulfoxide

Mip1 B macrophage inflammatory protein-14
oxLDL oxidized LDL

PLOOH phospholipid hydroperoxides

PLTP phospholipid transfer protein

efficiently moves cellular cholesterol exclusively to small,
lipid-poor, protein-rich HDL species but is practically inac-
tive with large, cholesterol-rich HDL species.® In keeping with
these findings, ABCAl-dependent efflux capacity in human
plasma samples correlates closely with levels of the smallest
HDL form,” which is known as prep1-HDL, very small-HDL
(VS-HDL),? or lipid-poor apolipoprotein A-I (apoA-I). Thus,
the HDL species that make the largest contribution to choles-
terol efflux carry the least cholesterol. The factors that regulate
formation of these highly functional but low-cholesterol spe-
cies of HDL are key to understanding the relationship of HDL
to cardiovascular risk. About 5% of plasma apoA-I is present
as a lipid-poor species as measured with 2-dimensional (2D)
gel electrophoresis® or with a specific ELISA."

The steps by which lipid-poor apoA-I acquires choles-
terol and grows from discs to spheres through the action of
lecithin:cholesterol acyltransferase (LCAT) are relatively well
understood.'"> In contrast, the process by which apoA-I is
recycled from mature HDL to become lipid-poor is less well
studied. One proposed process involves lipolysis of chylomi-
crons and generation of lipid-poor apoA-1."* In a similar fash-
ion, lipolysis of HDL by hepatic and endothelial lipase can
lead to particle remodeling with the release of lipid-poor apoA-
L1.'*15 In another proposed process, CETP catalyzes interaction
of HDL with triglyceride-rich lipoproteins to yield lipid-poor
apoA-I and HDL of a larger size,'® whereas phospholipid trans-
fer protein (PLTP) may catalyze interaction of HDL particles
to yield both lipid-poor apoA-I and lipoproteins of a larger
size."”’® A common feature of all these processes is that all are
catalyzed by specific lipid transfer proteins or lipases.

We have studied formation of lipid-poor apoA-I in blood
and plasma with a novel agent. CSL112 is human apoA-I re-
constituted into disc-shaped lipoproteins with phosphatidyl-
choline in a form suitable for intravenous infusion."” CSL112
is currently in phase II clinical development for the treatment
of acute coronary syndrome. We have previously observed
that infusion of CSL112 into healthy volunteers causes HDL
remodeling with an extraordinary rise in lipid-poor apoA-I
measured by ELISA with levels rising <36-fold.”” Here we de-
scribe the mechanism behind this elevation and characterize

the composition and biological activities of the products of
HDL remodeling. To our surprise, we found that generation
of lipid-poor apoA-I seems not to require triglyceride-rich
lipoproteins, CETP, PLTP, or lipases. Rather, the lipid-poor
apoA-I is formed on the spontaneous interaction of CSL112
with HDL2 or HDL3, deriving equally from the mature HDL
and from CSL112. We found that the small HDL species
resulting from this remodeling mediate the majority of the
ABCAT1-dependent cholesterol efflux and exert potent anti-
inflammatory effects.

Methods

An expanded Methods section is available in Material section Online
Data Supplement.

Reconstituted HDL
CSL112 particles contain 2 molecules of apoA-I and 110 molecules
of phosphatidylcholine per particle as described.” HDL labeling,
lipoprotein isolation, and in vitro incubations are described in the
Online Data Supplement.

Electron Microscopy
Negative stain electron microscopy was performed as described
previously.”!

Cholesterol Efflux Assay

The capacity of the HDL to efflux cholesterol was assessed us-
ing [*H]cholesterol-loaded RAW264.7 macrophages as previously
described."

Work With Human Subjects

Plasma samples of the healthy subjects from a completed phase I clin-
ical trial (NCT01281774)* were obtained at multiple time points for
assessment of apoA-I by nephelometry (Pacific Biomarkers Inc) and
2D-gel (3%—-35% concave gradient) electrophoresis (Boston Heart
Diagnostics).

Western blotting of 2D-gradient gels was conducted using poly-
clonal anti-apoA-I and diluted anti-albumin antibodies. Relative
apoA-I content in HDL subfractions on blots was quantified by densi-
tometry as a percentage of the total combined signal (100% per blot).
Absolute HDL subfraction concentrations were then calculated as the
measured percentage of the apoA-I concentrations for matching time
points.

Stimulation of Peripheral Blood Mononuclear Cells,

Cytokine Measurements, and Cell Lysis

Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats by density gradient centrifugation using Ficoll-Pague
Plus (GE Healthcare). PBMCs were cultured in RPMI 1640 supple-
mented with 5% (v/v) fetal calf serum (Gibco), 2 mmol/L r-gluta-
mine, 100 U/mL penicillin, and 100 pg/mL streptomycin at a density
of 1 to 1.5%10° cells per well in 48-well plates. Cells were stimulated
with 1 pg/mL phytohemagglutinin M (Calbiochem) in the presence
or absence of different HDL preparations and incubated for 20 hours
at 37°C in a CO, incubator. To prevent potential effects of endotoxin
contamination, cell culture medium was supplemented with 1 pg/mL
polymixin B (Sigma-Aldrich); HDL and phytohemagglutinin M were
preincubated with polymyxin B for 15 minutes before being added to
PBMC. Tumor necrosis factor-a, interleukin-1f (IL-1p), IL-6, and
macrophage inflammatory protein-13 were measured in cell-free
supernatants using Human Cytokine Magnetic 4-Plex Panel (R&D
Systems).

Phospholipid Hydroperoxide Inactivating Capacity
of HDL

Reference low-density lipoprotein (LDL) obtained from a healthy
normolipidemic subject was preoxidized at 40-mg total cholesterol/
dL with 4-mmol/L 2,2-Azobis(2-amidinopropane) dihydrochloride
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for 6 hours at 37°C. Oxidative modification was terminated by ad-
dition of EDTA (10 pmol/L) and butylated hydroxytoluene (10
pmol/L). Oxidized LDL (oxLDL) was dialyzed against PBS at 4°C
to remove EDTA and excess butylated hydroxytoluene, and incu-
bated at a concentration of 20 mg total cholesterol/dL for 4 hours
in the presence or absence of HDL (8 mg total protein/dL) in PBS
at 37°C. EDTA (100 pmol/L) was present to inhibit lipid peroxida-
tion during the incubation. Phospholipid hydroperoxides (PLOOH)
were quantified in the reaction mixture before and after incubation
by high-performance liquid chromatography with chemiluminescent
detection as described elsewhere.” To measure apoA-I content of na-
tive and oxidized methionine (Met) residues, HDL was subjected to
high-performance liquid chromatography with ultraviolet detection at
214 nm as previously described.?

Statistics

Values are presented as mean+SDs. All results were analyzed for sta-
tistical significance using 1-way ANOVA followed by Dunnet post
hoc test. Statistical significance was set at P<0.05.

Results

CSL112 Is Rapidly Remodeled on Infusion into
Human Subjects

HDL remodeling was studied in selected healthy sub-
jects receiving infusions of 6.8 g of CSL112 or placebo
(n=4 per group) from a completed phase I clinical trial
(NCTO01281774).% Infusion with CSL112 resulted in imme-
diate elevation of plasma apoA-I (Figure 1A) and profound
changes in concentration and size distribution of plasma HDL
subclasses (Figure 1C) as assessed by 2D-gel electrophoresis
and Western blotting with anti-apoA-I antibody. Individual
HDL subpopulation, a-migrating (al, a2, a3, and a4 and
prep-migrating (lipid-poor apoA-I) HDL particles were iden-
tified,> and their concentrations were quantified by densitom-
etry as described in Materials and Methods section of this
article (Figure 1D). Figure 1B and 1C demonstrate that at 2-
to 4-hour postinfusion parent CSL112 was no longer seen in
plasma, and several HDL species became elevated: lipid-poor
apoA-I (prep1-HDL), small (3 and o4) HDL, and large (al
and o2) HDL. The most prominent increase in concentration
was observed for lipid-poor apoA-I and a4 HDL (Figure 1D).
These data suggest that CSL112 caused HDL particle remod-
eling and was incorporated into the endogenous HDL pool.
CSL112 does not fuse with large apolipoprotein B (apoB)—
containing lipoproteins or affect the distribution of apolipo-
protein E (apoE; Online Figure I). Concentrations of apoA-II
did not change immediately after the infusion of CSL112.
However at 24 hours post infusion, there was a modest dose-
dependent increase in apoA-II not exceeding 10% of the base-
line apoA-II concentration (Online Figure II).

HDL Remodeling Induced by CSL112 in Plasma

Ex Vivo Is a Time- and Temperature-Dependent
Process

The early effects of the infusion of CSL112 into human subjects,
including a rapid increase in concentration of lipid-poor apoA-I,
apparent changes in the HDL2 and HDL3 particle size distribution
and disappearance of parent CSL112 (Figure 1B and 1C; Online
Figure III), were nearly identical to those observed on short-term
incubation of CSL112 with human plasma ex vivo.'* Additional
studies, therefore, used ex vivo incubations to identify factors
underlying these changes. First, we examined whether inhibition
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Figure 1. Infusion with CSL112 leads to changes in
concentration and size distribution of plasma high-density
lipoprotein (HDL) subclasses. A, Apolipoprotein A-l (ApoA-I)
pharmacokinetic profile (mean+SD) after the infusion of 6.8 g
(n=9) CSL112 or placebo (n=9). B, Electrophoretic mobility of
CSL112 on 2-dimensional (2D) gel. Left, CSL112 migrates as

=7.6 nm particle with slow-a mobility relative to albumin. Human
serum albumin was premixed with CSL112 to allow orientation

of HDL subpopulation relative to the albumin immunoreactivity
(marked by asterisk). Right, Mobility of CSL112 relative to plasma
HDL. CSL112 (1 mg/mL) added to plasma at 0°C to minimize
remodeling has slow-o mobility as assessed by 2D-gel and is
distinct from endogenous HDL population. C, Dynamics of plasma
HDL remodeling induced by CSL112. Shown are representative
2D-gels of a female 21-year-old subject receiving 6.8 g CSL112.
D, Time course changes in the abundance of aHDL subpopulation
and lipid-poor apoA-| (pref1-HDL).The concentration of individual
subfractions were calculated from relative abundance of the
subfraction and apoA-I concentration in the sample (n=4 per
group). For orientation, shown is a prototypical 2D-gel image
adapted from Rosenson et al® indicating major HDL-subpopulation
(adapted with permission of the publisher. Copyright © 2011,
American Association for Clinical Chemistry Inc).

or stimulation of the plasma factors LCAT, CETP, PLTP, and se-
cretory phospholipase 2 could affect the observed formation of
lipid-poor apoA-I after the addition of CSL112 to human plasma.
Incubations were carried out for 1 hour at 37°C in the presence
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of LCAT inhibitor (5,5-dithiobis(2-nitrobenzoic acid), a CETP
inhibitor (Torcetrapib), inhibitors of secretory phospholipase 2
(LY 311727) or a PLTP stimulator (4-(2-aminoethyl)-benzene-
sulphonyl fluoride). We observed no significant differences in
levels of lipid-poor apoA-I (measured by ELISA) and in the
size distribution of HDL population after incubation of CSL112
with control plasma or plasma treated with different inhibitors
(Online Figures IVA and IVB). Importantly, addition of CSL112
to plasma dramatically elevated both ABCA1-dependent and
ABCA1-independent efflux, and this elevation was similar under
all conditions tested (Online Figure IVC). Additional confirma-
tory studies showed normal remodeling in plasma from mice de-
ficient in PLTP or LCAT (Online Figure V).

To evaluate the temperature dependence of HDL remodel-
ing, CSL112 was incubated with plasma for different periods
of time at 0°C or at 37°C, and plasma lipoproteins were sepa-
rated on nondenaturing gradient gels followed by the detec-
tion of apoA-I-containing particles by Western blotting using
an anti—apoA-I antibody. Incubation at 37°C led to changes
in HDL particle size distribution and progressive accumula-
tion of lipid-poor apoA-I with clear effects already visible by
15 to 30 minutes, whereas incubation at 0°C resulted in no
remodeling (Figure 2A). Heating of the plasma for 1 hour at
56°C before incubation with CSL112 for another hour did not
inhibit the HDL remodeling suggesting that heat-sensitive fac-
tors present in normal plasma are not required (Figure 2B).
However, when lipoproteins (very low-density lipoprotein/
LDL and HDL) were depleted from normal plasma by den-
sity gradient centrifugation, even prolonged incubation with
CSL112 for 4 hours at 37°C led to no increase in levels of lip-
id-poor apoA-I (Figure 2C). Moreover, trace amount of lipid-
poor apoA-I present in very low-density lipoprotein/LDL and
HDL-depleted plasma appeared to be fully incorporated into
CSL112 particles during incubation. These data suggest that a

direct interaction between CSL112 and plasma lipoproteins is
necessary for remodeling in the plasma compartment.

Interaction Between HDL and CSL112 Is Sufficient
for HDL Particle Remodeling

To determine whether interaction with HDL alone is sufficient
for particle remodeling by CSL112, we used purified HDL2
or HDL3 for the incubation with CSL112 at 37°C for various
periods of time and assessed HDL particle size by nondena-
turing polyacrylamide gradient gel electrophoresis followed
by Western blotting with anti—apoA-I antibody. In this recon-
stituted system, HDL is progressively converted into larger
particles (L-HDL™™, ~10-12 nm; Figure 3A). Simultaneously,
large amount of lipid-poor apoA-I (=5.4 nm) are produced.
Comparable changes were seen with either HDL3 or HDL2.
These changes were accompanied by simultaneous, progres-
sive reduction in the size of parent CSL112 particles (=7.6—
7.9) and accumulation of smaller species (S-HDL"™", ~7.3-7.6
nm). In contrast, incubation of CSL112, HDL2, or HDL3 by
themselves lead to no changes in size distribution or amount
of lipid-poor apoA-I (Online Figure VI). Thus, addition of
CSL112 induces remodeling of purified HDL and the changes
seen after the admixture of these purified species recapitulated
the remodeling in whole plasma.

Origin and Destination of apoA-I During
Remodeling

Protein labeling of CSL112 or HDL with biotin or with
DyLight 488 fluorophore was undertaken to follow the dis-
tribution of specifically labeled apoA-I among the 3 products
of particle remodeling. When biotinylated CSL112 was incu-
bated with purified LDL for 1 hour at 37°C, we observed no
remodeling of biotinylated CSL112 particles and no binding
of biotinylated apoA-I to LDL (Figure 3B). However, after
the incubation of biotinylated CSL112 with HDL2 or HDL3,
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Figure 2. High-density lipoprotein (HDL) remodeling induced by CSL112 in plasma ex vivo is time and temperature dependent.
Heat-sensitive plasma factors are not required. Plasma samples were subjected to nondenaturing polyacrylamide gradient gel
electrophoresis followed by Western blotting with an anti-apolipoprotein A-l (apoA-Il) antibody. CSL112 was included in as a control.

The positions of migration of native HDL3 and HDL2 subpopulation and lipid-poor apoA-I are indicated. A, CSL112 was incubated with
normolipidemic human plasma at a final concentration of 1-mg protein/mL for the indicated periods of time at 0°C or 37°C. B, HDL
remodeling is not affected by heat inactivation of the plasma. CSL112 was added to normal plasma (PL) or heat-inactivated plasma (HiPL,
heat treatment for 1 hour at 56°C) for 1 hour at 37°C. C, Human plasma was depleted of very low-density lipoprotein (VLDL)/LDL and HDL
by ultracentrifugation at a density of 1.25 g/mL for 24 h. The bottom fraction representing lipoprotein-depleted plasma was incubated

with CSL112 for the indicated periods of time at 37°C.
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Figure 3. Interaction between high-density lipoprotein (HDL) and CSL112 is sufficient for the particle remodeling in vitro. Products
of remodeling contain apolipoprotein A-I (apoA-Il) derived from both HDL and CSL112. A, CSL112 promotes particle remodeling

of different HDL subclasses in vitro. CSL112 was incubated with purified HDL3 or HDL2 for the indicated periods of time at 37°C.
Lipoprotein mixtures were subjected to nondenaturing polyacrylamide gradient gel electrophoresis and analyzed by Western blotting
with an anti-apoA-I antibody. The position of migration of remodeled HDL subspecies, L-HDL™™ and S-HDL™™, and lipid-poor apoA-I

is indicated. B, ApoA-I derived from CSL112 is found in large HDL subspecies and lipid-poor apoA-I. Biotinylated-CSL112 (B-CSL112)
was incubated with purified HDL2, HDL3, or LDL for 1 h at 37°C. In controls, each lipoprotein was incubated in buffer alone. Where
indicated, the reaction mixtures were treated with streptavidin sepharose beads to remove lipoproteins containing biotinylated apoA-I.
Western blotting was performed with NeutrAvidin to detect biotinylated apoA-I (B-apoA-I/CSL112, left) and with an anti-apoA-I antibody
(total apoA-I, right). C, Lipid-poor apoA-I contains apoA-I from both CSL112 and HDL. Fluorescent CSL112 (F-CSL112) containing
apoA-| labeled with DyLight488 was incubated with biotinylated-HDL3 (B-HDL3) for 1 h at 37°C. Samples were treated with streptavidin
sepharose beads and analyzed for total apoA-I content (right) and biotinylated apoA-I content (B-apoA-I/HDLS3, left) as described above.
Fluorescent apoA-I (DyLight488-apoA-1/CSL112) was visualized by fluorescence imaging of the blots (middle). The positions of migration

of L-HDL™™, S-HDL™™, and lipid-poor apoA-I are indicated.

all 3 products of remodeling (L-HDL™", S-HDL"", and lipid-
poor apoA-I) were found to incorporate biotin label and could
be removed from incubation mixtures with streptavidin sep-
harose (Figure 3B, right). These data suggest that CSL112-
derived apoA-I moves to all species during remodeling.
Consistently, on incubation of CSL112 labeled with
DyLight 488 fluorophore and biotinylated HDL3, fluorescent-
ly labeled apoA-I derived from CSL112 was also detected in
all products of the remodeling (Figure 3C, middle). In contrast,
placement of the biotin label on HDL3 showed that HDL3-
derived biotinylated apoA-I was primarily found in L-HDL™™
and lipid-poor apoA-I, but not in S-HDL™™ (Figure 3C, left).
Precipitation with streptavidin beads depleted fluorescently
labeled L-HDL™" and lipid-poor apoA-I from the incubation
mixtures (Figure 3C, middle) but did not deplete S-HDL™™.

These findings indicate that during remodeling apoA-I
moves from HDL3 to L-HDL™™ and to the lipid-poor apoA-
I fraction but not to S-HDL™™. The ability of streptavidin to
precipitate both biotinylated and fluorescently labeled apoA-
I in L-HDL™™ indicates that apoA-I originating from HDL3
and CSL112 comes to reside on the same particle. We further
presume that under the conditions of our experiments, lipid-
poor apoA-I reaches a concentration sufficient to drive the
well-characterized, concentration-dependent self-association
of apoA-I to form dimers and multimers,> and this oligomer-
ization accounts for the coprecipitation.

The movement of apoA-I from CSL112 and HDL3 to the
3 products of remodeling is consistent with a model involving
transient fusion of CSL112 with HDL3 and subsequent fission
to lead to the products (Online Figure VII). The predictions of
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such a model were tested in time course studies and by follow-
ing the movement of lipid during remodeling.

Dynamics of Transfer of Protein and Lipid Content
During Particle Remodeling

To closely follow the dynamics of the particle remodeling, we
used CSL112 labeled with DyLight 488 fluorophor and HDL3
labeled with DyLight 680 fluorophor for the incubation, and
monitored the distribution of specifically labeled apoA-
I among the products of the remodeling over time, from 45
minutes to 3 hours. Fluorescence imaging revealed that both
DyLight 488 apoA-I and DyLight 680 apoA-I derived from
CSL112 and HDL3, respectively, progressively accumulated
in lipid-poor apoA-I in a continuous, time-dependent manner
(Figure 4A). Formation of large HDL subspecies (L-HDL"™™)
was characterized by a rapid association of parent HDL3
with DyLight 488 apoA-I from CSL112, but its abundance
in large HDL subspecies remained unchanged. S-HDL"™™ par-
ticles were primarily composed of DyLight 488 apoA-I after

45 minutes of incubation confirming that they originate from
CSL112. During prolonged incubation (between 90 minutes
and 3 hours), DyLight 488 apoA-I was partially displaced by
DyLight 680 apoA-I from HDL3 in a time-dependent man-
ner, suggesting ongoing interaction between S-HDL™™ and
L-HDL™™. Such ongoing interaction is also suggested by the
continued growth in the size of L-HDL™™ during this period
(Figure 4A, right).

Next, we examined whether phospholipid transfer between
CSL112 and HDL may contribute to the decline of CSL112
size during conversion to S-HDL™™ and increase in size of
HDL3 during conversion to L-HDL™™. CSL112 was labeled
with a fluorescent phospholipid analog (18:1-06:0 NBD-
PC). After labeling, the molar ratio of phosphatidylcholine/
apoA-I in NBD-PC-labeled CSL112 was increased compared
with that in unlabeled CSL112 (72:1 and 50:1, respectively).
Incubation of HDL3 with NBD-PC-labeled CSL112 resulted
in a rapid movement of the major portion of CSL112-derived
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fluorescent lipid into L-HDL™™ (Figure 4B, right). S-HDL™"
showed low levels of the fluorescent lipid deriving from
CSL112. Thus, remodeling of CSL112 to S-HDL™™ involves
retention of apoA-I (Figure 4A, left) but loss of phospho-
lipid (Figure 4B, right) and transfer of the phospholipid to
L-HDL"™,

These data further support remodeling by a transient fu-
sion of CSL112 and HDL (Online Figure VII). Subsequent fis-
sion yields lipid-poor apoA-I composed of apoA-I from both
CSL112 and HDL3, and enlarged HDL3 (L-HDL™™) particles
made larger by receipt of both apoA-I and phospholipid from
CSL112. The third product, S-HDL™™, seems to be CSL112,
which has lost some of its phospholipid to HDL3. This model
was further tested by compositional analysis of the isolated
products of remodeling.

Lipid Composition, Morphology, and Structure of
the Individual Products of HDL Remodeling

The 3 individual products of remodeling, L-HDL™" (=10-11
nm), S-HDL™" (= 7.3-7.6 nm), and lipid-poor apoA-I (=5.4
nm), were isolated out of the incubation mixture of CSL112
and HDL3 by preparative ultracentrifugation. Particle purity
was analyzed by gradient gel electrophoresis (Online Figure
VII), particle content of choline-containing phospholipids
was measured enzymatically and by high-performance liquid
chromatography, and data were expressed as the lipid/total
protein ratio (Online Table I). We observed that the phos-
pholipid/total protein ratio of L-HDL™™ was significantly
increased (2-fold) compared with parent HDL3, whereas for
the S-HDL™™, this ratio was decreased (2.3-fold) compared
with parent CSL112. The amount of phospholipid measured
in lipid-poor apoA-I was low and close to the detection limit
(Online Table I).

Next, phospholipid content of CSL112, HDL3 and pu-
rified products of the remodeling was analyzed by mass
spectroscopy. The fatty acid chain lengths of the phospha-
tidylcholine in CSL112 differ from those in HDL3 (Online
Table II), in particular, phosphatidylcholine (18:2/18:2) is
abundant in CSL112 but rare in HDL3. This fatty acid signa-
ture of phospholipid originally present in CSL112 was found
at high levels in L-HDL™™ (Table), confirming studies with
NBD-phosphatidylcholine (Figure 3B) showing that HDL

Table. Phospho- and Sphingolipid Composition of Native,
Reconstituted, and Remodeled HDL Species

PC 18:2/18:2 Pl

mol of % PC mol % of PL+SL
HDL3 (n=2) 4.1(3.1-5.2) 5.3 (4.5-6.0)
CSL112 (n=2) 36.8 (36.2-37.5) n.d.
L-HDL™" (n=2) 24.3 (23.5-25.2) 2.9 (2.6-3.1)
S-HDL*™ (n=2) 24.4 (22.9-25.9) 2.3(2.1-2.5)

The mean (min—max) from 2 independent measurements performed with
2 different HDL3 samples are shown. Similar patterns as phosphatidylinositol
were seen with sphingomyelin, phosphatidic acid, phosphatidylglycerol, and
ceramide (Online Table I). HDL indicates high-density lipoprotein; n.d , not
detected; PC, phosphatidylcholine; Pl, phosphatidylinositol; PL, phospholipid;
and SL, sphingolipid.
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particle remodeling is accompanied by phospholipid transfer
from CSL112 to HDL3. In a similar fashion, phospholipid
species, such as phosphatidylinositol, that are present in HDL
but not in CSL112 allowed us to document movement of
phospholipids from HDL3 into S-HDL™™ (Table; Online Table
II). Despite the movement of HDL3-derived phospholipid to
S-HDL™" during remodeling, the net movement of phospho-
lipid is from CSL112 into HDL3 and contributes to the in-
crease in size of the large remodeled product (L-HDL™™). The
net loss of phospholipid by CSL112 seems to account for its
reduction in size and transformation into S-HDL™™.

To examine morphology and structure of the products
of HDL particle remodeling, we used an optimized electron
microscopy method that minimizes rouleau formation and
enables better visualization and measurements of individual
lipoprotein particles. We measured the geometric mean of
longest diameter (representing particle size), its orthogonal
diameter, and their aspect ratio (representing particle shape).

On electron micrographs, HDL3 and L-HDL™™ seem as
spherical particles with contiguous high densities near the
particle’s edge and center. In contrast, CSL112 and S-HDL""
seem as flattened ovoid discs without rouleau (Figure 5A).
Computed geometric means for HDL3 and L-HDL™ showed
that the L-HDL™™ particles were larger compared with HDL3.
The majority of L-HDL™ particles were between 9 and 14
nm in diameter, with the peak population (=12%) at ~11.0 nm,
whereas HDL3 particles were 7 to 13 nm in diameter, with
the peak population (=16%) at 9.8 nm (Figure 5B). The peak
population of L-HDL™™ and HDL3 had aspect ratios of 1.15
and 1.14, respectively, confirming their spherical morphology
(Figure 5C).

In contrast with HDL3 and L-HDL™", CSL112 and
S-HDL™™ particles appear as contiguous irregular cable-like,
high-density rings, with their central regions appearing as a
lower density hollow (Figure SA). The geometric means for
CSL112 particles were between 7 and 11 nm and the peak
population (=12.4%) at 8.4 nm. S-HDL™™ particles were
smaller, with the majority of particles being between 5 and
10 nm in diameter and the peak population (=14.9%) at 7.3
nm (Figure 5B). Comparison of aspect ratios showed similar
features for S-HDL™™ and CSL112 particles. The peak popu-
lation of S-HDL™™ and CSL112 had aspect ratios of 1.39 and
1.33, respectively (Figure 5C), suggesting a discoidal mor-
phology. Electron microscopy analysis of lipid-poor apoA-I
did not reveal any particular structures, globular or discoidal
(data not shown).

Enhanced Cholesterol Efflux and Anti-
Inflammatory Effects Mediated by CSL112 Are
Linked to HDL Particle Remodeling

We have previously shown that CSL112 improves HDL
functionality in plasma, increasing the capacity to sup-
port cholesterol efflux and to inhibit proinflammatory cy-
tokine production.'” To evaluate the contribution of HDL
remodeling induced by CSL112 to the increase in HDL
functionality, we examined the functional properties of the
individual remodeled HDL subspecies using CSL112 and
HDL3 for direct comparison. Two products of HDL re-
modeling, lipid-poor apoA-I and the S-HDL™™, exhibited a
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Figure 5. Electron microscopy analysis of
the structure and morphology of isolated
individual products of high-density
lipoprotein (HDL) remodeling. Samples of
remodeled HDLs (large [L-HDL™™] and small
[S-HDL™" species purified from CSL112
and HDLS3 incubation mixtures), HDL3 and
CSL112 were prepared with the optimized
NS-EM protocol using uranyl acetate as
the negative stain. A, Micrographs for each
sample tested are shown with selected
individual particles shown on the inserts
(particle window size=20 nm). Particle size
and shape distribution were analyzed (B and
C). The number of particles analyzed was
n=501 for L-HDL"™™, n=533 for S-HDL"™,
n=511 for HDL3, and n=551 for CSL112.
Particle size distribution (B) was measured
as the geometric mean of 2 perpendicular
diameters (longest and shortest). Particle
shape distribution (C) was measured as the
aspect ratio between them.

much higher capacity to efflux cholesterol via ABCAI com-
pared with the original CSL112 and HDL3 or L-HDL"".
In sharp contrast, almost no ABCAl-independent efflux

was promoted by lipid-poor apoA-I. S-HDL™" enhanced
ABCAT-independent efflux to a similar degree compared
with other lipidated HDL particles tested (CSL112, HDL3,
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or L-HDL™™; Figure 6A). Additional studies using a dif-
ferent cell system confirmed these findings about ABCA1
(Online Figure IX) and further showed that both S-HDL™™
and L-HDL™™ are good acceptors of cholesterol via ATP-
binding cassette subfamily G member 1 while, as expected
by their low lipid content, S-HDL™™ and lipid-poor apoA-I
were poor acceptors of cholesterol via scavenger receptor
class B member 1. Taken together, these data indicate that
the process of remodeling leads to the formation of 2 HDL
subpopulation, lipid-poor apoA-I and S-HDL™™, which are
extremely efficient acceptors of cholesterol via ABCA1
pathway while efflux via ATP-binding cassette subfamily
G member 1 and scavenger receptor class B member 1 is
maintained. Importantly, this process seems driven by the
admixture of lipoprotein particles because incubation of
CSL112, HDL2, or HDL3 alone did not lead to increases in
efflux activity (Online Figure VI). Thus, an increase in con-
centration of these HDL subpopulation driven by CSL112
infusion in vivo may account for the elevated capacity of
plasma to induce cholesterol efflux via ABCAI.
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Next, we examined the ability of remodeled HDL subspecies
to inhibit phytohemagglutinin-induced proinflammatory cyto-
kine production in human PBMC. Lipid-poor apoA-I, S-HDL™™,
and CSL112 exerted the strongest inhibitory effects on secretion
of proinflammatory mediators (tumor necrosis factor-a, IL-18,
IL-6, and macrophage inflammatory protein-1p), whereas HDL3
and L-HDL"™™ were much less effective (Figure 6B). The extent
of inhibition by the products of HDL remodeling in PBMC cor-
related positively with the induction of activating transcription
factor 3 (ATF3), a known negative regulator of the macrophage
transcriptional response to inflammatory stimuli.?**’ Lipid-poor
apoA-I and S-HDL™" induced higher protein levels of ATF3 in
phytohemagglutinin-stimulated PBMC compared with medium
control, HDL3 or L-HDL™" (Figure 6C).

Antioxidative Activity of the Products of HDL
Remodeling

HDL has been shown to protect LDL from oxidative damage
by inhibiting accumulation of primary and secondary peroxi-
dation products in LDL.* To evaluate antioxidative activity of
the products of HDL remodeling, we compared their capacity
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Figure 6. Enhanced cholesterol efflux and anti-inflammatory effects mediated by CSL112 are linked to high-density lipoprotein
(HDL) particle remodeling. A, ATP-binding cassette transporter 1 (ABCA1)-dependent and ABCA1-independent cholesterol efflux from
RAW264.7 cells to isolated individual products of HDL remodeling (large [L-HDL"™™] and small HDL species [S-HDL"™"], and lipid-poor
apolipoprotein A-I [apoA-l]). Final concentration of cholesterol acceptors in efflux medium was 20-pg protein/mL. Each fractional efflux
value represents the mean+SD for 3 independent experiments performed with different samples measured in triplicate. B, Small HDL
species inhibit proinflammatory cytokine production in peripheral blood mononuclear cells (PBMCs). Tumor necrosis factor-a (TNF-a),
interleukin-1p (IL-1p), IL-6, and macrophage inflammatory protein-1f3 (Mip-13) were measured in cell-free supernatants at 20 h after
phytohemagglutinin (PHA) stimulation. The mean values+SD are shown and are derived from triplicate cell cultures of at least 4 donors.
**P<0.001, **P<0.01, *P<0.05 vs control PHA-stimulated cells. C, Small HDL species stimulate activating transcription factor 3 (ATF3) in
PHA-M-stimulated PBMC. PBMC were stimulated or not with PHA-M (1 ng/mL) in the presence of different lipoproteins (at final protein
concentration of 1 mg/mL). Cellular lysates were subjected to SDS-PAGE followed by Western blotting with an anti-ATF3 antibody.
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to inactivate PLOOH in LDL preoxidized by 2,2’-Azobis(2-
amidinopropane)  dihydrochloride ~ (oxLDL). = HDL3,
L-HDL™", and S-HDL™™ equally well attenuated PLOOH
content in incubation mixtures with oxLDL (47.5+9.5%,
45.9+2.6%, and 47.4+9.5% PLOOH inactivated, respective-
ly), whereas CSL112 and lipid-poor apoA-I were markedly
less effective (33.4+10.5% and 23.1+2.6% PLOOH inacti-
vated, respectively, Figure 7A). HDL-mediated inactivation of
linoleic acid 9-mono hydroperoxide (LOOH) was associated
with the formation of oxidized forms of apoA-I characterized
by the conversion of apoA-I Met 112 and Met 86 residues into
Met(O) (Figure 7B). Oxidation of apoA-I in different HDL
species after incubations with oxLDL decreased in the order
HDL3=S-HDL"*">L-HDL*">CSL112>lipid-poor  apoA-I,
thereby mirroring their protective activity during LDL oxida-
tion (Figure 7A).

As absolute concentrations of apoA-I in HDL samples
tested were similar, low antioxidative activity of lipid-poor
apoA-I suggests that because of structural characteristics of
this particle, oxidation-sensitive Met residues were poorly ac-
cessible for the interaction with PLOOH. Overall, a positive
correlation observed between the levels of oxidized apoA-I
and levels of inactivated PLOOH supported a role for Met
residues of apoA-I as the principal mechanism of PLOOH in-
activation by HDL.

Discussion

In earlier work, we showed that addition of CSL112 to plasma
dramatically elevates cholesterol efflux capacity of human se-
rum.” Careful quantitation showed that CSL112 elevated ef-
flux capacity of plasma much more strongly than an equivalent
amount of HDL3. Similarly, the anti-inflammatory effects of
addition of CSL112 to whole human blood were substantially
stronger than those caused by addition of HDL3.!" Here, we
show that this enhancement of HDL function by CSL112 may
be ascribed to particle remodeling with formation of small,
highly functional species. The small forms, lipid-poor apoA-
I and S-HDL™™, produced during remodeling, exhibit both an
ABCAI1-dependent efflux capacity and an anti-inflammatory
capacity that are higher than that of HDL3 or large remodeled
HDL (L-HDL™™). This increased activity may thereby explain
the rise in functional HDL, that is greater than the rise in HDL-C
or apoA-I. Such remodeling occurs on infusion of CSL112 into
human subjects, addition of CSL112 to plasma, and on incuba-
tion of CSL112 with purified HDL. The correlation of CSL112-
driven remodeling with cholesterol efflux capacity observed
here is consistent with the findings of Borja et al* who found
a strong correlation between the exchangeability of apoA-I on
plasma HDL and the cholesterol efflux capacity of plasma.

We have purified and analyzed the function of 2 small spe-
cies: the lipid-poor apoA-I and S-HDL™™ and found that both
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Figure 7. On remodeling, antioxidative activity was predominantly associated with large and small remodeled high-density
lipoprotein (HDL) species, L-HDL™™ and S-HDL™™, paralleled by the increase in oxidation of apolipoprotein A-I (apoA-I) Met

residues. A, Inactivation of phospholipid hydroperoxide (PLOOH) in oxidized LDL (oxLDL) incubated with HDL3, CSL112, or individual
products of HDL remodeling. LDL (40 mg total cholesterol [TC/dL]) was oxidized by 2,2"-Azobis(-amidinopropane) dihydrochloride (4
mol/L) for 6 h, dialyzed and incubated at 20 mg/TC/dL alone or in the presence of individual lipoproteins (each at a final concentration
of 8 mg total protein/dL) for 4 h at 37°C. PLOOH was evaluated in incubation mixtures by high-performance liquid chromatography
(HPLC) with chemiluminescent and ultraviolet (UV) detection. Inactivation of PLOOH in oxLDL+HDL incubation mixtures is presented as
percentage change from the PLOOH levels detected in oxLDL incubated alone. Means+SDs for at least 3 independent experiments are
shown; ***P<0.001, *P<0.05 vs nonmodified HDL3 (HDL3). B, Oxidation of apoA-I Met residues in different HDL species incubated alone
or with oxLDL. Oxidized at Met residues and nonoxidized apoA-I were measured by HPLC using UV detection. ApoA-I_,; and apoA-I
refer to oxidized forms 16 and 32 U greater, respectively, than nonoxidized apoA-I as shown by mass spectrometry. ApoA-I
oxidized at Met112 and Met86; ApoA-| ., apoA-| oxidized at Met112 (1) or Met86 (2).
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species are individually active in ABCA1-mediated cholesterol
efflux and in reducing the cytokine response of blood leuko-
cytes to an inflammatory stimulus (Figure 6A and 6B). To our
knowledge, this is the first functional analysis of these species in
isolation. The potent capacity of small, dense HDL subspecies
to efflux cellular cholesterol through ABCA1 is fully consistent
with recent demonstration of HDL particle size being a critical
determinant of ABCA1-mediated cholesterol export from mac-
rophages, with a HDL particle size equal to 8.0 nm or lower
being required for efficient cholesterol efflux through ABCA1.
The correlation of anti-inflammatory activity with ABCAL-
dependent efflux activity is consistent with the view that choles-
terol depletion may cause the anti-inflammatory effects.*® These
findings are in keeping with published reports demonstrating
that cholesterol efflux is required to prevent cell activation.>*2

We have also confirmed the findings of De Nardo et al”’ that
reconstituted HDL causes induction of ATF3, a negative tran-
scription regulator of toll-like receptor-induced cytokine pro-
duction in macrophages® and have expanded the findings by
showing that while large HDL species have low ability to in-
duce ATF3, it is the smaller species that have the strongest anti-
inflammatory and ATF3-inducing capacity (Figure 6B and 6C).
ATF3 has been shown to regulate lipid body formation in mac-
rophages, at both basal and high levels of cellular lipid loading,
representing an intersection point for inflammatory and meta-
bolic pathways in macrophages.* Thus, infusion of CSL112 and
the resulting increase of small HDL species, S-HDL™™ and lip-
id-poor apoA-I, capable of inducing ATF3 may be beneficial to
modulate both foam cell formation and inflammation via ATF3.

Studies of the antioxidant activity of the remodeled HDL
species showed that while S-HDL™ was capable of reducing
the PLOOH content of oxLLDL, the lipid-poor apoA-I displayed
low activity. This finding is consistent with previous data docu-
menting potent capacity of small, dense HDL subspecies from
human plasma to protect LDL from oxidative stress,” and to
inactivate PLOOH derived from oxLDL.* Mechanistically, the
antioxidative effects of HDL on LDL lipids involve transfer to
HDL of their oxidized species, primarily those derived from
phospholipids, with subsequent inactivation.** The transfer
process depends on the fluidity of surface HDL lipids and may
require the presence of an organized lipid surface in HDL; as
the latter is most likely not the case in lipid-free apoA-I, this
structural feature can account for its low capacity to inactivate
PLOOH. Together, the present data on the potent biological
activities of remodeled small, dense HDL particles provide fur-
ther support to the notion of distinct role of particle subspecies
in the protection from atherosclerosis.?-

Contrary to our expectations, HDL remodeling induced
by CSL112 was independent of plasma lipid transfer proteins
or lipases, as heat inactivation of plasma, inhibition of CETP,
LCAT, secretory phospholipase 2 with specific inhibitors or
stimulation of PLTP, or genetic deletion of PLTP or LCAT
neither prevented nor accelerated the formation of lipid-poor
apoA-I (Online Figures IV and V). Rather, remodeling appeared
to arise from a spontaneous interaction of CSL112 with HDL2
and HDL3. We speculate that this interaction involves first a
fusion of CSL112 with native HDL and a subsequent fission
to yield 3 remodeling products. An initial intimate interaction
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between CSL112 and HDL is indicated first by the observation
of bulk movement of phospholipid from CSL112 to the larger
remodeled product and by the smaller inverse movement of
HDL3-derived phospholipid to the smaller remodeled product
(Table; Online Tables I and II). Phospholipid has little ability
to diffuse in aqueous solutions, thus favoring the notion of ini-
tial particle fusion. The suggestion of fusion between CSL112
and native HDL and subsequent fission is further supported by
analysis of the size, and protein origin, and lipid constituents of
the reaction products (Figures 3 and 4).

Fusion of particles with subsequent release of lipid-poor
apoA-I has also been postulated to be the mechanism by
which PLTP promotes the formation of lipid-poor apoA-IL.'8
Although these authors proposed a direct bridging role for
PLTP in the fusion, the data reported here suggest an alter-
native path: PLTP-mediated exchange of lipids among lipo-
protein particles may give rise to HDL species with structure
similar to CSL112, which spontaneously fuse with HDL2 or
HDL3. Indeed, Ji et al** have shown that pretreatment of apoA-
I with PLTP enables it to bind rapidly to HDL2 or HDL3.

The fission of a fused CSL112-HDL particle may be a
physical consequence of its composition. Because the disc-
shaped CSL112 contains only surface lipids and no core lipids
(neither triglycerides nor cholesterylester), then the products of
fusion will of necessity have an increased ratio of surface to
core. This relative excess of surface may promote dissociation
of apoA-I by a process analogous to that which may occur dur-
ing lipolysis of a chylomicron. Nevertheless, the initial interac-
tion of CSL112 and HDL3 seems to have more than 1 potential
outcome (Online Figure VII). During the course of remodeling,
we observed formation not only of lipid-poor apoA-I but also
of a species smaller than CSL112 and with less phospholipid
(S-HDL™™). We speculate that S-HDL™" is mainly a product of
a net transfer of phospholipids from CSL112 to HDL3. This is
consistent with the finding that both CSL112 and S-HDL"™™ par-
ticles seem to be of a discoidal morphology, but particle size of
S-HDL"" is smaller than that of CSL112 (Figure 5). Supporting
this deduction is also the observation that while CSL112 seems
to rapidly donate phospholipid to HDL3, the movement of
apoA-I from HDL3 into S-HDL™" occurs much more slowly
(Figure 4). Similar observations have been made by Settasation
et al'® who showed that a fusion product of spherical HDL par-
ticles may release daughter particles of either small or inter-
mediate size. Finally, we note that S-HDL™" particles seem to
retain the ability to fuse with endogenous HDL as they gradu-
ally exchange apoA-I with L-HDL™" and eventually disappear
during longer incubation in plasma (Figure 2A).

The main limitation of the current work is that the detailed
studies of remodeling were done in vitro under cell-free condi-
tions and, thus, the contribution of cell-bound enzymes, such
as lipases, cannot be taken into account. In addition, it is ex-
pected that in vivo, cholesterol from blood cells and other tis-
sues may join the lipoprotein pool and affect this remodeling.
Nevertheless, we saw no change in the kinetics of remodeling
in plasma versus whole blood (Online Figure X) versus in man
(Online Figure III). CSL112 did promote remodeling of HDL2
and HDL3 with slightly different kinetics of lipid-poor apoA-I
formation (Figure 3A), suggesting that differences in particle
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size may have potential to influence HDL particle remodeling.
Protein composition is also likely to affect fusion, and previous
work has shown that apoA-II inhibits CETP-mediated remod-
eling of reconstituted HDL into large and small particles in a
process that leads to lipid-poor apoA-I formation.’” Analysis of
apoA-II distribution among the products of CSL112-induced
remodeling of HDL3 revealed that apoA-II is present in remod-
eled large HDL particles with its time-dependent distribution
pattern identical to that of apoA-I, but it is absent in remodeled
small HDL and lipid-poor apoA-I (Online Figure XI), and in-
fusion of CSL112 did not significantly change apoA-II blood
levels (Online Figure II). These data suggest that while apoA-II
did not inhibit fusion with CSL112, it did not join apoA-I in
forming smaller fission products. Finally, ApoE seems unlikely
to play a role in the remodeling described here because nei-
ther CSL112 nor HDL3 bear apoE (Online Figure XII), yet
CSL112 drives remodeling of HDL3. Furthermore, CSL112
did not affect the size distribution of apoE-containing particles
in plasma (Online Figure I).

We have used an exogenously supplied source of apoA-
I, CSL112, to document a novel mechanism for formation of
small forms of HDL with high biological activity. We speculate
that this process may occur not only after infusion of a reconsti-
tuted HDL but also during the normal lifecycle of HDL. After
synthesis, lipid-poor apoA-I is lipidated by ABCAT1 and gives
rise to discoidal nascent HDL.*® Our work suggests that one fate
of such particles may involve fusion with spherical HDL and
production of smaller daughter products. Such a process of fu-
sion of nascent discs with circulating spheres may underlie the
recent findings of Mendivil et al* who observed direct hepatic
secretion of all size classes of HDL in the venous blood of hu-
man volunteers. Our data suggest that fusion of nascent discs
made by the liver with native HDL in the space of Disse or he-
patic sinusoids would lead to rapid appearance of newly synthe-
sized apoA-I in all size classes, as observed by Mendivil et al.*

It has been long recognized that HDL may exist in forms
with higher or lower functional activity. Recent observations
now strongly connect HDL function with coronary heart dis-
ease outcomes>™ and make understanding the factors that
change HDL functionality a vital topic. Here we character-
ize highly active HDL species and describe a novel mecha-
nism for their formation in response to CSL112, a product
currently in clinical development for prevention of early re-
current atherothrombotic events in acute coronary syndrome.
Importantly, ongoing clinical evaluation of CSL112 holds the
hope of validating the connection between functional assays
such as those studied here and clinical disease.

Acknowledgments

We would like to thank Drs Rye and Remaley for careful reading
of the article and critical comments. We gratefully acknowledge Dr
Jiang for providing plasma samples of wild-type and PLTP knockout
mice, B. Haenni, M. Kaminek, and Dr B. Zuber for electron micros-
copy analysis performed at the Microscopy Imaging Center (MIC) of
the University of Bern and Dr Asztalos for 2-dimensional gel analy-
sis. Editorial assistance with the preparation of this article was pro-
vided by Meridian HealthComms Ltd, funded by CSL Behring.

Sources of Funding
This work was funded by CSL Behring.

Disclosures

S.A. Didichenko, A.V. Navdaev, A. Gille, P. Schuetz, M.O. Spycher,
and S.D. Wright are employees of CSL Behring or CSL Limited.
M.J. Chapman is a member of Advisory Board and Speakers Bureau:
Amgen, Sanofi-Regeneron, Unilever, Astrazeneca. M.J. Chapman
and A. Kontush are coauthors of a patent on the enhancement of HDL
function by phosphatidylserine. The other authors report no conflicts.

References

1. de la Llera-Moya M, Drazul-Schrader D, Asztalos BF, Cuchel M, Rader
DJ, Rothblat GH. The ability to promote efflux via ABCA1 determines the
capacity of serum specimens with similar high-density lipoprotein choles-
terol to remove cholesterol from macrophages. Arterioscler Thromb Vasc
Biol. 2010;30:796-801.

2. Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A, Burke MF, Jafri
K, French BC, Phillips JA, Mucksavage ML, Wilensky RL, Mohler ER,
Rothblat GH, Rader DJ. Cholesterol efflux capacity, high-density lipopro-
tein function, and atherosclerosis. N Engl J Med. 2011;364:127-135. doi:
10.1056/NEJMoal001689.

3. Rohatgi A, Khera A, Berry JD, Givens EG, Ayers CR, Wedin KE,
Neeland 1J, Yuhanna IS, Rader DR, de Lemos JA, Shaul PW. HDL cho-
lesterol efflux capacity and incident cardiovascular events. N Engl J Med.
2014;371:2383-2393. doi: 10.1056/NEJMoa1409065.

4. Saleheen D, Scott R, Javad S, Zhao W, Rodrigues A, Picataggi A,
Lukmanova D, Mucksavage ML, Luben R, Billheimer J, Kastelein JJ,
Boekholdt SM, Khaw KT, Wareham N, Rader DJ. Association of HDL
cholesterol efflux capacity with incident coronary heart disease events: a
prospective case-control study. Lancet Diabetes Endocrinol. 2015;3:507—
513. doi: 10.1016/S2213-8587(15)00126-6.

5. Ray KK, Ditmarsch M, Kallend D, Niesor EJ, Suchankova G, Upmanyu
R, Anzures-Cabrera J, Lehnert V, Pauly-Evers M, Holme I, Stdsek J, van
Hessen MW, Jones P; dal-ACUTE Investigators. The effect of cholesteryl
ester transfer protein inhibition on lipids, lipoproteins, and markers of HDL
function after an acute coronary syndrome: the dal-ACUTE randomized
trial. Eur Heart J. 2014;35:1792-1800. doi: 10.1093/eurheartj/ehul05.

6. Du XM, Kim MJ, Hou L, Le Goff W, Chapman MJ, Van Eck M, Curtiss
LK, Burnett JR, Cartland SP, Quinn CM, Kockx M, Kontush A, Rye KA,
Kritharides L, Jessup W. HDL particle size is a critical determinant of
ABCAIl-mediated macrophage cellular cholesterol export. Circ Res.
2015;116:1133-1142. doi: 10.1161/CIRCRESAHA.116.305485.

7. Asztalos BF, de la Llera-Moya M, Dallal GE, Horvath KV, Schaefer
EJ, Rothblat GH. Differential effects of HDL subpopulations on cel-
lular ABCAI- and SR-Bl-mediated cholesterol efflux. J Lipid Res.
2005;46:2246-2253. doi: 10.1194/j1M500187-JLR200.

8. Rosenson RS, Brewer HB Jr, Chapman MIJ, Fazio S, Hussain MM,
Kontush A, Krauss RM, Otvos JD, Remaley AT, Schaefer EJ. HDL mea-
sures, particle heterogeneity, proposed nomenclature, and relation to ath-
erosclerotic cardiovascular events. Clin Chem. 2011;57:392-410. doi:
10.1373/clinchem.2010.155333.

9. Asztalos BF, Roheim PS. Presence and formation of ‘free apolipopro-
tein A-I-like’ particles in human plasma. Arterioscler Thromb Vasc Biol.
1995;15:1419-1423.

10. Miida T, Miyazaki O, Nakamura Y, Hirayama S, Hanyu O, Fukamachi I,
Okada M. Analytical performance of a sandwich enzyme immunoassay
for pre beta 1-HDL in stabilized plasma. J Lipid Res. 2003;44:645-650.
doi: 10.1194/j1r.D200025-JLR200.

11. Nichols AV, Blanche PJ, Gong EL, Shore VG, Forte TM. Molecular path-
ways in the transformation of model discoidal lipoprotein complexes
induced by lecithin:cholesterol acyltransferase. Biochim Biophys Acta.
1985:834:285-300.

12. Jonas A, von Eckardstein A, Kézdy KE, Steinmetz A, Assmann G.
Structural and functional properties of reconstituted high density lipo-
protein discs prepared with six apolipoprotein A-I variants. J Lipid Res.
1991;32:97-106.

13. Schaefer EJ, Jenkins LL, Brewer HB Jr. Human chylomicron apolipopro-
tein metabolism. Biochem Biophys Res Commun. 1978;80:405-412.

14. Lund-Katz S, Phillips MC. High density lipoprotein structure-function
and role in reverse cholesterol transport. Subcell Biochem. 2010;51:183—
227. doi: 10.1007/978-90-481-8622-8_7.

15. Jahangiri A, Rader DJ, Marchadier D, Curtiss LK, Bonnet DJ, Rye KA.
Evidence that endothelial lipase remodels high density lipoproteins
without mediating the dissociation of apolipoprotein A-I. J Lipid Res.
2005;46:896-903. doi: 10.1194/j1r.M400212-JLR200.



20.

21.

22.

23.

24.

25.

26.

Didichenko et al

. Rye KA, Hime NJ, Barter PJ. The influence of cholesteryl ester transfer

protein on the composition, size, and structure of spherical, reconstituted
high density lipoproteins. J Biol Chem. 1995;270:189-196.

. Lie J, de Crom R, Jauhiainen M, van Gent T, van Haperen R, Scheek L,

Jansen H, Ehnholm C, van Tol A. Evaluation of phospholipid transfer pro-
tein and cholesteryl ester transfer protein as contributors to the generation
of pre beta-high-density lipoproteins. Biochem J. 2001;360:379-385.

. Settasatian N, Duong M, Curtiss LK, Ehnholm C, Jauhiainen M,

Huuskonen J, Rye KA. The mechanism of the remodeling of high
density lipoproteins by phospholipid transfer protein. J Biol Chem.
2001;276:26898-26905. doi: 10.1074/jbc.M010708200.

. Diditchenko S, Gille A, Pragst I, Stadler D, Waelchli M, Hamilton R, Leis

A, Wright SD. Novel formulation of a reconstituted high-density lipopro-
tein (CSL112) dramatically enhances ABCA1-dependent cholesterol ef-
flux. Arterioscler Thromb Vasc Biol. 2013;33:2202-2211. doi: 10.1161/
ATVBAHA.113.301981.

Gille A, Easton R, D’ Andrea D, Wright SD, Shear CL. CSL112 enhances
biomarkers of reverse cholesterol transport after single and multiple infu-
sions in healthy subjects. Arterioscler Thromb Vasc Biol. 2014;34:2106—
2114. doi: 10.1161/ATVBAHA.114.303720.

Zhang L, Song J, Cavigiolio G, Ishida BY, Zhang S, Kane JP, Weisgraber
KH, Oda MN, Rye KA, Pownall HJ, Ren G. Morphology and structure
of lipoproteins revealed by an optimized negative-staining protocol of
electron microscopy. J Lipid Res. 2011;52:175-184. doi: 10.1194/jlr.
D010959.

Easton R, Gille A, D’ Andrea D, Davis R, Wright SD, Shear C. A multiple
ascending dose study of CSL112, an infused formulation of ApoA-I. J
Clin Pharmacol. 2014;54:301-310. doi: 10.1002/jcph.194.

Zerrad-Saadi A, Therond P, Chantepie S, Couturier M, Rye KA, Chapman
M]J, Kontush A. HDL3-mediated inactivation of LDL-associated phospho-
lipid hydroperoxides is determined by the redox status of apolipoprotein
A-I and HDL particle surface lipid rigidity: relevance to inflammation and
atherogenesis. Arterioscler Thromb Vasc Biol. 2009;29:2169-2175. doi:
10.1161/ATVBAHA.109.194555.

Asztalos BF, Sloop CH, Wong L, Roheim PS. Two-dimensional electro-
phoresis of plasma lipoproteins: recognition of new apo A-I-containing
subpopulations. Biochim Biophys Acta. 1993;1169:291-300.

Formisano S, Johnson ML, Edelhoch H. Thermodynamics of the self-
association of glucagon. Proc Natl Acad Sci U S A. 1977;74:3340-3344.
Gilchrist M, Thorsson V, Li B, Rust AG, Korb M, Roach JC, Kennedy K,
Hai T, Bolouri H, Aderem A. Systems biology approaches identify ATF3
as a negative regulator of Toll-like receptor 4. Nature. 2006;441:173-178.
doi: 10.1038/nature04768.

27.

28.

29.

32.

33.

34.

35.

36.

37.

38.

39.

Remodeling of HDL by CSL112 763

De Nardo D, Labzin LI, Kono H, et al. High-density lipoprotein mediates
anti-inflammatory reprogramming of macrophages via the transcriptional
regulator ATF3. Nat Immunol. 2014;15:152-160. doi: 10.1038/ni.2784.
Kontush A, Chantepie S, Chapman MJ. Small, dense HDL particles
exert potent protection of atherogenic LDL against oxidative stress.
Arterioscler Thromb Vasc Biol. 2003;23:1881-1888. doi: 10.1161/01.
ATV.0000091338.93223.E8.

Borja MS, Ng KF, Irwin A, Hong J, Wu X, Isquith D, Zhao XQ, Prazen
B, Gildengorin V, Oda MN, Vaisar T. HDL-apolipoprotein A-I exchange
is independently associated with cholesterol efflux capacity. J Lipid Res.
2015;56:2002-2009. doi: 10.1194/j1.M059865.

. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate immunity.

Nat Rev Immunol. 2015;15:104-116. doi: 10.1038/nri3793.

. Murphy AJ, Chin-Dusting JP, Sviridov D, Woollard KJ. The anti in-

flammatory effects of high density lipoproteins. Curr Med Chem.
2009;16:667-675.

Fessler MB, Parks JS. Intracellular lipid flux and membrane microdo-
mains as organizing principles in inflammatory cell signaling. J Immunol.
2011;187:1529-1535. doi: 10.4049/jimmunol.1100253.

Gold ES, Ramsey SA, Sartain MJ, Selinummi J, Podolsky I, Rodriguez
DJ, Moritz RL, Aderem A. ATF3 protects against atherosclerosis by sup-
pressing 25-hydroxycholesterol-induced lipid body formation. J Exp Med.
2012;209:807-817. doi: 10.1084/jem.20111202.

Kontush A, Chapman MIJ. Antiatherogenic function of HDL particle
subpopulations: focus on antioxidative activities. Curr Opin Lipidol.
2010;21:312-318. doi: 10.1097/MOL.0b013e32833bcdc.

Kontush A, Chapman MJ. Antiatherogenic small, dense HDL—guardian
angel of the arterial wall? Nat Clin Pract Cardiovasc Med. 2006;3:144—
153. doi: 10.1038/ncpcardio0500.

Ji A, Wroblewski JM, Webb NR, van der Westhuyzen DR. Impact of phos-
pholipid transfer protein on nascent high-density lipoprotein formation
and remodeling. Arterioscler Thromb Vasc Biol. 2014;34:1910-1916. doi:
10.1161/ATVBAHA.114.303533.

Rye KA, Wee K, Curtiss LK, Bonnet DJ, Barter PJ. Apolipoprotein A-II
inhibits high density lipoprotein remodeling and lipid-poor apolipoprotein
A-I formation. J Biol Chem. 2003;278:22530-22536. doi: 10.1074/jbc.
M213250200.

Thrift RN, Forte TM, Cahoon BE, Shore VG. Characterization of lipopro-
teins produced by the human liver cell line, Hep G2, under defined condi-
tions. J Lipid Res. 1986;27:236-250.

Mendivil CO, Furtado J, Morton AM, Wang L, Sacks FM. Novel Pathways
of Apolipoprotein A-I Metabolism in High-Density Lipoprotein of
Different Sizes in Humans. Arterioscler Thromb Vasc Biol. 2016;36:156—
165. doi: 10.1161/ATVBAHA.115.306138.

Novelty and Significance

What Is Known?

Patient-to-patient variation in cholesterol efflux capacity, a known pre-
dictor of coronary heart disease risk, is driven primarily by differences
in ATP-binding cassette transporter—dependent efflux, a process de-
pendent on small but not large high-density lipoprotein (HDL).

CSL112 is human apolipoprotein A-I reconstituted with phosphatidyl-
choline, currently in development to treat acute myocardial infarction.
Infusion of CSL112 elevates ATP-binding cassette transporter—-depen-
dent efflux and causes remodeling of HDL with a very dramatic rise
in small HDL.

What New Information Does This Article Contribute?

We found that discoidal HDL may fuse with spherical HDL is a sponta-
neous process that does not require lipid transfer proteins or lipases
and is likely to occur during the normal life cycle of HDL.

This process underlies the high functionality of CSL112 in plasma: dis-
coidal CSL112 fuses with native HDL and then splits into three species;
large HDL, small HDL and lipid-poor apolipoprotein A-I, the smallest
species.

The 2 small products of remodeling of HDL with CSL112 showed ex-
tremely high capacity for ATP-binding cassette transporter—mediated

cholesterol efflux and high anti-inflammatory activity; in contrast, an-
tioxidant activity was predominantly found in the large HDL species

Previous work showed that CSL112, a discoidal reconstituted
HDL, elevates cholesterol efflux of plasma in a greater than ad-
ditive fashion. This work provides the mechanism, showing that
CSL112 fuses with endogenous HDL to yield highly functional
hybrid particles. The process is described by tracing labeled pro-
teins and lipids, by isolation of remodeled products and through
physical and functional characterization. In so doing, it offers a
full mechanistic explanation of a novel drug action. In the course
of these studies, we discovered an unexpected feature of HDL
remodeling. Discoidal HDL particles fuse with spherical HDL in
the absence of lipid transfer proteins, lipases, or other plasma
proteins. This process gives rise to both enlarged HDL and small
highly functional species. This process is likely to occur in the
normal life cycle of apolipoprotein A-l. These studies add further
understanding of the drivers of HDL functionality, and the impact
of these mechanisms on clinical disease is being elucidated in
an on-going clinical development program of CSL112 in patients
postmyocardial infarction.






