
Serum Opacity Factor Enhances HDL-Mediated Cholesterol
Efflux, Esterification and Anti Inflammatory Effects

Urbain Tchoua,
Department of Medicine, Baylor College of Medicine, MSA601, One Baylor Plaza, Houston, TX
77030, USA

Corina Rosales,
Department of Medicine, Baylor College of Medicine, MSA601, One Baylor Plaza, Houston, TX
77030, USA

Daming Tang,
Department of Medicine, Baylor College of Medicine, MSA601, One Baylor Plaza, Houston, TX
77030, USA

Baiba K. Gillard,
Department of Medicine, Baylor College of Medicine, MSA601, One Baylor Plaza, Houston, TX
77030, USA

Ashley Vaughan,
Seattle Biomedical Research Institute, Seattle, WA 98195, USA

Hu Yu Lin,
Department of Medicine, Baylor College of Medicine, MSA601, One Baylor Plaza, Houston, TX
77030, USA

Harry S. Courtney, and
Veterans Affairs Medical Center and Department of Medicine, University of Tennessee HSC,
Memphis, TN 38104, USA

Henry J. Pownall
Department of Medicine, Baylor College of Medicine, MSA601, One Baylor Plaza, Houston, TX
77030, USA hpownall@bcm.tmc.edu

Abstract
Serum opacity factor (SOF) is a streptococcal protein that disrupts the structure of human high
density lipoproteins (HDL) releasing lipid-free apo A-I while forming a large cholesteryl ester-rich
particle and a small neo HDL. Given its low cholesterol and high phospholipid contents, we tested
the hypotheses that neo HDL is a better substrate for cholesterol esterification via
lecithin:cholesterol acyltransferase (LCAT), better than HDL as an acceptor of THP-1 macrophage
cholesterol efflux, and improves reduction of oxidized LDL-induced production of inflammatory
markers. We observed that both cholesterol efflux and esterification were improved by
recombinant (r)SOF treatment of whole plasma and that the underlying cause of the improved
cholesterol esterification in plasma and macrophage cholesterol efflux to rSOF-treated plasma was
due to the rSOF-mediated conversion of HDL to neo HDL. Moreover, the reduction of secretion
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of TNF-α and IL-6 by THP-1 cells by neo HDL was twice that of HDL. Studies in BHK cells
overexpressing cholesterol transporters showed that efflux to neo HDL occurred primarily via
ABCA1 not ABCG1. Thus, rSOF improves two steps in reverse cholesterol transport with a
concomitant reduction in the release of macrophage markers of inflammation. We conclude that
rSOF catalyzes a novel reaction that might be developed as a new therapy that prevents or reverses
atherosclerosis via improved reverse cholesterol transport.
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Introduction
Cardiovascular disease (CVD) is the major cause of human mortality so that identification of
new therapies that address its underlying causes is an important public health priority.
Dysregulated lipid metabolism leading to elevated low density lipoprotein (LDL)-
cholesterol (C) and low plasma high density lipoprotein (HDL)-C are important CVD risk
factors [1–6]. With wider use of the statins, low HDL-C has emerged as the most important
lipoprotein disorder for which current therapies are inadequate. The need for new
approaches is highlighted by the failed trial of a cholesteryl ester transfer protein (CETP)
inhibitor [7]. Although hypertriglyceridemia and low HDL-C are mechanistically linked, the
latter is more strongly correlated with CVD mortality [2]. HDL-C and cardioprotection are
mechanistically linked by reverse cholesterol transport (RCT), the transfer of cholesterol
from macrophages in the subendothelial space to the liver for disposal [8]. The first two
RCT steps are macrophage cholesterol efflux and cholesterol esterification in plasma [8].
Thus, an intervention that enhances both of these steps could be a therapeutically useful new
approach to improve RCT.

A recombinant (r) virulence determinant from Streptococcus pyogenes [9], serum opacity
factor (SOF), delipidates human HDL yielding a cholesteryl ester-rich microemulsion
(CERM), lipid-free apo A-I and a “neo HDL” [10–12]. Given that neo HDL is more
phospholipid-rich than HDL and that cholesterol efflux and esterification are increased by
increased phospholipid content of acceptors and substrates, respectively [13–16], we tested
the effects of SOF-mediated conversion of HDL in whole plasma to neo HDL on efflux and
esterification.

Experimental Procedures
Materials

Total lipoproteins (TLP) and HDL were isolated from human plasma obtained from The
Methodist Hospital Blood Donor Center by addition of KBr to d = 1.21 g/mL and flotation
(48 h at 40,000 rpm, Beckman Ti 50.2 rotor). VLDL, LDL, HDL and lipoprotein-deficient
serum (LPDS) were isolated by sequential flotation at d = 1.012, 1.063 and 1.21 g/mL,
respectively. Lipoprotein purity was verified by size exclusion chromatography (SEC) and
SDS-PAGE. Protein was determined with a kit (BioRad DC assay) using BSA as a standard.
LDL was stored at 4 °C under nitrogen gas and used within 14 days. OxLDL was prepared
by exposing LDL to 5 μmol/L CuSO4 for 24 h at 37 °C [17]. Lipid oxidation was verified
by an assay for thiobarbituric acid-reactive substances; precautions were taken to exclude
endotoxin. Neo HDL was prepared by incubating HDL (~2 mg/mL) and rSOF (1 μg/mL) in
47.5 mL overnight at 37 °C. The reaction mixture was adjusted to a d = 1.063 g/mL with
KBr and centrifuged for 18 h at 45,000 rpm (Beckman Ti 50.2 rotor). The upper half of the
tube was removed by aspiration. The bottom half was adjusted to a d = 1.24 g/mL with KBr
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and centrifuged as above for 40 h. The neo HDL removed from the top was pure as assessed
by SEC [12]. Tris-buffered saline (TBS = 10 mM Tris, 100 mM NaCl, 1 mM EDTA, pH
7.4) was used throughout unless otherwise specified. [3H]Cholesterol was from Amersham
Biosciences (Piscataway, NJ, USA). Buffer salts were from Fisher Scientific, Inc.,
(Rockville, MD, USA). A recombinant polyhistidine-tagged, truncated form of sof2,
encoding amino acids 38–843 (rSOF) was cloned and expressed in Escherichia coli and
purified by metal affinity chromatography [10].

Effect of rSOF on LCAT Cholesterol Esterification
HDL was labeled with [3H]cholesterol (~100 μCi) by injection of an ethanolic solution [15]
and split into two equal aliquots; rSOF (1 μg/mL) was added to one and an equal volume of
saline was added to the other and incubated overnight at 37 °C. On ice, the fractions were
recombined as follows: (a) [3H]HDL + (LDL + VLDL) + LPDS, (b) rSOF-treated [3H]HDL
+ (LDL + VLDL) + LPDS, (c) [3H]HDL + LPDS, and (d) rSOF-treated [3H]HDL + LPDS.
TBS was added to each sample to give equal volumes. The samples were incubated at 37 °C
for 30 min and transferred to ice. Triplicate aliquots (100 μL) of each incubation were β-
counted. Another set of triplicate aliquots were extracted with 4 mL hexane and the phases
separated by low speed centrifugation for 5 min; 3-mL aliquots of the upper layer were
evaporated under nitrogen and the residue dissolved in 30 μL chloroform. CE and FC were
resolved by thin layer chromatography (Whatman TLC silica gel 60A plates) in hexane/
diethyl ether/acetic acid (75:35:1, by volume). After spraying the plates with Primuline dye
(Sigma–Aldrich, St. Louis, MO, USA), FC and CE bands were identified by comparison
with standards. The FC and CE were collected and quantified by β-counting. A 200-μL
aliquot of each incubation mixture was analyzed by SEC to determine the distribution of
radiolabel into CERM, VLDL, LDL, HDL and neo HDL. SEC profiles of the LCAT
reaction products were determined essentially as described [11] using an Amersham
PharmaciaÄKTA chromatography system equipped with two Superose HR6 columns in
tandem. Samples were injected into the chromatograph using a 0.2-mL sample loop, and
eluted with TBS; 1-mL fractions were collected and analyzed by β-counting.

Effects of rSOF Activity Against Lipoproteins on Cellular Cholesterol Efflux
Plasma, TLP, HDL, and the products of their reactions with rSOF were extensively dialyzed
at 4 °C against TBS and tested as acceptors of cholesterol from the human monocyte-
derived macrophage cell line, THP-1 (American Type Culture Collection). THP-1 cells were
maintained in RPMI 1640 with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 1
mM sodium pyruvate and 2 mM glutamine. Cholesterol efflux was assayed as described
previously [15,16,18]. In brief, THP-1 cells were seeded and activated with 0.1 μg/mL
phorbol 12-myristate 13-acetate for 24 h. Cells were then labeled in serum-containing
medium with [1α, 2α(n)-3H]cholesterol (specific radioactivity 1.81 TBq/mmol, final
radioactivity 74 KBq/mL) at 37 °C for 48 h in a CO2 incubator at which time they were
~80% confluent. After labeling, cells were washed twice to remove excess label, and
incubated for an additional 18 h in serum-free medium to ensure equilibration of labeled
cholesterol into all intracellular pools. During this phase, the THP-1 medium contained the
LXR agonist T0901317 (1 μM) to activate the macrophage in a way that increased the
activities of ABCA1 and ABCG1 in cells that were not cholesterol-loaded. To initiate the
efflux assay, cells were washed and incubated for 0–2 h at 37 °C in serum-free medium
containing various concentrations of human plasma (0–8%), TLP, HDL, or neo HDL (10–
200 μg/mL). After incubation, the medium was collected, centrifuged, and the supernatant
analyzed by β-counting. Cell lipids were extracted with isopropanol and analyzed by β-
counting. Cholesterol efflux (%E) was expressed as the percentage of total labeled
cholesterol transferred from cells to the medium. Efflux was compared on the basis of
acceptor-protein concentration and the data were fitted to the equation %E = Emax × (LP)/
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[Km + (LP)], where LP was the lipoprotein concentration as protein, Emax was the maximum
efflux and Km was the lipoprotein concentration at half Emax using Systat-Sigma Plot (Point
Richmond, CA, USA).

Efflux via ABCA1 and ABCG1
Efflux from ABCA1 and ABCG1-expressing BHK cells under a mifepristone-inducible
promoter and MOCK cells transfected with the pGene V5 His plasmid alone were tested as
reported by Vaughan and Oram [19]. ABCA1- and ABCG1-expressing BHK cells were
labeled with [3H]cholesterol to equilibrium 1 day prior to mifepristone treatment. ABCA1
and ABCG1 receptors were induced by incubating cells for 18–20 h in DMEM with 1 mg/
mL fatty acid free bovine serum albumin and 10 nM mifepristone. Unactivated cells (no
mifepristone) were used as a negative controls. Transporter-specific efflux was calculated as
the difference between efflux from ABCA1 and ABCG1-expressing cells with and without
activation.

Comparison of the Effects of HDL and Neo HDL on Inflammatory IL-6 and TNF-α
Mouse peritoneal macrophages were collected from C57Bl/6 J mice 2 days after mineral oil
injection and seeded in RPMI-1640 medium supplemented with 5% BSA in 96-well plates
at ~105cells/well and cultured for 1 day. HDL and neo HDL were preincubated with OxLDL
at ratio of 1:1 protein for 1 h at 37 °C. Cells were treated with OxLDL(100 μg/mL),
HDL(100 μg/mL) and neo HDL(100 μg/mL), HDL-OxLDL (100 μg/mL each), and neo
HDL-OxLDL(100 μg/mL each), respectively. IL-6 and TNF-α concentrations in the media
were measured by ELISA kits (BD Bioscience) 18 h after treatment.

Statistical Tests
Statistical analysis of data was done as indicated in the figure legends, using the t test for
pairs of means, one-way ANOVA with Tukey's post hoc test for multiple comparisons, and
two-way ANOVA with Bonferroni post tests for regression plots, using SPSS and GraphPad
Prism statistical software.

Results
Macrophage Cholesterol Efflux

Cholesterol efflux from THP-1 macrophages to plasma (1%) and TLP (25 μg/mL) were
linear with time and increased by preincubation with rSOF; efflux to neo HDL formed from
treatment of HDL with rSOF was also higher than that to HDL (Fig. 1a–c). The respective
ratios of the rates of efflux to the rSOF-derived acceptors to controls were 2.4, 3.3, and 2.6.
Increasing the rSOF pre incubation time increased cholesterol efflux and the production of
neo HDL and CERM (Supplementary Figs. 1, 2).

[3H]Cholesterol efflux kinetics from THP-1 macrophages to various acceptors with and
without rSOF treatment were also measured. The acceptors were, respectively, plasma ±
rSOF, TLP ± rSOF, HDL ± rSOF reaction mixtures and isolated HDL and neo HDL (Fig.
2a–d). Efflux from cholesterol-loaded macrophages to plasma was also measured (Fig. 2a,
insert). rSOF treatment improved the global parameter of cholesterol efflux, Cateff = Vmax/
Km(Supplementary Table 1). The Cateff for acceptors that were rSOF-derived were 2–3
times higher than those of the acceptors from which they were formed (Supplementary
Table 1). When measured as mass, macrophage cholesterol efflux to HDL after incubation
with rSOF increased with the addition of the LXR agonist (TO-901317) both with and
without cholesterol loading (Supplementary Fig. 3).
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We identified the plasma acceptors of cellular [3H]cholesterol after 15 min and 2 h efflux
times by SEC. After a 15-min incubation of 3% plasma with cells, most of the cell-derived
[3H]cholesterol co-eluted with HDL and VLDL (Fig. 3a). In contrast, [3H]cholesterol
effluxed to 3% plasma pre-treated for 3 h with rSOF co-eluted with neo HDL and CERM +
VLDL (Fig. 3a). After longer incubation (2 h) with macrophages the SEC profiles indicated
more transfer to CERM and LDL for rSOF-treated plasma than to VLDL and LDL for
control (Fig. 3b). Similar experiments were conducted with TLP, which lacks lipid transfer
protein and LCAT activities. At 15 min, [3H]cholesterol appeared in all lipoprotein
subclasses but at 2 h, a greater fraction was in LDL. (Supplementary Fig. 4). Similarly, SEC
showed that cell-derived cholesterol associates with HDL and neo HDL when they were
used as acceptors (Supplementary Fig. 5a, c), and efflux to all acceptors was greater at 2 h
than at 15 min. When the total rSOF-HDL reaction mixture was used as acceptor,
[3H]cholesterol was found in both the neo HDL and the CERM (Supplementary Fig. 5b),
and the presence of CERM promoted more total efflux than neo HDL alone at both 15 min
and 2 h. Finally, macrophage cholesterol efflux to plasma depleted of apo B-containing
lipoproteins increased when the preincubation time with rSOF was increased from 15 to 120
min. With the longer preincubation time, more neo HDL and CERM were formed, and there
was a corresponding increase in association of [3H]cholesterol with CERM and neo HDL
instead of HDL (Supplementary Fig. 6).

Efflux via ABCA1 and ABCG1
FC efflux from ABCG1-expressing BHK cells to neo HDL and HDL were not significantly
different (Fig. 4). In contrast, FC efflux from ABCA1-expressing BHK cells to neo HDL
was higher than that to HDL (Fig. 4).

Remodeling of HDL and Neo HDL
HDL-[3H]cholesterol and neo HDL-[3H]cholesterol were incubated with HDL-deficient
plasma in amounts that restored the original plasma protein compositions. The LCAT
reactivity of neo HDL was higher (+68%) than that of HDL (Fig. 5, left bars). Comparison
of the LCAT reactivity of neo HDL and HDL (Fig. 5, right bars), showed CE production
from neo HDL was higher than that from HDL (+165%). These samples were also analyzed
by SEC, which showed that association of radiolabel with lipoproteins decreased as LDL >
HDL > VLDL (Fig. 6a). When the HDL was replaced by rSOF-treated HDL the distribution
decreased as LDL > CERM > neo HDL. The experiment with HDL and neo HDL without
the apo B-containing lipoproteins showed that most remodeled neo HDL-[3H]cholesterol
was associated with CERM while most HDL-[3H]cholesterol remained in the HDL peak
(Fig. 6b). The enhancement of cholesterol esterification increased with rSOF dose
(Supplementary Fig. 7).

The major fractions from Fig. 6 were used to determine the fraction of cholesterol as ester.
HDL-[3H]cholesterol and rSOF-treated HDL-[3H]cholesterol, which contains CERM, neo
HDL and lipid-free apo A-I [11], were incubated with HDL-deficient plasma and the
distribution of [3H]cholesterol into CE determined (Supplementary Fig. 8a). With rSOF
treatment the formation of [3H]CE increases and shifts to the non HDL fractions. The
fractions of [3H]CE in the neo HDL and the CERM/VLDL fraction were highest. A similar
experiment in which LPDS was incubated with HDL-[3H]cholesterol at their original plasma
concentrations showed that at 30 min ~40% of the total cholesterol in HDL was CE
(Supplementary Fig. 8b). When HDL-[3H]cholesterol was replaced by rSOF-treated HDL-
[3H]cholesterol only 20% of the total cholesterol in neo HDL was esterified. However, more
than 60% of the total cholesterol in the coexisting CERM fraction was esterified. Thus, most
of the [3H]cholesterol in the CERM peak in Fig. 6a was CE.

Tchoua et al. Page 5

Lipids. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Comparative Attenuation of OxLDL-Induced Cytokine Secretion by Mouse Peritoneal
Macrophages by HDL and Neo HDL

The effects of HDL and neo HDL on the secretion of the cytokines, IL-6 and TNF-α, by
mouse peritoneal macrophages exposed to OxLDL were compared. Both lipoproteins
elicited a dose-dependent reduction in IL-6 and TNF-α secretion that was greater for neo
HDL (Supplementary Fig. 9). The effects at a single concentration were compared in detail
(Fig. 7). These data showed that neither HDL nor neo HDL alone affected cytokine
secretion elicited by LDL. In contrast, TNF-α and IL-6 secretion elicited by incubation of
macrophages with OxLDL was reduced by coincubation with either HDL or neo HDL, with
the effect of the latter being 96 and 103% greater (p < 0.05 for both).

Discussion
To simulate a physiological setting, we compared efflux to plasma with and without
preincubation with rSOF and found that the parameters for efflux were improved by rSOF
treatment and that efflux increased with longer incubation times. Kinetic parameters for
efflux to TLP, which lacks the lipid transfer proteins and LCAT of plasma, were similarly
improved. In both plasma and TLP, the initial acceptor with and without rSOF-treatment,
respectively, appears to be neo HDL and HDL because the fraction of [3H]cholesterol in
these particles was higher at 15 min than at 2 h (Fig. 3 and Supplemental Fig. 4). At both 15
min and 2 h, the distribution of [3H]cholesterol was different for plasma and TLP. With
plasma as the acceptor, more of the radiolabel was in the VLDL/CERM fraction, while with
the TLP acceptor, more radiolabel was in LDL, an effect that was more profound at 2 h than
at 15 min. This difference was likely due to the presence of CETP and LCAT activities in
plasma but not in TLP. In the absence of LCAT activity, [3H]cholesterol remained
unesterified and was spontaneously transferred from HDL or neo HDL to other lipoproteins.
In contrast, in plasma [3H]cholesterol was converted to its ester, which requires CETP for
transfer to other lipoproteins, a process that was much slower than that of spontaneous
[3H]cholesterol transfer from HDL [20–23].

[3H]Cholesterol efflux to rSOF-treated HDL and isolated neo HDL was greater than that to
HDL. This finding further supports the hypothesis that the increased efflux to plasma and
TLP post-rSOF treatment is due to a more rapid initial transfer to neo HDL than to HDL
(Supplementary Fig. 5a, c). Notably, a large fraction of the [3H]cholesterol efflux to rSOF-
treated HDL appeared in the CERM fraction (Supplementary Fig. 5b). As with TLP, the
fraction of [3H]cholesterol in the CERM was greater at 2 h than at 15 min. This further
supported our hypothesis that [3H]cholesterol transfer to non-neo HDL fractions in TLP was
spontaneous free cholesterol transfer and that cholesterol desorbs more rapidly from neo
HDL than from HDL. This was consistent with data showing that spontaneous lipid transfer
rates increase with decreasing particle size according to the Kelvin equation [21].

Differences in the size, charge, apo composition and PL content of neo HDL and HDL
might be mechanistically linked to differences in cholesterol efflux. Size probably does not
play an important role in the rate differences. When normalized to PL content, there was no
difference in efflux to rHDL of varying size and when normalized to particle number at
constant PL concentration, cellular FC efflux to larger particles was more efficient [22], the
opposite of our observations. Although HDL can have either α or pre β mobility and the
latter was a preferred plasma acceptor of cholesterol, there was little evidence that charge
was an important efflux discriminator. In contrast, the higher PL and apo A-II content of neo
HDL compared to HDL [10,11] could underlie the differences. Other studies support this;
normalized to PL content ABCG1-mediated FC to rHDL efflux is more highly correlated
with apo A-II (r2 = 0.7) than with apoA-I (r2 = 0.5); the underlying mechanism for this has
not been identified. On the other hand, both spontaneous and ABCG1-mediated efflux
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increases with HDL-PL [24,25]. This is supported by numerous studies with both rHDL and
modified plasma HDL [13–16]. Indeed, the similar increases in efflux to neo HDL and to
rSOF-treated plasma versus HDL and untreated plasma, respectively, are compelling
evidence that neo HDL and not lipid-free apo A-I, which is also formed by rSOF [10], is the
mechanistic link to increased efflux in plasma.

The studies of efflux from cells expressing ABCA1 and ABCG1 provide clues to the source
of the increased efflux to neo HDL (Fig. 4). The higher efflux to neo HDL versus HDL
again showed that neo HDL was a superior acceptor. More importantly, the higher efflux
from the ABCA1-expressing cells suggests that this transporter mediates the efflux to neo
HDL. A role for lipid-free apo A-I cannot be excluded in the efflux from plasma and TLP.
However, the similar increases in Cateff for efflux to plasma, TLP and isolated neo HDL,
which contains no lipid-free apo A-I, suggests that neo HDL and not lipid-free apo A-I was
the major acceptor. Although it has been suggested that ABCG1 is an important mediator of
efflux to lipidated species [26], other studies have not supported this and have shown that
pre β1-HDL is an efficient FC acceptor via ABCA1 [27]. Given the similarity between neo
HDL and pre β1-HDL particles with respect to size, smaller than HDL, efficient efflux via
ABCA1 was not unexpected. This finding was interesting in the context of the report that
cholesterol efflux to plasma correlates better with the concentration of pre β1-HDL than with
that of HDL [28].

LCAT Reactivity of HDL and Neo HDL
CE formation via LCAT was higher (+68%) in plasma treated with rSOF than in untreated
control plasma. LCAT catalyzed CE formation in neo HDL, the product of rSOF, was even
higher (+165%) than that of HDL. The smaller increase in whole plasma may be due to
some binding of LCAT to other lipoproteins such as LDL which is a poorer substrate [29].
Similarly, the higher rate of CE formation from neo HDL than from HDL suggests that
higher neo HDL-reactivity underlies the differences observed in plasma. The higher rate of
esterification in both rSOF-treated plasma versus control plasma and isolated HDL versus
neo HDL, may be due to the higher PL content of neo HDL versus HDL [10,11] and the
transfer of CE to CERM which could produce some modest relief of product inhibition. The
more likely explanation is that neo HDL has a lower FC/PL ratio than HDL and that high
cholesterol concentrations are inhibitory; the optimal FC/PL ratio for LCAT activity is 12.5
mol%, above which activity declines [30]. This optimum is considerably lower than the FC/
PL ratio of native HDL, ~25 mol% [31].

According to SEC of the respective products of the LCAT reaction against HDL and rSOF-
treated HDL in whole plasma, most of the radiolabel occurs with LDL + VLDL and LDL +
VLDL/CERM. However, the radiolabel in the VLDL/CERM fractions was higher than that
of the VLDL (Fig. 6a). A similar experiment in which the reaction mixture does not contain
VLDL or LDL also showed increased radiolabel in the CERM (Fig. 6b) suggesting that the
increased radiolabel seen in the void volume of Fig. 6a was bound to CERM as CE and not
to VLDL (Fig. 6). Whether the appearance of additional cholesterol in apo B lipoproteins is
beneficial cannot be stated with certainty. One view is that any increase in cholesterol in
VLDL and LDL is atherogenic. However, others opine that transfer to the apo B lipoproteins
helps clear more cholesterol via the non-HDL receptors. New work in our laboratory shows
that the CE transferred from HDL to CERM by rSOF is rapidly taken up by hepatocytes in
vitro [32] and in vivo in mice, cleared from plasma into the liver (Rosales et al., unpublished
work).
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Enhanced Reduction of Cytokine Secretion by Neo HDL Versus HDL
Hypercholesterolemia is associated with increased numbers of arterial macrophage foam
cells, a hallmark of an inflammatory state. HDL has anti inflammatory properties that
oppose the inflammatory properties of OxLDL, an effect that may be due to enhanced
cholesterol efflux to HDL [33,34]. Our data, which compare the effects of HDL and neo
HDL on the OxLDL-induced secretion of TNF-α and IL-6, show neo HDL producing nearly
twice the suppression of these two markers of inflammation. Thus, the rSOF reaction has the
potential to reduce inflammation via the formation of neo HDL.

rSOF: A Path to Improved RCT
Thus, rSOF activity against plasma might improve key steps in RCT, which comprises
macrophage cholesterol efflux that forms nascent HDL and esterification of nascent HDL-
cholesterol by LCAT. First, rSOF treatment increased cholesterol efflux under all
conditions, plasma, TLP, and isolated HDL. Cholesterol accumulation in macrophage foam
cells induces an inflammatory response, apoptosis, and other adverse effects associated with
atherogenesis [35]. Cholesterol efflux from macrophages to HDL and apoA-I is one
mechanism of atheroprotection [36,37].

Second, neo HDL was a better LCAT substrate than HDL even in whole plasma. Although
recent studies have shown that LCAT may be less important in RCT than once thought [38],
in the context of rSOF the LCAT reaction may be important to the final RCT step, hepatic
CE uptake, because a major fraction of HDL-cholesterol was transferred to the CERM
mostly as its ester. Future studies in vivo will determine the feasibility of an SOF-based
therapy, and provide a rationale for finding small molecules or peptides that catalyze the
SOF reaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Apo Apolipoprotein

rSOF Recombinant serum opacity factor

RCT Reverse cholesterol transport

HDL High density lipoprotein

rHDL Reconstituted HDL

LDL Low density lipoprotein

oxLDL Oxidized LDL

VLDL Very low density lipoprotein

TLP Total lipoprotein

LPDS Lipoprotein depleted serum
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LCAT Lecithin:cholesterol acyltransferase

ABC ATP-binding cassette transporter.

SEC Size exclusion chromatography

CVD Cardiovascular disease

FC Free cholesterol

CE Cholesteryl ester

CERM CE-rich microemulsion

TLC Thin layer chromatography
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Fig. 1.
Time-dependence of cholesterol efflux from THP-1 macrophages. a Plasma (1%) and
plasma (1%) after overnight incubation with rSOF (1 μg/mL) were incubated with
[3H]cholesterol-labeled macrophages for 0–2 h and the amount of radiolabel transferred to
media determined. b Similar data were collected for TLP (25 μg/mL) and TLP (25 μg/mL)
after incubation overnight with rSOF. c Similar data for transfer of radiolabel to isolated
HDL and neo HDL (both 25 μg/mL). The ratios of the slopes of rSOF derived acceptors to
controls in a–c were 2.4, 3.3, and 2.6, respectively. r2 > 0.95 for all plots. Closed circles a
control plasma, b control TLP, c HDL. Open circles a Plasma + rSOF, b TLP + rSOF, c neo
HDL. The efflux values were means ± SD of two experiments in triplicate. In a–c the error
bars were smaller than the symbols
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Fig. 2.
[3H]Cholesterol efflux from THP-1 macrophages to various acceptors. The acceptors were
plasma (a), TLP (b), and HDL (c) each with (open circles) and without (closed circles)
preincubation with rSOF for 18 h. Efflux to isolated HDL (closed circles) and neo HDL
formed from rSOF + HDL (open circles) is shown in (d). Insert in a shows efflux from
cholesterol-loaded macrophages to plasma. Other details are in “Materials” and Fig. 1. Two-
way ANOVA analysis of the regression plots indicated that rSOF pretreatment significantly
increased efflux to all of the acceptors (p < 0.001), and Bonferroni post tests indicated this
was true for all the concentrations tested (p < 0.01)
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Fig. 3.
SEC of 3% plasma, with and without rSOF pretreatment (3 h), after incubation with
[3H]cholesterol-labeled THP-1 macrophages. Cells were labeled and treated as in Fig. 1. a
Fifteen min incubation, b 2 h incubation. Plasma (continuous lines), plasma post-rSOF
(dashed lines). Media were transferred to tubes in wet ice and immediately analyzed by SEC
in which the effluent was monitored by absorbance at 280 nm (not shown) and by the
radioactivity of collected fractions. The peak elution fractions for CERM/VLDL, LDL,
HDL, and neo were 4, 12, 19, and 22 mL, respectively
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Fig. 4.
[3H]Cholesterol efflux from ABCA1- and ABCG1-transfected BHK cells to various protein
concentrations of HDL and neo HDL. HDL and neo HDL were incubated with radiolabeled,
mifepristone-induced cells for 3 h and the amount of the radiolabel transferred to media
determined. The control assays were done with non-induced cells. The efflux values are
means ± SD of two experiments in triplicate. Two-way ANOVA analysis of the regression
plots indicated that efflux to neo HDL was significantly greater than to HDL for the ABCA1
cells (p = 0.002) but that efflux to neo HDL and HDL was not significantly different for the
ABCG1 cells
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Fig. 5.
Effect of rSOF reaction on cholesterol esterification via LCAT. Isolated HDL was labeled
with [3H]FC as described in “Materials” and recombined with (LDL + VLDL) and LPDS
using amounts that returned all components to their original plasma concentrations. The
incubations were for 30 min at 37 °C. The esterification rates are means ± SD of two
experiments in triplicate. Statistical analysis by t test of HDL versus neo HDL under the
same conditions, **p < 0.01, ***p < 0.001
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Fig. 6.
Distribution of [3H]cholesterol among lipoprotein subclasses after incubation with LPDS for
30 min. Labeling is as in “Materials”. a Reconstituted whole plasma. SOF treatment of
plasma TLP increased non HDL-associated cholesterol from 69 to 86%. b HDL or rSOF-
HDL plus LPDS. Subtracting the radiolabel in HDL or neo HDL showed that SOF treatment
increased the non HDL-associated cholesterol from 22 to 65%. A similar pattern was
observed when the incubation with LPDS was reduced to 15 min. Some [3H]cholesterol
associated with a peak labeled “?” that was not identified but was likely a component of
LPDS because it appears both a and b
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Fig. 7.
Comparative attenuation of OxLDL-induced secretion of cytokines by HDL and neo HDL.
HDL and neo HDL attenuated OxLDL-induced IL-6 and TNF-α production in a dose-
dependent manner (Supplemental Fig. 9). For the data shown here, OxLDL (100 μg/mL)
was preincubated with 100 μg/mL of HDL or neo HDL for 1 h at 37 °C. Cells were then
incubated with OxLDL, HDL, neo HDL, HDL + OxLDL and neo HDL + OxLDL for 16 h.
IL-6 and TNF-α secretion were measured by ELISA. One-way ANOVA analysis with
Tukey's post-test indicated the means were significant as indicated ***p < 0.001, **p <
0.01, *p < 0.05
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