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HDL from CETP-deficient subjects
shows enhanced ability to promote
cholesterol efflux from macrophages in an
apoE- and ABCG1-dependent pathway

Fumihiko Matsuura,’ Nan Wang,' Wengen Chen,! Xian-Cheng Jiang,2 and Alan R. Tall

Division of Molecular Medicine, Department of Medicine, Columbia University, New York, New York, USA. 2Department of Anatomy and Cell Biology
and Scientific Computing Center, State University of New York, Downstate Medical Center, New York, New York, USA.

Genetic deficiency or inhibition of cholesteryl ester transfer protein (CETP) leads to a marked increase in
plasma levels of large HDL-2 particles. However, there is concern that such particles may be dysfunctional
in terms of their ability to promote cholesterol efflux from macrophages. Recently, the ATP-binding cassette
transporter ABCG1, a macrophage liver X receptor (LXR) target, has been shown to stimulate cholesterol
efflux to HDL. We have assessed the ability of HDL from subjects with homozygous deficiency of CETP
(CETP-D) to promote cholesterol efflux from macrophages and have evaluated the role of ABCG1 and other
factors in this process. CETP-D HDL-2 caused a 2- to 3-fold stimulation of net cholesterol efflux compared
with control HDL-2 in LXR-activated macrophages, due primarily to an increase in lecithin:cholesterol
acyltransferase-mediated (LCAT-mediated) cholesteryl ester formation in media. Genetic knockdown or
overexpression of ABCG1 showed that increased cholesterol efflux to CETP-D HDL was ABCG1 dependent.
LCAT and apoE contents of CETP-D HDL-2 were markedly increased compared with control HDL-2, and
increased cholesterol esterification activity resided within the apoE-HDL fraction. Thus, CETP-D HDL has
enhanced ability to promote cholesterol efflux from foam cells in an ABCG1-dependent pathway due to an

increased content of LCAT and apoE.

Introduction

Plasma HDL levels are inversely related to the risk of atherosclerotic
cardiovascular disease. Glomset first proposed that HDL might
mediate the transport of cholesterol from peripheral tissues back to
the liver (1). Central to this hypothesis was the concept that the leci-
thin:cholesterol acyltransferase (LCAT) enzyme in HDL would con-
vert free cholesterol (FC) to cholesteryl ester (CE), thereby creating
a gradient for FC efflux from cells to HDL. Cholesterol exchange
between cells and HDL can occur by aqueous diffusion and may be
facilitated by scavenger receptor, class B, type I (SR-BI) (2). However,
these pathways do not result in net cholesterol efflux unless accom-
panied by a compositional change in HDL, such as that produced
by the LCAT reaction. ABC transporters can promote net move-
ment of cholesterol from cells to acceptors in medium. ABCA1, the
defective gene in Tangier disease, promotes net phospholipid and
cholesterol efflux from cells to lipid-poor apoA-I, decreasing choles-
terol accumulation in macrophage foam cells and initiating HDL
formation in the liver (3). However, ABCAL1 interacts poorly with
plasma HDL (4). Recently, we and others have shown that another
transporter, ABCG1, promotes mass cholesterol efflux from cells
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to mature HDL particles, but not to lipid-poor apoA-I (5, 6). Both
ABCA1 and ABCG1 are abundant in macrophages, especially fol-
lowing cholesterol loading and activation of the transcription fac-
tors liver X receptor/retinoid X receptor (LXR/RXR), which target
the promoters of both transporters (7, 8).

In humans, CE generated by LCAT in HDL is transferred to
other lipoproteins by CE transfer protein (CETP). CETP promotes
the removal of CE from HDL in exchange for triglycerides (TGs)
derived primarily from very low-density lipoprotein (VLDL) or
chylomicrons. Homozygous genetic deficiency of CETP due to an
intron 14 splicing defect results in absence of CETP in plasma,
dramatic elevations in HDL cholesterol and apoA-I levels, and
moderate reductions in LDL cholesterol and apoB levels (9). Based
on this phenotype, CETP inhibition was proposed as a strategy to
increase HDL levels in humans (10, 11). Potent CETP inhibitors
have been developed that cause marked increases in HDL levels
and smaller decreases in LDL cholesterol levels (12-14).

Despite the dramatic lipoprotein phenotype, there has been
concern that large CE-rich HDL particles accumulating in CETP
deficiency (CETP-D) might have impaired ability to mediate cho-
lesterol efflux from macrophage foam cells (15). In part, the con-
cern is related to the fact that ABCA1 only uses small pre-f HDL
particles or lipid-poor apoA-I as a substrate, and such particles are
not increased in CETP-D (16). Indeed, since the hydrolysis of HDL
TGs secondary to CETP-mediated CE-TG exchange results in the
release of lipid-poor apoA-I, it is possible that the regeneration of
apolipoprotein acceptors for ABCA1 is impaired in CETP-D. More-
over, in 1 study, CETP-D HDL showed decreased cholesterol efflux
from foam cells compared with control HDL (17). The recent dis-
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Figure 1

HDL-2—-mediated mass cholesterol efflux from mac-
rophages. Mouse peritoneal macrophages (MPMs) or
THP-1 cells were incubated for 24 hours in DMEM con-
taining AcLDL (50 ug protein/ml) with TO (3 uM), then
cholesterol efflux was performed for 8 hours with HDL
(50 ug/ml HDL protein) added to media. (A) HDL-2—
mediated cholesterol efflux from MPMs. The data
show the increase in TC, FC, and CE mass in media
and represent mean + SEM of 9 independent experi-
ments. *P < 0.01, #P < 0.05 versus control HDL-2.
(B) Cholesterol removal from MPMs by HDL-2.
The data show the mass of cholesterol remaining in
cells at the end of the efflux period and represent
mean + SEM of values from 9 independent experi-
ments. *P < 0.01, #¥P < 0.05 versus no addition of
HDL-2; TP < 0.05 versus control HDL-2. (C) HDL-2—
mediated cholesterol efflux from MPMs treated
with or without TO. The data show the increase in
TC mass in media and represent mean + SD of an
experiment performed in triplicate. *P < 0.05, ver-
sus control HDL-2. (D) HDL-2—-mediated cholesterol
efflux from THP-1 macrophages. The data represent
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covery of the role of ABCG1 in mediating cholesterol efflux to HDL
particles, including HDL-2 (5, 6), has led us to reevaluate the ability
of HDL from CETP-D subjects to mediate cholesterol efflux from
macrophage foam cells and the role of ABCG1 in this process.

Results
Plasma lipoprotein characterization. The serum lipoprotein profile
of 4 homozygous CETP-D patients is shown in Supplemental
Table 1 (supplemental material available online with this article;
doi:10.1172/JCI127602DS1). The serum HDL cholesterol levels in the
patients were 3- to 4-fold higher compared with those in controls.
The serum concentrations of apoA-I and apoE in the patients were
also markedly increased. The HDL-2 from the patients (n = 4) was
rich in CE and poor in TGs compared with controls (CE: 0.52 + 0.04
[mean + SD] versus 0.29 + 0.11 mg/mg HDL protein, P = 0.02;
TGs: 0.06 +0.01 versus 0.13 + 0.01 mg/mg HDL protein, P = 0.002)
(Supplemental Figure 1). However, there was no significant dif-
ference in FC/protein or total phospholipid/protein ratios or in
HDL-3 composition when CETP-D and control subjects were com-
pared. As assessed by the 4-15% nondenaturing PAGE, the particle
size of CETP-D HDL-2 was substantially larger than that of con-
trol HDL-2 (11.5 £ 0.2 and 9.7 £ 0.1 nm [mean + SD], P < 0.001).
Thus, the compositional and size characteristics of HDL used in
this study were similar to those in earlier reports (17-19).

CETP-D HDL-2 has enhanced ability to promote cholesterol efflux from
macrophages, reflecting an increase in CE formation in media. ABCA1
and ABCG1 are induced in macrophage foam cells as a result of
increased transcription mediated by LXR/RXR (7, 8). Therefore,
we first investigated net cholesterol efflux to the HDL-2 from the
CETP-D patients using mouse peritoneal macrophages treated
with the LXR activator (T0901317 [TO0]). In order to assess func-
tionality of HDL particles, CETP-D and control HDL were added
to media at the same protein concentration (50 ug/ml). As shown
in Figure 1A, total net cholesterol efflux was increased 2.2-fold
(n=4; P=0.012) for CETP-D HDL, compared with control. This
reflected a 2.5-fold increase in CE accumulation in media and a
1436
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mean + SD of an experiment performed in triplicate.

CE *P < 0.01, versus control HDL-2.

1.9-fold increase in FC. Conversely, measurement of cellular cho-
lesterol mass showed a 2.6-fold-larger reduction in total choles-
terol (TC) for CETP-D HDL-2 compared with control (Figure 1B),
reflecting a larger decrease in cellular CE content. The percentage
of TC efflux from cells was also significantly enhanced for CETP-D
HDL-2, compared with control (9.3% + 2.9% versus 3.6% + 2.1%,
respectively; P = 0.002). Thus, CETP-D HDL-2 had increased abil-
ity to decrease CE accumulation in macrophages.

To investigate the effect of LXR activation on HDL-2-medi-
ated cholesterol efflux, we examined net TC efflux to HDL-2
from mouse macrophages treated with or without TO (Figure 1C).
LXR activation induced a 2- to 3-fold increase in mass cholesterol
efflux. CETP-D HDL showed increased ability to promote choles-
terol efflux for both basal and LXR-activated macrophages. Finally,
CETP-D HDL-2 also had markedly enhanced ability to promote net
cholesterol efflux from human THP-1 macrophages (Figure 1D).
We also tested net cholesterol efflux from TO-stimulated THP-1
macrophages using 3 different concentrations of HDL-2 (Supple-
mental Figure 2). Increasing concentrations of HDL-2 enhanced
net cholesterol efflux to both CETP-D and control HDL-2. The
difference between CETP-D and control HDL-2 tended to increase
at higher HDL concentration. These data suggest that in CETP-D,
both a higher HDL concentration and increased cholesterol efflux
potency of HDL particles could increase the cholesterol efflux
potential of the HDL fraction. We next compared net cholesterol
efflux to HDL-2 with that to HDL-3 in TO-stimulated mouse mac-
rophages (Supplemental Figure 3). HDL-3 had less ability to pro-
mote net cholesterol efflux than HDL-2 and did not promote CE
accumulation in media. Moreover, there was no significant differ-
ence in the cholesterol efflux between the CETP-D and the control
HDL-3. This is consistent with the finding that CETP-D HDL-3,
though slightly increased in amount, has similar composition and
size to control HDL-3.

Effect of suppression of ABCG1 expression by siRNA on HDL-2—medi-
ated cholesterol removal from mouse macrophages. Next, we examined the
effect of suppression of ABCG1 by siRNA on HDL-2-mediated cho-
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Effect of suppression of ABCG1 expression by siRNA on HDL-2—-mediated cholesterol efflux from macro-
phages. Mouse macrophages (MPMs) were transfected with siRNA against ABCG1 or scrambled control
siRNA (160 nM) for 48 hours. Cholesterol efflux was performed for 8 hours in DMEM containing HDL-2
(50 ug/ml HDL protein). (A) HDL-2—mediated cholesterol efflux from cells. The data show the increase in TC
mass in media and represent mean + SD of an experiment performed in triplicate. *P < 0.05 versus control
HDL-2, in cells transfected with scrambled control siRNA. (B) The cholesterol removal from cells by HDL-2
was estimated by changed intracellular cholesterol mass in the cells. The data show TC mass remaining in
cells at the end of the incubation period and represent mean + SD of an experiment performed in triplicate.
*P < 0.05 versus cells transfected with scrambled control siRNA. Protein level of ABCG1 normalized against

B-actin was determined by Western blot analysis (inset).

lesterol efflux from TO-stimulated mouse macrophages (Figure 2).
The removal of cholesterol by the CETP-D HDL-2 was significant-
ly higher than that by the control HDL-2, as reflected by both the
media and cellular cholesterol contents. The difference in cholesterol
efflux between the CETP-D and the control HDL-2 was abolished by
the suppression of ABCG1 expression (ABCG1 protein expression in
the macrophages transfected with siRNA for ABCG1 was 20-30% of
thatin the cells with scrambled control siRNA; Figure 2B, inset).

ABCGI-mediated cholesterol efflux from human embryonic kidney 293
cells to HDL-2. To confirm that lipid-rich large HDL-2 has increased
potency in promoting cholesterol efflux facilitated by ABCG1, we
studied net cholesterol efflux to HDL-2 from ABCG1-transfected
human embryonic kidney (HEK) 293 cells (Supplemental Figure 4).
The ABCG1-mediated cholesterol efflux to the CETP-D HDL-2
from ABCG1-HEK 293 cells was significantly increased compared
with that from the control. The increased cholesterol efflux to the
CETP-D HDL-2 was due to enhanced accumulation of both CE and
FC. Together these results indicate that CETP-D HDL-2 enhances
cellular cholesterol efflux in an ABCG1-dependent fashion.

Isotopic cholesterol efflux to HDL from TO-stimulated mouse macro-
phages. The isotopic cholesterol efflux to the CETP-D HDL-2
was slightly but significantly increased compared with that of
the control HDL-2 (Supplemental Figure S), while the HDL-3
fractions showed no difference. While these data could suggest
an increase in net cholesterol efflux for CETP-D HDL, isotopic
efflux data are difficult to interpret because of the large contri-
bution of cholesterol exchange.

Immunoblot analysis of LCAT, apoA-I, and apoE in HDL-2. The promi-
nent increase in CE mass in media suggested an increase in LCAT-
mediated cholesterol esterification in CETP-D HDL in the pres-
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described previously (19).

To directly evaluate wheth-
er there was increased CE for-
mation in media, cells were
labeled with [3H]acetyl-LDL
([*HJAcLDL) and washed
extensively, HDL was added
to media, and formation of
[*H]CE in media was deter-
mined. This showed an
increase in [*H]CE formation
in media containing CETP-D HDL (Figure 3B). Moreover, this
increase was markedly reduced by preincubation of HDL with an
LCAT inhibitor (diethyl p-nitrophenyl phosphate [E600]). This
effect was incomplete, likely due to partial reversal of LCAT inhi-
bition when the inhibitor was diluted into media for the efflux
experiments. To further evaluate the role of LCAT in cholesterol
efflux activity, the mass efflux was measured in the presence of
E600 (Figure 3C). The inhibitor markedly reduced total and CE
accumulation in media. Thus, the increase in total and esterified
cholesterol in media is primarily due to increased LCAT-mediated
cholesterol esterification. However, in the presence of the E600, the
CETP-D HDL still showed an increase in FC efflux compared with
control, indicating that CETP-D HDL has an LCAT-independent
ability to promote higher levels of FC efflux (Figure 3C, middle
panel), indicating an additional property of the CETP-D HDL-2
that increases cholesterol efflux potential.

Relationship between sphingomyelin content of HDL-2 and cellular choles-
terol efflux. Recently, Bolin et al. reported that sphingomyelin (SM)
inhibits the binding of LCAT to HDL (23). Furthermore, Subbaiah et
al. showed that a decreased SM/phosphatidylcholine (SM/PC) ratio
of HDL-2 after treatment with sphingomyelinase (SMase) increases
LCAT activity (24). This led us to measure the PC/SM ratio in the
HDL-2 fractions (Figure 4). The SM/PC ratio of HDL-2 from the
CETP-D patients was significantly decreased compared with that
of the control HDL-2 (0.10 + 0.02 versus 0.19 + 0.01, respectively;
P <0.005). However, there was no significant difference in the SM/PC
ratio between the CETP-D and the control HDL-3.

To further explore a potential relationship between the SM/PC
ratio of HDL and cholesterol efflux, we pretreated HDL-2 with
SMase and then carried out cholesterol efflux studies. The SM/PC
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Figure 3

Analysis of LCAT, apoA-l, and apoE mass in HDL-2, and the effect of LCAT inhibitor on net cholesterol efflux to HDL-2 from macrophages and
isotopic CE formation in media containing HDL-2. (A) Twenty micrograms HDL protein was analyzed by SDS-PAGE, blotted onto a nitrocellulose
membrane, and incubated with indicated antibodies. C1—4, control HDL-2; P1—-P4, CETP-D HDL-2. (B) Isotopic CE formation in media containing
HDL-2. THP-1 macrophages were incubated in RPMI-1640 containing [?H]AcLDL with TO for 24 hours, then cholesterol efflux was performed
for 8 hours in RPMI-1640 containing HDL-2 (50 ug/ml HDL protein) preincubated with or without 2 mM of LCAT inhibitor (LCAT-I; E600). The
data represent mean + SD of an experiment performed in triplicate. *P < 0.005, versus control HDL-2. (C) Net cholesterol efflux to HDL-2 treated
with E600 from THP-1 macrophages. Macrophages were treated with TO and AcLDL for 24 hours, then cholesterol efflux was performed for 8
hours in RPMI-1640 containing HDL-2 (50 ug/ml HDL protein) pretreated with or without E600. The data represent mean + SD of an experiment
performed in triplicate. *P < 0.005, **P < 0.0005, versus control HDL-2. Similar data were obtained in 2 separate experiments.

ratio of normal HDL-2 treated with SMase was decreased to about
60% of that of nontreated normal control HDL-2 (0.19 + 0.01 ver-
sus 0.12, respectively) (Figure 4). Compared with nontreated con-
trol HDL-2, the SMase-treated normal HDL-2 showed enhanced
cholesterol efflux, as indicated by an increase in both FC and CE in
media (Figure 4). However, in this instance, the efflux was primar-
ily driven by FC rather than CE formation.

The role of apoE in cholesterol efflux to HDL-2 in TO-stimulated macro-
phages. The ability of HDL from homozygous CETP-D patients to
promote cholesterol efflux from mouse macrophages was previ-
ously investigated by Ishigami et al. (17), who showed that apoE-
free HDL-2 in CETP-D could not protect macrophages from cho-
lesterol accumulation. In that study, apoE was removed from the
HDL fraction by heparin affinity chromatography. Therefore,
we investigated whether the difference from the results of the
earlier study could be related to the removal of apoE from the
samples. We used heparin-sepharose affinity chromatography
to isolate apoE-free HDL-2 from the holo-HDL-2 fraction. In
this experiment, the holo-HDL-2 from a CETP-D subject medi-
ated increased net cholesterol efflux and CE formation from
macrophages, as expected. However, the apoE-free HDL-2 had
diminished ability to promote cholesterol efflux, and there was
no difference between CETP-D and control HDL-2 (Figure 5, B
and C). Interestingly, there was no increase in CE in media for
apoE-free HDL-2, even though this fraction still contained LCAT
(Figure SA). This suggests that LCAT activation in the HDL-2
fraction depends on apoE. Consistent with this idea, the abil-
1438

The Journal of Clinical Investigation

http://www.jci.org

ity of CETP-D HDL-2 to promote CE accumulation in media
required the presence of apoE (Figure 5C). Moreover, the apoE-
containing fraction of CETP-D HDL-2 showed enhanced choles-
terol esterification activity (as shown by a drop in FC content)
when incubated in a cell-free system, while the apoE-free HDL-2
fraction showed very little FC-to-CE conversion for either control
or CETP-D HDL (Figure 5D). Of the total HDL-2 fraction, there
was more cholesterol in the apoE-containing fraction for the
CETP-D sample (25.6% of total HDL-2 cholesterol), compared
with the control (17.4% of total HDL-2 cholesterol). Thus, the
substantially increased cholesterol esterification and cholesterol
efflux activities of CETP-D HDL-2 reside in a somewhat more
abundant apoE-containing fraction.

In view of the increased content of apoE in CETP-D HDL, we also
considered the possibility that there might be a change in binding
or particle reuptake of HDL-2 by cells. Indeed, we found that spe-
cific binding of CETP-D HDL-2 to cells was slightly increased and
that a larger component of binding was inhibited by heparin for
CETP-D HDL (Supplemental Figure 6). Thus, we considered the
possibility that increased net cholesterol efflux might be related
to increased apoE-mediated particle binding to cells. However, we
found that heparin treatment actually led to an increase in cho-
lesterol accumulation in media that was similar for control and
CETP-D HDL (Supplemental Figure 6), most likely reflecting
decreased apoE-mediated particle uptake. This excludes the pos-
sibility that differences in CE accumulation in media are related to
arole of apoE in binding or reuptake of particles.
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8 hours in DMEM containing HDL-2 (50 ug/ml HDL protein). The data represent mean + SD of an experiment performed in triplicate. #P < 0.01,
versus normal control HDL-2. Similar data were obtained in 2 separate experiments.

Discussion

We undertook this study in order to evaluate the functionality
of HDL from subjects with genetic CETP-D in terms of its ability
to promote cholesterol efflux from macrophages. Surprisingly,
we found enhanced cholesterol efflux for CETP-D HDL. This
appears to be related to a very high content of LCAT and apoE
in HDL particles from CETP-D subjects, driving net cholesterol
efflux by promoting cholesterol esterification in the HDL par-
ticles. Our studies reveal a key role of LCAT and apoE in mass
cholesterol efflux and show that large HDL can directly mediate
cholesterol efflux in an ABCG1-dependent fashion. Our data are
consistent with earlier studies, in which Mahley and associates
showed that large, apoE-rich HDL decreased f-VLDL-induced
cholesterol and CE accumulation in foam cells in association with
protection from atherosclerosis in different animals models (25).
Our mechanistic findings also match the extensive epidemiologi-
cal data indicating that subjects with high levels of large-sized
HDL particles (a-1, a-2, pre-a-1, and pre-a-2) or specifically the
HDL-2 (a-1 and a-2) subclass may be protected from atheroscle-
rotic cardiovascular disease (26).

The finding of high LCAT protein levels in CETP-D HDL might
be related to the decrease in SM/PC ratio in CETP-D HDL par-
ticles. Alternatively it could be related to increased particle size or
CE content. In reconstituted HDL particles, an increasing ratio of
SM/PC was shown to inhibit the LCAT reaction, by decreasing the
binding of enzyme to the HDL (23). Thus, for a constant amount
of LCAT, decreasing the SM/PC ratio of HDL would be expected to
increase LCAT activity and cholesterol efflux, as observed follow-
ing SMase treatment (Figure 4). In vivo it is possible that there is an
equilibrium between LCAT bound to HDL and free LCAT and that
catabolism occurs more rapidly from the non-HDL-bound pool; a
similar situation has been described for CETP (27). The dramatic
increase in LCAT protein observed in CETP-D HDL might reflect
such a process in vivo. In the cell culture experiments, increases
in both LCAT protein and activity appear to drive CE formation
in media. Experiments using an LCAT inhibitor showed that the
increase in cholesterol esterification activity was the primary
mechanism driving cellular cholesterol efflux and CE formation
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in media (Figure 3). However, there was an additional component
of efflux of FC that was independent of LCAT and increased in
the CETP-D HDL. In part this could also be related to an altered
SM/PC ratio of CETP-D HDL-2, since SMase treatment of normal
HDL-2 results in a marked increase in FC efflux activity. There
could also be other factors, such as an increase in apoA-I/apoA-II
ratio that occurs in CETP-D HDL-2, as in some studies, lipopro-
tein apoA-I (LpA-I) has shown increased cholesterol efflux capacity
compared with LpA-I/A-II (28).

Normally LDL is relatively enriched in SM compared with HDL.
The decrease in SM/PC ratio observed in CETP-D HDL may arise
because of a defect in exchange of PC and SM in vivo that would
normally drive the SM/PC ratio of LDL and HDL toward equi-
librium. In addition to its neutral lipid exchange activity, CETP
promotes exchange of choline-containing phospholipids (PC, SM)
between HDL and LDL (29). A related but functionally distinct
plasma phospholipid transfer protein (PLTP) mediates the net
transfer of phospholipids from TG-rich lipoprotein into HDL (30)
but appears to be relatively inactive in the exchange of phospholip-
ids between LDL and HDL (29). These distinct biochemical prop-
erties of CETP and PLTP may account for the changes in SM/PC
ratio of CETP-D HDL. The decreased SM content of CETP-D HDL
could also be a factor in increasing apoE in these particles, as SM
has been shown to decrease binding of apoE to HDL (23).

A surprising finding was the apparent key role of apoE in stimu-
lating the LCAT reaction within the HDL-2 fraction. Removal of the
apoE from the HDL-2 by heparin affinity chromatography resulted
in loss of the ability of HDL to promote CE accumulation in media
and accounted for the difference in results between the present and
an earlier study (17). Although apoA-I is able to activate the LCAT
reaction in reconstituted discoidal HDL particles, within large
spherical CE containing particles, it may be limited in this function,
and apoE may then play a key role. Indeed, earlier studies suggested
a requirement for apoE and LCAT in promoting significant HDL
CE formation and cholesterol efflux from macrophages (31) and a
structural role of apoE in enabling swine HDL to incorporate addi-
tional layers of CE within its core (32). These findings are also con-
sistent with recent observations of Parks and colleagues who found
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Figure 5

Net cholesterol efflux to apoE-free HDL-2 from macrophages and CE formation in media contain-
ing apoE-free HDL-2. ApoE was removed from HDL by heparin-sepharose chromatography, then
the cholesterol efflux studies were using the holo-HDL-2 fraction or HDL-2 depleted of apoE. (A)
Immunoblot analysis of LCAT, apoE, and apoA-| in the holo—HDL-2 fraction and the apoE-free HDL-2.
(B) Isotopic CE formation in media containing holo—HDL-2 or apoE-free HDL-2. THP-1 macrophages
were incubated in RPMI-1640 containing [3H]AcLDL with TO for 24 hours, then cholesterol efflux was
performed for 8 hours in RPMI-1640 containing HDL-2 (50 ug/ml HDL protein). The data represent
mean + SD of an experiment performed in triplicate. 1P < 0.001, versus apoE* control HDL-2. (C)
Net cholesterol efflux to holo-HDL-2- and apoE-free HDL-2 from THP-1 macrophages. Macrophages
were treated with TO and AcLDL for 24 hours, and then cholesterol efflux was performed for 8 hours
in RPMI-1640 containing HDL-2 (50 ug/ml HDL protein). The data represent mean + SD of the
experiment performed in triplicate. *P < 0.05, **P < 0.01, versus apoE+*-control HDL-2. (D) LCAT
activity of HDL-2 particles. FC content of HDL-2 fraction was measured using the enzymatic method
before and after incubation in plastic tubes for 8 hours at 37°C with gentle shaking. The reduced
FC mass of HDL-2 was estimated as the actual LCAT activity. The data represent mean + SD of an
experiment performed in triplicate. *P < 0.05, #P < 0.005 versus 0 hours.

terol efflux to normal apoE-free HDL.
This could be because in the absence
of cholesterol esterification, the HDL
FC content rapidly reaches an equilib-
rium with the plasma membrane FC.
However, in the presence of ongoing
cholesterol esterification, the gradient
between cells and HDL is continually
restored, driving net cholesterol efflux.

Overall, our findings tend to refute
the rather prevalent idea that HDL
from subjects with CETP-D is dysfunc-
tional (33). Moreover, SR-BI that has a
key role in clearing HDL CE in the liver
(atleast in rodents) also efficiently pro-
motes selective uptake from CETP-D
HDL (34, 35). In the absence of CETP,
hepatic clearance of HDL CE presum-
ably occurs by apoE-mediated particle
uptake or via SR-BL. Thus, there is
unlikely to be an overall defect in reverse
cholesterol transport in CETP-D.
However, the relative importance of
different efflux pathways involving
ABCG1, ABCA1, and SR-B1 in vivo
is still unknown, and the possibility
remains that a theoretically impaired
ability of CETP-D to regenerate lipid-
poor apoA-I could contribute to a
defect in cholesterol efflux via ABCAL.

Recent studies using CETP inhibi-
tors in rabbits have provided encour-
aging results and suggest that HDL
elevation is antiatherogenic (12, 13,
36, 37). However, human clinical data
on atherosclerotic cardiovascular dis-
ease in subjects with genetic CETP-D
has not led to any definite conclusion
(38-41). The final verdict on CETP
inhibition as a therapy for atheroscle-
rotic cardiovascular disease will come
from ongoing phase III trials.

Methods

Study subjects. The subjects were 4 Japa-
nese patients referred to Osaka Univer-
sity Hospital, Japan, who were diagnosed
as homozygous CETP-D due to a G-to-A

that apoE has a essential role in stimulating cholesterol esterifica-
tion on LDL particles and suggested the importance of apoE as an
LCAT activator on large spherical lipoproteins (22).

Gene knockdown and overexpression of ABCG1 indicated an
essential role in the ability of CETP-D HDL to stimulate increased
cholesterol efflux. ABCG1 appears to act in the macrophage plasma
membrane to increase the availability of cholesterol to HDL as well
as other lipoprotein and non-lipoprotein acceptors (5). However,
ABCG1 does not specifically bind HDL, and the mechanism of efflux
could be increased passive diffusion subsequent to an increase in
plasma membrane cholesterol content. Our present findings suggest
a somewhat limited capacity for ABCG1 to promote mass choles-
1440
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mutation in the 5'-splice donor site of intron 14 (42); informed consent
was obtained from each patient. Four normolipidemic healthy Japanese
volunteers were used as controls.

Serum lipid and lipoprotein analysis. Fasting serum levels of TC, TG,and HDL
cholesterol were assayed by standard enzymatic procedures. The serum con-
centrations of apoA-I, apoB, and apoE were determined by a single radial
immunodiffusion (43). CETP activity and protein mass of the patients were
measured by the methods of Kato et al. (44) and Sato et al. (45).

Isolation of HDL from plasma. From all subjects, 12-hour fasting venous
blood samples were collected into syringes containing 0.01% Na, EDTA.
HDL-2 and HDL-3 fractions were isolated from plasma by sequential
ultracentrifugation at densities of 1.125 and 1.210 g/ml, respectively.
Number S
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The isolated lipoprotein fractions were dialyzed against PBS, pH 7.4,
using cellulose ester dialysis membrane (mol wt cutoff: 10 kDa; Spec-
trum Laboratories Inc.). Cholesterol, TG, and phospholipid concen-
trations in HDL-2 and HDL-3 were determined using commercial kits
(Wako Pure Chemical Industries Ltd.). The diameter of HDL particles
was determined by electrophoresis on 4-15% nondenaturing polyacryl-
amide gradient gels (Bio-Rad). Electrophoresis was performed in Tris-
borate buffer (0.09 M Tris, 0.09 M boric acid, 0.002 M Na, EDTA, pH 8.3),
and gels were stained with Coomassie blue.

Cells. HEK 293 cells and thioglycollate-elicited mouse (wild-type mice:
8-week-old C57BL/6 male mice from the Jackson Laboratory) peritoneal
macrophages were grown in DMEM containing 10% FBS. Human mono-
cyte cell line THP-1 cells were grown in growth medium (RPMI-1640 medi-
um containing 10% inactive FBS with 50 uM f-mercaptoethanol) and were
differentiated to macrophages in growth medium containing 200 ng/ml
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich).

Plasmid constructs and cell transfection. The plasmid constructs expressing
mouse ABCG1 were prepared by cloning mouse full-length cDNAs into
pCMV-SPORTE6 vector. When HEK 293 cells reached 70-80% confluence in
collagen-coated plates, the cells were transiently transfected with the con-
structs using LipofectAMINE 2000 (Invitrogen Corp.). Twenty-four hours
after the transfection, the cells were used for cholesterol efflux experiments.

Net cholesterol efflux assays. Twenty-four hours after HEK 293 cells were
transfected with plasmid expressing ABCG1 or control empty vector
(mock), the cells were incubated for 8 hours in DMEM containing 0.1% BSA
in the presence or absence of HDL-2 (50 ug protein/ml). After the incuba-
tion with HDL, the lipid fractions were extracted from the efflux medium
with hexane. After drying under N, gas, the mass of cholesterol dissolved in
the hexane was determined by using gas-liquid chromatography.

Thioglycollate-elicited mouse peritoneal macrophages or THP-1 macro-
phages were first incubated in DMEM or RPMI-1640 containing 0.5% FBS
with or without LXR agonist (T0, 3 uM; Sigma-Aldrich) and with AcLDL
(50 ug protein/ml) for 24 hours. Then cholesterol efflux was performed
for 8 hours at 37°C in DMEM or RPMI-1640/0.1% BSA with the indicated
concentrations of HDL-2 or HDL-3. In each experiment, medium contain-
ing HDL was incubated in wells either with cells or without cells. At the
end of the 8-hour incubation, the lipid fractions were extracted from the
efflux medium or cells using hexane and hexane/isopropanol (3:2, vol /vol),
respectively. The HDL-mediated net cholesterol efflux was calculated by
subtraction of cholesterol mass of the medium cultured without macro-
phages from that of the medium cultured with cells. The percentage of
cholesterol efflux to HDL from cells was calculated by HDL-mediated net
cholesterol efflux in media divided by total cellular cholesterol mass. In
selected experiments, the reduction in cholesterol mass in cells (FC and
CE) was also determined by subtracting the cholesterol mass for cells incu-
bated in media without HDL from that of cells incubated in media with
HDL. When measured in the same experiment, the reduction of cholesterol
mass in cells approximated the increase in cholesterol mass in media.

Isotopic cholesterol efflux assay. Mouse macrophages were incubated in
DMEM containing [*H]AcLDL (50 ug/ml) with TO (3 uM) for 24 hours.
Cholesterol efflux was performed for 2 or 5 hours in DMEM/0.1% BSA con-
taining HDL-2 or HDL-3 (50 ug/ml HDL protein). The cholesterol efflux
is expressed as the percentage of the radioactivity released from the cells in
the medium relative to the total radioactivity in cells plus medium.

siRNA-mediated macrophage RNA interference. RNA interference to sup-
press ABCG1 expression in mouse macrophages was performed as previ-
ously described (5). For cholesterol efflux assays, mouse macrophages were
cultured in DMEM/10% FBS at 37°C for 24 hours. The culture medium
was removed and changed to DMEM/0.5% FBS. The cells were transfected
with siRNA (160 nM) and LipofectAMINE 2000 for 48 hours. Twenty-four
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hours after the transfection, TO (3 uM) and AcLDL (50 ug protein/ml) were
added to each well. The cells were washed with PBS, and then the choles-
terol efflux was performed for 8 hours in DMEM/0.1% BSA in the presence
or absence of HDL-2 (50 ug/ml HDL protein). Protein levels of ABCG1
normalized against -actin were determined by Western blot analysis.

Immunoblot analysis of LCAT, apo A-1, and apoE in HDL. The protein content
of the HDL separated from plasma was determined by the Bio-Rad protein
assay. HDL samples (20 ug) were boiled with SDS sample buffer (0.00625 M
Tris-HCI pH6.8, 2% SDS, 5% 2-mercaptoethanol, 10% sucrose, and 0.002%
Coomassie blue R-250) at 95°C for 10 minutes. Equal amounts of HDL
protein were separated by SDS- PAGE on 4-15% SDS-polyacrylamide gradi-
ent gel (Bio-Rad) and then blotted onto nitrocellulose membrane. LCAT,
apoA-I,and apoE proteins were detected using anti-human LCAT polyclonal
antibody (400-107A2; Novus Biological Inc.), anti-human apoA-I monoclo-
nal antibody (ab17278; Abcam), or anti-human apoE monoclonal antibody
(ab1906; Abcam). Primary antibodies were detected using a peroxidase-con-
jugated anti-rabbit or anti-mouse antibody and revealed by chemilumines-
cence (ECL Plus reagent; Amersham Biosciences).

Treatment of HDL with SMase. After HDL-2 was dialyzed against PBS, pH
7.4, without EDTA, the incubation of HDL-2 with SMase from Bacillus
cereus (Sigma-Aldrich) was carried out for 1 hour at 37°C using 1.4 U
SMase/mg HDL protein. The reaction was stopped by the addition of 1 mM
EDTA. To remove free SMase from the samples, HDL-2 was dialyzed
against PBS with EDTA, pH 7.4, using cellulose ester dialysis membrane
(MWCO: 100K; Spectrum Laboratories Inc.).

Measurement of SM and PC content of HDL. Total phospholipid content of
HDL was assayed by the enzymatic method (Wako Pure Chemical Industries
Ltd.). SM content of HDL was measured as previously described (46). PC
concentration was obtained by subtracting the concentration of SM from
that of the total phospholipid.

HDL association with TO-stimulated mouse peritoneal macrophages. HDL-2
was labeled with ['?°]] in IODO-GEN Pre-Coated Iodination Tubes
(Pierce Biotechnology), and then free- [!2°I] was removed from the
labeled HDL-2 samples using NAPS columns (Amersham Biosciences),
and ['?SIJHDL-2 was dialyzed in PBS, pH7.4, for 24 hours. For HDL-2-
cell association, TO-stimulated mouse macrophages were incubated with
['#I]JHDL-2 (1.5 ug/ml) in DMEM/0.1% BSA with or without heparin
(5 mg/ml; Sigma-Aldrich) for 1 hour at 37°C. After washing 3 times with
fresh medium, the cells were lysed with 0.1% SDS/0.1 N NaOH lysis buf-
fer, and radioactivity was determined by y counting. Nonspecific binding
was determined by the addition of 50-fold excess of unlabeled HDL-2.
Specific cell association was calculated by the subtraction of nonspecific
cell association from total cell association.

Isotopic CE formation by HDL-2. HDL-2 was pretreated with LCAT inhibi-
tor, E600 (2 mM; Sigma-Aldrich) for 0.5 hours at room temperature.
THP-1 macrophages were incubated in RPMI-1640 containing [*H|]AcLDL
(50 ug/ml) with TO (3 uM) for 24 hours, and cells were washed with fresh
medium. Cholesterol efflux was performed for 8 hours in RPMI-1640/0.1%
BSA containing 200 ng/ml of PMA in the presence of HDL-2 (50 ug/ml
HDL protein) pretreated with or without E600. HDL-2 pretreated with
E600 was directly added to the efflux medium (final concentration of
E600 in the media was 0.2 mM). Lipids extracted from media with hex-
ane were applied to thin-layer chromatography (TLC) plates (20 x 20 cmy;
Silica Gel 60; Merck KGaA). Hexane/ethyl ether/acetic acid (70:30:1, vol/
vol/vol) was used to develop the TLC plates. Cholesteryl oleate was used
as a nonradioactive CE standard. The location of CE for each sample was
determined by visualization under iodine. [’H]CE mass was measured by
liquid scintillation counting.

Statistics. Statistical significance was determined using 2-tailed Stu-
dent’s ¢ test. P < 0.05 was considered statistically significant.
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