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TGF-f3 increases cholesterol efflux and ABC-1
expression in macrophage-derived foam cells:
opposing the effects of IFN-vy
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Abstract The regulation of ATP-binding cassette transporter
1 (ABC-1) expression by cytokines present within the micro-
environment of the atheroma may play an important role in de-
termining the impact of reverse cholesterol transport on the
atherosclerotic lesion. We recently reported that the macro-
phage-activating cytokine interferon (IFN)-y inhibited both
cholesterol efflux and ABC-1 expression. In the present study,
we investigated the effects of transforming growth factor
(TGF)-$, a cytokine also apparent within the atheroma, on cho-
lesterol efflux, ABC-1 expression, and its ability to antagonize
the inhibitory effects of IFN-y. TGF-p significantly increased
cholesterol efflux in macrophage-derived foam cells from apo-
lipoprotein E (apoE) knockout mice, with maximal effects appar-
ent at 300 pg/ml. The increases in efflux occurred without any
effect on the passive diffusion component of efflux mediated
by B-cyclodextrin. Furthermore, the increase in cholesterol ef-
flux occurred without any changes in free or esterified choles-
terol pools and was consistent with an increase in both ABC-1
message and protein. Finally, TGF-§ was also demonstrated to
inhibit the IFN-y-mediated down-regulation of ABC-1.HR These
results further demonstrate the importance of cytokine cross-
talk to impact the process of reverse cholesterol transport
through a multitude of processes including the regulation of
ABC-1.—Panousis, C. G., G. Evans, and S. H. Zuckerman.
TGF-$ increases cholesterol efflux and ABC-1 expression in
macrophage-derived foam cells: opposing the effects of IFN-y.
J- Lipid Res. 2001. 42: 856—863.
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Macrophage-high density lipoprotein (HDL) interac-
tions are believed to play a critical role in modulating the
process of reverse cholesterol transport (1-3). The regu-
lation of reverse cholesterol transport within the microen-
vironment of the atherosclerotic lesion is likely to reflect
the balance between lipoprotein acceptor species, as well as
cytokine concentrations (both pro- and anti-inflammatory)
to which the macrophage-derived foam cells are exposed.
Previous studies from this laboratory, as well as others,
have focused on the effects of the pro-inflammatory mac-
rophage-activating factor interferon (IFN)-y in promoting
atherosclerotic lesion progression (4-6). The effects of
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IFN-y are multifactorial and are believed to be due to
macrophage activation. To this extent, IFN-y-activated
macrophages exhibit decreased apolipoprotein E (apoE)
secretion, increased metalloproteinases and class II anti-
gen expression, increased production of nitric oxide, thus
contributing to oxidant radical injury, and reduced scav-
enger receptor (SR) activity (7-11). Additional changes
involve cholesterol trafficking within the foam cell, includ-
ing a reduction in cholesterol efflux associated with both
an increase in acyl-CoA:cholesterol acyltransferase (ACAT)
activity, a reduction in ABC-1 expression, and a reduction
in surface binding of fluorochrome-conjugated HDL (4,
5,11, 12).

In contrast to these effects, TGF-f is believed to have
anti-inflammatory properties, as evidenced by the profound
systemic inflammatory response reported for TGF-f3 knock-
out (KO) mice (13). TGF-B effects on macrophages in-
clude the induction of tissue inhibitors of metalloprotein-
ases, the inhibition of both nitric oxide and superoxide
production, and the increase in expression of the inter-
leukin-1 receptor antagonist (14—16). Through the inhi-
bition of metalloproteinase activity and increase in matrix
deposition, it would be expected that TGF-§ could contrib-
ute to plaque stability. Furthermore, the ability of TGF-$ to
increase apoE synthesis could also, by reverse cholesterol
transport, result in plaque regression (17). However, these
effects are confounded by the ability of TGF-$ to inhibit
both type A and B SR expression including the down-
regulation of SR-BI and CD36 in macrophage-derived
foam cells (12, 18). In contrast, TGF-$ has been suggested
to contribute to the pathology associated with arterial rest-
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acetylated low density lipoprotein; apo, apolipoprotein; BSA, bovine se-
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saline; SR, scavenger receptor; TGF, transforming growth factor.
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enosis. Vascular injury following balloon angioplasty has
been reported to increase TGF-B expression in smooth
muscle cells with the ensuing intimal hyperplasia being re-
duced with neutralizing anti-TGF-$ antisera (19, 20).

Human clinical studies measuring total and active TGF-
B have produced conflicting results in terms of TGF-3 lev-
els and atherosclerosis. Serum concentrations of active
TGF-B were reported to be reduced in patients with ath-
erosclerosis (21, 22). In contrast, an increase in plasma
concentrations of active TGF- associated with the pres-
ence of coronary artery disease, and in situ localization of
TGF-B has been reported in fibrofatty lesions, as well as in
human vascular restenotic lesions (23-25).

Whether TGF- plays a role in lipid accumulation and
fatty streak formation within the intima is still not known.
It has been suggested that the protective effects of tamox-
ifen in lipid lesion formation in apoE KO mice were medi-
ated through the induction of increased levels of TGF-3 in
the aorta (26). Furthermore, in apoE KO mice treated
with anti-CD40L antibody, increased levels of TGF- were
associated with lipid poor lesions, supporting a “protective
cytokine” hypothesis (27).

The present study was designed to further address the
role of TGF-B in modulating reverse cholesterol transport
by focusing on its effects in cholesterol efflux from
macrophage-derived foam cells. TGF-B-treated macro-
phages exhibited a significant increase in cholesterol efflux
mediated either by lipid-free apoA-I or HDL but not cyclo-
dextrin, suggesting that only the active process of efflux
was up-regulated. Furthermore, the demonstration of these
effects in foam cells derived from apoE KO mice clearly
eliminates a confounding role for apoE in modulating ef-
flux. The increases in A-I-mediated efflux were consistent
with an increase at both the transcriptional and transla-
tional levels in the amount of ABC-1 expression in TGF-{3-
treated foam cells. Finally, and in accordance with the
ability of TGF-B to compete with IFN-y effects, TGF-3 re-
versed the IFN-y-mediated inhibition of cholesterol efflux
in macrophage-derived foam cells by mitigating the inhibi-
tory effects of IFN-y on ABC-1 expression. These findings
further support the hypothesis that TGF-8 may have
atheroprotective properties by increasing efflux and re-
ducing macrophage foam cell formation.

EXPERIMENTAL PROCEDURES

Reagents and cells

Peritoneal macrophages were collected from thioglycolate-
elicited apoE KO or BALB/c mice (Jackson Laboratories, Bar
Harbor, ME) by lavage, and cultured in RPMI 1640 medium con-
taining 2% fetal calf serum (Hyclone Laboratories, Logan, UT).
TGF-1 was obtained from R&D Systems, Inc. (Minneapolis,
MN), and recombinant murine IFN-y from Biosource Interna-
tional (Camarillo, CA). Acetylated low density lipoprotein
(Ac-LDL), HDL, and lipid-free apoA-I were purchased from
Intracel (Issaquah, WA). Methyl-B-cyclodextrin, fatty acid-free
bovine serum albumin (BSA), and anti-rabbit immunoglobulin
G (I,G) conjugated to horseradish peroxidase were purchased
from Sigma (St. Louis, MO). [4-!*C]cholesterol was obtained

from New England Nuclear (Boston, MA); [a-%2P]dATP from
Amersham (Arlington Heights, IL).

Cholesterol efflux

Cholesterol efflux was measured as previously described (4).
Briefly, peritoneal macrophages were converted to foam cells by
incubation with 50 pg/ml of Ac-LDL in RPMI 1640 medium
containing 2% serum for 48 h, in the presence of 0.4 wCi/ml
[4-*C]cholesterol. Subsequently, cells were washed with phos-
phate-buffered saline (PBS), and treatments added for an addi-
tional 48 h in RPMI 1640 containing 1 mg/ml fatty acid-free
BSA. After treatments, cells were washed once again, and incu-
bated with either BSA, HDL, apoA-I, or methyl-B-cyclodextrin
for 6 h. Following incubation, radioactivity in the supernatants
and monolayers was measured. Cholesterol efflux was expressed
as the percentage of counts in the supernatant versus total [4-C]
cholesterol counts.

Neutralizing ABC-1 antisera

A 189-amino acid sequence from mouse ABC-1 (1378 Glu-
1566 Val) corresponding to the predicted extracellular loop be-
tween the sixth and seventh transmembrane domain was ampli-
fied by reverse transcription polymerase chain reaction (PCR)
using the primers 5-AGCCTGGAATTCCAGCCCTGGATGT-3’
and 5"-ATCTGCGGCCGCCTACTTGGTCAGCTTCA-3’, incor-
porating a 5’-EcoRI and a 3'-Not I restriction site, and cloned to
PET-30a(+) vector (Promega, Madison, WI) downstream of a
6xHis-tag. The fusion protein was solubilized under denaturing
conditions using 8 M urea, affinity purified using Ni-NTA super-
flow resin (Qiagen, Valencia, CA), and used for immunizing rab-
bits (Zymed). The animals were boosted at 6 weeks, bled at 10
weeks, and sera affinity purified against the fusion protein.

Immunoblots

Peritoneal macrophages from apoE KO mice were seeded at
2 X 106 cells/well in a 6-well plate, and converted to foam cells
by incubation with 50 wg/ml Ac-LDL for 48 h. Following in-
cubation, foam cells were incubated for an additional 48 h with
TGF-B, IFN-y, or diluent for 48 h in 0.1% BSA, RPMI 1640.
Foam cells were washed once with PBS, and solubilized in sam-
ple buffer containing 8 M urea, 2% sodium dodecyl sulfate, 50
mM Tris, pH 8.0, and 10% glycerol. Sample aliquots, equal to
5 X 10° cells, were separated by a 3-8% polyacrylamide gel
(Novex) in Tris-Acetate buffer. Equal loading was confirmed by
replica Coomasie blue stained gels. Proteins were transferred to
nitrocellulose membranes (Amersham) and probed with the af-
finity purified anti-ABC-1 sera. Immunopositive bands were visu-
alized using a peroxidase conjugated secondary goat anti-
rabbit Ig antibody, followed by enhanced chemiluminescence
(ECL; Promega). Bands corresponding to ABC-1 were quantified
using densitometry.

Northern blots

Total RNA was extracted from cells using the DNA/RNA isola-
tion kit (Qiagen) followed by a polyA™ purification with an Oli-
gotex mRNA kit. Two micrograms of polyA™ RNA were electro-
phoresed on a 0.7% denaturing agarose-formaldehyde gel and
transferred to Nytran nylon membranes overnight by using the
Turboblotter system (Schleicher & Schuell). Hybridizations were
performed overnight at 42°C with [a-3?P]dATP PCR-amplified
DNA probes labeled with random primers (Gibco). Primers for
ABC-1, ACAT-1, and S-29 have previously been reported (5).
Quantification was performed using a phosphorimager (Molec-
ular Dynamics, Sunnyvale, CA).
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Cholesterol analysis

Lipids from [#C]cholesterol-labeled foam cells, untreated or
treated with TGF-3, were extracted with hexane —isopropanol 3:2
(v/v), dried under vacuum, resuspended in chloroform -
methanol 2:1 (v/v) and separated by thin-layer chromatography
on silica G plates (Whatman, Kent, England). The chromato-
gram was developed in a solvent system containing petroleum
ether—ethyl ether—acetic acid 90:10:1 (v/v/v) and then air
dried. Radiolabeled bands that co-migrated with cholesterol and
cholesteryl oleate standards were quantitated by phosphorimag-
ing, and expressed as relative counts of triplicates.

RESULTS

Previous studies from this lab (4, 5) have demonstrated
that the macrophage-activating cytokine IFN-y decreased
cholesterol efflux from macrophage-derived foam cells
through processes that involved the up-regulation of
ACAT activity and levels, as well as a decrease in ABC-1 ex-
pression. In the present study, the anti-inflammatory cy-
tokine TGF- was investigated both in terms of its effects
on cholesterol efflux and its impact on the reduction in
cholesterol efflux mediated by IFN-y. In contrast to the ef-
fects of IFN-y, treatment of peritoneal macrophage-
derived foam cells with TGF-$ for 48 h resulted in a 20%
increase in cholesterol efflux compared with untreated
cells, using either HDL or lipid-free apoA-I as the acceptor
species (Table 1). TGF-3, however, increases apoE (an apo
known to mediate cholesterol efflux) secretion 3-fold, sug-
gesting a possible mechanism for the TGF- effect on
macrophages (17). To exclude the up-regulation of apoE
secretion as contributing to the increase in cholesterol ef-
flux, all subsequent efflux experiments were performed
using peritoneal macrophages from apoE KO mice and
lipid-free apoA-I as a cholesterol acceptor. As demon-
strated (Fig. 1A), the TGF-B effect was even more pro-
nounced in this cell type and reached up to a 60% in-
crease in cholesterol efflux compared with the untreated
cells, suggesting that the effect of TGF-f is independent of

TABLE 1. TGF-B increases cholesterol efflux in
macrophage-derived foam cells

TGF-3¢ Cholesterol Efflux’
ng/ml %

0 18.49 (0.48)
0.01 19.68 (0.32)
0.1 20.00 (0.23)

1 20.47 (0.88)
10 22.10 (0.18)°¢

“ Peritoneal macrophages from BALB/c mice were converted to
foam cells with 50 pg/ml Ac-LDL in the presence of [*C]cholesterol
for 48 h. Subsequently, foam cells were treated in the presence or ab-
sence of increasing concentrations of TGF-B in RPMI 1640 medium
containing 1 mg/ml fatty acid free BSA for an additional 48 h.

® Cholesterol efflux to 20 wg/ml lipid-free apoA-I was measured
for 6 h and expressed as a percentage of [1*C]cholesterol efflux. Repre-
sentative experiment of three, parentheses indicate the standard devia-
tion of the mean from triplicate cultures.

¢ Significant difference with control (P < 0.01) by a two-tailed un-
paired Students ttest.
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Fig. 1. TGF-B increases cholesterol efflux in macrophage-derived
foam cells. Peritoneal macrophages from apoE KO mice were con-
verted to foam cells with 50 wg/ml Ac-LDL in the presence of
[MC]cholesterol for 48 h. Subsequently, foam cells were treated in
the presence or absence of increasing concentrations of TGF-§ in
RPMI 1640 medium containing 1 mg/ml fatty acid-free BSA for an
additional 48 h. A: Cholesterol efflux to 20 wg/ml lipid-free apoA-I
was measured for 6 h and expressed as a percentage of [4C]choles-
terol efflux. * Indicates a significant difference from the non-TGF-
B-treated control efflux (P < 0.01) by a two-tailed Student’s un-
paired ttest. Brackets represent the mean * standard deviation
from triplicate cultures. B: The percentage of cholesterol efflux was
evaluated with increasing concentrations of apoA-I as the acceptor
species in control foam cells and those incubated with 1 ng/ml
TGF-B. Representative experiment of three, each value represents
the mean * standard deviation of triplicate cultures. * Statistically
significant difference from the control at comparable apoA-I con-
centrations that by a two-tailed Student’s unpaired #test, P < 0.03 at
2 and 40 pg/ml of apoA-I, and P < 0.01 at 4 and 20 pg/ml of apoA-I
concentrations.

apoLE secretion. The increase in cholesterol efflux was
dose dependent and reached maximum levels at 0.3 ng/
ml of TGF-B. Furthermore, the TGF-§ effect was apparent
at all concentrations of apoA-I in which efflux was de-
tected, and reached a plateau for both untreated and
treated cells at 20 pg/ml apoA-I, suggesting that TGF-3
up-regulates a rate-limited process involved with cholesterol
efflux (Fig. 1B).

Cholesterol efflux can be mediated either by an active
process that requires the apo part of an HDL particle, or
through a passive pathway that involves the movement of
cholesterol from the plasma membrane to an acceptor
down a cholesterol concentration gradient (28-31). To
determine the pathways TGF-§ affected, the rate of cho-
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Fig. 2. TGF-B specifically up-regulates apo-mediated cholesterol
efflux. Foam cells were incubated in the presence or absence of 1
ng/ml TGF-B for 48 h. Cholesterol efflux was measured in either
media alone, 20 pg/ml apoA-I, 1 mM methyl-B-cyclodextrin, or 100
pg/ml HDL. Representative experiment of three, brackets indicate
the standard deviation of the mean. * Significant at P < 0.01,
* significance at P < 0.00001 by a two-tailed unpaired Student’s
ttest.

lesterol efflux between control and TGF-B-treated foam
cells was evaluated using apoA-I, methyl-B-cyclodextrin, or
HDL as the cholesterol acceptor: apoA-I is involved in the
active process of cholesterol efflux, methyl-B-cyclodextrin
in the passive pathway, and HDL particles can mediate ef-
flux by both processes (29, 32). As demonstrated (Fig. 2),
TGF-B-treated foam cells exhibited a significant increase
in cholesterol efflux using 20 wg/ml apoA-I or 100 wg/ml
HDL as cholesterol acceptors. In contrast, although a sig-
nificant cholesterol efflux (23%) occurred within 6 h with
methyl-B-cyclodextrin (I mM), no difference was appar-
ent with TGF-. These results suggest that TGF-$ specifi-
cally up-regulates only the active process of cholesterol ef-
flux and has no effect on the passive diffusion of free
cholesterol from the plasma membrane to cyclodextrin.
Furthermore, and consistent with the lack of effect of
TGF-B on passive efflux, there were no changes in the free
and esterified cholesterol pools (Fig. 3A) or in ACAT-1 ex-
pression (Fig. 3B). These results suggest that the increase
in cholesterol efflux was not due to a shift in intracellular
cholesterol pools to free cholesterol or to a reduction in
ACAT message.

To determine whether the TGF-B effect on cholesterol
efflux was mediated through an up-regulation of ABC-1, a
Northern analysis was performed in foam cells treated
with TGF-B for 48 h. As shown (Fig. 4A), treatment with
TGF-B resulted in a 34% increase in ABC-1 mRNA (P <
0.001) compared with untreated foam cells, suggesting a
possible mechanism by which TGF-3 stimulated cholesterol
efflux. It has been shown that ABC-1 is a sterol sensitive
gene (33). Loading macrophages with Ac-LDL induces an
increase in ABC-1 expression, whereas de-loading the cho-
lesterol from these cells by inducing cholesterol efflux re-
sults in the down-regulation of ABC-1. To investigate
whether the mechanism by which TGF-B induces ABC-1
also involves a sterol component, ABC-1 message was quan-
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Fig. 3. Lack of effect of TGF-$ on cholesterol pools or ACAT-1
message levels. A: Foam cells labeled with [4C]cholesterol were in-
cubated in the presence or absence of 5 ng/ml TGF-@ for 48 h. Lip-
ids were extracted using hexane—isopropanol (3:2), and free cho-
lesterol (FC) and cholesteryl esters (CE) were separated by thin-
layer chromatography, and quantitated by phosphorimaging. Each
value represents the mean * the standard deviation as indicated by
the error bars. B: PolyA* RNA isolated from control or TGF-B-incu-
bated macrophages derived from both non-lipid-laden and foam
cells were evaluated by Northern analysis using PCR-radiolabeled
probes for ACAT-1 and S-29.

titated before and after efflux in foam cells. As shown (Fig.
4B), TGF-f was not able to prevent the down-regulation
induced by cholesterol efflux because in both treated and
untreated cells, a 65% and 61% reduction of message, re-
spectively, was observed. These results thus demonstrate
that TGF-B-mediated increases in cholesterol efflux were
consistent with an increase in ABC-1 expression.
Although TGF-$ was unable to inhibit the reduction in
ABC-1 levels following cholesterol efflux, the ability of
IFN-y to reduce efflux in macrophage-derived foam cells
raised the possibility that TGF- might inhibit the IFN-y-
mediated effects on efflux and ABC-1 expression. To ex-
plore this possibility, macrophage-derived foam cells were
treated with increasing concentrations of IFN-y in the
presence or absence of 5 ng/ml TGF-3 (Fig. 5). The
down-regulation of cholesterol efflux by IFN-y was ob-
served at 0.5 U/ml and was maximal by 3 U/ml. Treat-
ment with TGF-B resulted in a dose-dependent inhibition
of the IFN-y effect. At 1 U/ml of IFN-y, cholesterol efflux
was down to 5.4% from 13.8% in the untreated cells, and
17.2% in the IFN-y + TGF-B-treated cells compared with
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Fig. 4. Up-regulation of ABC-1 expression by TGF-. Macro-
phages were converted to foam cells by incubation with Ac-LDL for
48 h, and then for an additional 48 h in the presence or absence of
5 ng/ml TGF-B. A: Following treatment, polyA™ RNA was isolated
and subjected to Northern blot analysis using PCR-radiolabeled
probes specific for mouse ABC-1 and S-29. Radiolabeled bands
from three independent experiments were quantified by a phos-
phorimager, and expression was adjusted to S-29. Brackets indicate
the standard deviation of the mean. * Significant difference be-
tween control and TGF-B treated cells (P < 0.001) by a two-tailed
unpaired Student’s ttest. B: Representative Northern blot demon-
strating ABC-1 expression before and after 6-h cholesterol efflux in-
duced by 100 pg/ml HDL in control and TGF-B-treated foam cells.

18.2% in the cells treated with TGF-B alone. These results
suggest an inhibition of the IFN-y effect by TGF-. Finally,
at 10 U/ml of IFN-y, cholesterol efflux was down to 3.2%
and remained inhibited despite the presence of TGF-,
suggesting that at higher concentrations of IFN-y, the
ability of TGF-B to mitigate the inhibitory effects on cho-
lesterol efflux was no longer apparent.

To determine whether the TGF-B-mediated antagonism
of IFN-y on cholesterol efflux involved similar changes in
ABC-1 expression, protein levels of ABC-1 were tested by
Western blot. For this analysis, an affinity-purified anti-
serum was developed against the predicted extracellular
loop between the sixth and seventh transmembrane do-
main (1378 Glu-1566 Val) of ABC-1. As shown (Fig. 6),
treatment with 5 ng/ml of TGF-B resulted in an approxi-
mately 2-fold increase in ABC-1 protein, whereas consis-
tent with our previous mRNA results (5), IFN-y signifi-
cantly reduced the expression of ABC-1. When the two
cytokines were added simultaneously, TGF-$ was able to
counteract the IFN-y effect in a dose-dependent manner.
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Fig. 5. Dose-dependent reversal of the IFN-y effect on cholesterol
efflux by TGF-B. Peritoneal macrophages were incubated with 50
pg/ml Ac-LDL in the presence of [1*C]cholesterol for 48 h. Fol-
lowing incubation, cells were co-incubated with increasing concen-
trations of IFN-y in the presence or absence of 5 ng/ml TGF-f.
Cholesterol efflux was measured after 6-h incubation with 20 pg/
ml apoA-I, and expressed as the percentage of total [*C]choles-
terol appearing in the medium. Representative experiment of
three, each value represents the mean * SD of triplicate cultures.

At 3 U/ml of IFN-y, co-incubation with TGF-3 resulted in
an inhibition of the IFN-y effect as ABC-1 protein was raised
back to levels observed when cells were incubated with
TGF- alone. However, at 5 U/ml of IFN-y, and consistent
with the efflux results, TGF-3 was not able to block the
down-regulation of ABC-1 by IFN-y. These results suggest that
TGF-B can antagonize and thus have a protective effect
against the down-regulation of ABC-1 and, consequently,
the reduction of cholesterol efflux mediated by IFN-y.
Finally, in an attempt to determine directly the contri-
bution of ABC-1 surface expression on apoA-I-mediated
cholesterol efflux, foam cells were pretreated with the anti-
ABC-1 sera prior to the addition of apoA-I, and efflux was
measured 6 h later. As apparent (Fig. 7), this antisera was
capable of reducing A-I-mediated efflux by 40% compared
with a rabbit IgG control. The specificity of this antisera on
ABC-1-mediated efflux was apparent, as it had no effect
on cyclodextrin-mediated cholesterol efflux compared with
the IgG control. Although the extent of efflux inhibition
was not comparable with that observed with optimal con-
centrations of IFN-vy, it was difficult to achieve a significant
molar excess of antibody over A-I acceptor and still have
significant efflux through the active A-I-mediated process.
Thus, these results further support a role for TGF-$ in
promoting the process of reverse cholesterol transport.

DISCUSSION

The mechanistic understanding of carrier-mediated ef-
flux in reverse cholesterol transport has been aided through
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Fig. 6. TGF-B increases ABC-1 expression and inhibits its down-
regulation by IFN-y. Macrophage-derived foam cells were treated
or not with 5 ng/ml TGF-§ in the absence or presence of increasing
concentrations of IFN-y for 48 h. Following incubation, cell lysates
corresponding to 5 X 10° cells were electrophoresed on 3—-8% gra-
dient gels and analyzed by Western blot using rabbit anti-mouse
ABC-1 antisera at 1.2 pg/ml, followed by a peroxidase-conjugated
secondary antibody, and visualized by ECL. A doublet (=220 kDa)
corresponding to ABC-1 was detected with this antisera that was not
apparent with an appropriate [,G control.

the cloning and association of mutations in the ABC-1 as
the basis for Tangier disease (34-36). In our previous
studies, a phenotype similar to that observed in Tangier
disease was apparent in IFN-y-stimulated macrophage-
derived foam cells (4, 5). IFN-y resulted in inhibition of
cholesterol efflux through a mechanism that involved
both the up-regulation of ACAT-1 and the decrease in
ABC-1 expression. These studies provided the first evi-
dence for a direct link between inflammation and ABC-1
regulation. In the present study, the effects of TGF- on
control and IFN-y-stimulated foam cells were investigated.
TGF-B, in contrast to IFN-y, increased cholesterol efflux
from foam cells. The increase in cholesterol efflux was de-
fined only in the active component of this process and was
associated with an up-regulation of ABC-1 at both the
transcriptional and translational levels. Furthermore, and
consistent with its potential anti-inflammatory properties
and in atherogenesis (37), TGF- abrogated the IFN-y-
mediated inhibition of both cholesterol efflux and the
down-regulation of ABC-1.

In Tangier cells where the ABC-1 gene is mutated, it has
been shown that apo-mediated cholesterol efflux to free
apoA-I or to HDL particles was defective, whereas passive
efflux mediated by B-cyclodextrin remained unimpaired
(38, 39). In the present study, TGF-$ increased apo-medi-

35T
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Fig. 7. Anti-ABC-1 antibody decreases cholesterol efflux to apoA-I.
Peritoneal macrophages from apoE KO mice were converted to
foam cells by incubation with 50 wg/ml Ac-LDL for 48 h. Following
incubation, the lipoprotein-containing medium was changed to
0.1% BSA, RPMI 1640 for 24 h. Cholesterol efflux to either 4 ng/
ml apoA-I or 1 mM methyl-B-cyclodextrin was measured in the pres-
ence of 40 pg/ml anti-ABC-1 antibody or 40 pg/ml rabbit IgG con-
trol. Error bars indicate the standard deviation of the mean from
triplicates. This experiment was repeated twice. * Significant differ-
ence between anti-ABC-1 and control IgG (P < 0.05) by a two-tailed
unpaired Student’s #test.

ated cholesterol efflux without affecting cyclodextrin-
mediated efflux. These effects on efflux were consistent
with the increased ABC-1 expression induced by TGF-3.
The fact that TGF-B up-regulated only the active compo-
nent of cholesterol efflux was further confirmed by the
demonstration that TGF-f treatment did not result in
changes in either ACAT-1 message or in free and esteri-
fied cholesterol pools. These results are distinct from
those previously reported for IFN-y where changes were
detected in ACAT-1 activity, free cholesterol pools, as well
as in ABC-1 levels (4, ).

Recently, the ability of SR-BI to inhibit ABC-1-mediated
cholesterol efflux has been reported (40). SR-Bl-trans-
fected RAW264.7 cells exhibited reduced cholesterol ef-
flux to lipid-free apoA-I or HDL upon stimulation with
cAMP. Furthermore, a neutralizing antibody against SR-BI
caused an increase in cholesterol efflux, thus suggesting
that SR-BI competes with ABC-1-mediated cholesterol ef-
flux for the re-uptake of nascent HDL cholesterol. In ad-
dition, we recently reported that TGF-B mediates the
down-regulation of HDL binding in foam cells and that
the effect was consistent with the down-regulation of the
type B SRs, CD36 and SR-BI (12). These observations sug-
gest that the up-regulation of apo-mediated efflux by TGF-
may involve mechanisms beyond ABC-1 including the dy-
namic balance between type B SRs and members of the
ABC transporter family. Clearly, the presumed decreased
rate of the re-uptake of nascent HDL cholesterol due to
down-regulation of the type B SRs may also play a role.
However, the contribution of SR-BI in peritoneal mac-
rophages may be limited, as message levels for CD36 are
far more abundant (12). Although its efficiency is 7-fold
less than SR-BI, CD36 can also facilitate the selective up-
take of HDL cholesterol (31), suggesting that the down-
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regulation of CD36 by TGF-B could result in reduced
HDL cholesterol re-uptake, and thus contribute to the in-
crease in cholesterol efflux.

TGF-B has potent immunomodulatory effects such as
the inhibition of Thl development and the reversal of
IFN-y-induced macrophage activation (41, 42). TGF-B in-
hibits IFN-y-mediated processes including the up-regulation
of nitric oxide synthase, the release of TNF-a and oxygen
radicals, and the killing of intracellular microorganisms
(15, 42, 43). In this study, the down-regulation of ABC-1
by IFN-y in peritoneal macrophages was also inhibited by
TGF-B. The mechanism by which TGF-f inhibits IFN-y re-
sponses in macrophages is still not completely understood
(44, 45). It has been reported that TGF-§ decreases IFN-y
receptor expression by 30-35% in murine bone marrow
macrophages (44); however, this reduction alone is un-
likely to explain the abrogation of the IFN-y response.
The ability of IFN-y to regulate TGF-B-stimulated pro-
cesses has also been reported. IFN-vy, for example, can in-
hibit TGF- signaling pathways by inducing the expres-
sion of Smad?7, an antagonistic Smad that prevents the
interaction of Smad3 with the TGF receptor (46). Whether
the up-regulation of ABC-1 by TGF-§ is mediated directly
through an interaction of Smad with the ABC-1 promoter
remains to be determined.

Regulation of ABC-1 expression in macrophages has
been reported through cAMP-dependent processes and
by changes in intracellular sterol concentrations (33, 47,
48). Recently, however, it was shown that sterol loading
per se does not directly regulate ABC-1 expression but,
rather, the availability of sterol-derived liver X receptor
(LXR) ligands. Costet et al. (49) reported that sterol-
dependent transactivation of ABC-1 is mediated through a
LXR/retinoid X receptor (RXR) heterodimer, and identi-
fied a DR4 element in the human ABC-1 promoter that is
required for the activation of the gene. These results were
further confirmed using specific ligands for the LXR and
RXR receptors, and suggests the importance of these nu-
clear receptors in regulating ABC-1 expression (50).

The regulation of ABC-1 expression and the ensuing
impact on apoA-I-mediated cholesterol efflux can therefore
be mediated by sterols, cyclic nucleotides, and, as further
characterized in the present study, cytokines modulating
macrophage activation. Clearly, the role of inflammation
in mediating the progression of atherosclerosis is estab-
lished. The mechanisms by which this occurs and the rela-
tionship between pro- and anti-inflammatory cytokines
within the atherosclerotic lesion in modulating the pro-
cess of reverse cholesterol transport remain an area re-
quiring further understanding. B3
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