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Abstract

The scavenger receptor (ScR) mediates uptake of chemically
modified low density lipoprotein (LDL) by human monocyte-
derived macrophages. It is not down-regulated by high intracel-
lular cholesterol levels, and exposure of macrophages to acety-
lated or oxidized LDL therefore leads to foam cell develop-
ment. The hypothesis that this represents an important
mechanism for intracellular cholesterol accumulation in athero-
sclerosis is supported by the finding of ScR expression in foam
cells of atherosclerotic plaques. T lymphocytes are also present
in such plaques and it is known that T cell products regulate
macrophage activation. Wehave therefore studied the effect of
interferon-'y (IFN'y), a lymphokine secreted by activated T
lymphocytes, on the expression of ScR in human monocyte-
derived macrophages. Binding and uptake of acetylated LDL
were significantly reduced in macrophages exposed to recombi-
nant IFNy or IFN-y-containing lymphocyte-conditioned media.
Competition experiments showed that the IFNy-regulated bind-
ing and uptake of acetylated LDL was mediated via ScR. IFN'y
exerted its effect on the saturable binding of acetylated LDL by
reducing the number of cell surface binding sites without signifi-
cantly affecting the affinity between acetylated LDL and its
receptor. Northern analysis revealed that the type I ScR
mRNAwas significantly reduced in IFNy-treated cells. Fi-
nally, IFN'y treatment reduced intracellular cholesteryl ester
accumulation and inhibited the development of foam cells in the
cultures. In conclusion, our data show that IFNy blocks the
development of macrophage-derived foam cells by inhibiting
expression of ScR. This suggests that macrophage-T lympho-
cyte interactions may reduce intracellular cholesterol accumu-
lation in the atherosclerotic plaque. (J. Clin. Invest. 1992.
89:1322-1330.) Key words: atherosclerosis * cholesterol * low
density lipoprotein * lipoprotein receptors * lymphokines

Introduction

The appearance of lipid-laden foam cells is one of the hall-
marks of the atherosclerotic plaque. Most of these cells express
phenotypic markers of macrophages and are probably derived
from circulating monocytes (1-4). The transformation of the
monocyte-derived macrophage into a lipid-laden foam cell is
still not completely understood, but it is likely that receptor-
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mediated uptake of cholesterol-rich particles is of critical im-
portance for the transformation process (4, 5).

Studies of lipid metabolism in cultured macrophages have
led to the identification of a special type of lipoprotein recep-
tor, the scavenger receptor (ScR),' on these cells (5). ScR medi-
ates uptake of lipoproteins and other proteins with an in-
creased negative charge by receptor-expressing macrophages
and endothelial cells (6). Among these modified lipoproteins
are acetylated low density lipoprotein (AcLDL) and oxidized
forms of LDL (7). In contrast to the receptor for native LDL
(LDL-R), ScR is not down-regulated by increases in the intra-
cellular cholesterol level (8). Therefore, the macrophage will
continue to take up and process modified lipoproteins Via ScR
as long as it is present in the extracellular milieu. This results in
an intracellular cholesterol accumulation and the transforma-
tion of the macrophage into a foam cell.

ScR cDNAs have recently been cloned both from bovine
(9, 10), human (1 1), and murine sources (12). Two different
types of ScR were identified, both of which are glycoproteins
that appear to bind their ligands via a collagen-like domain in
the extracellular carboxy-terminal portion of the molecule.
Both the larger type I and the smaller type II ScR mRNAspe-
cies were found in macrophage cell lines and macrophage-rich
tissues including atherosclerotic plaques (9-13).

The regulation of ScR expression is largely unclear, but it
has been observed that it increases when monocytes differen-
tiate into macrophages (14) and when promonocytic cell lines
such as THP- I are stimulated by phorbol esters (15, 16). This
suggests that ScR expression is linked to the differentiation
and/or activation of the cell.

Macrophage activation is a two-step process in which the
cell is first "primed" by the lymphokine, interferon-y (IFNy),
which is released by activated T lymphocytes. The primed mac-
rophage is capable of responding to activating stimuli such as
bacterial endotoxins, resulting in an increased phagocytosis,
free radical production, and the activation of the hexose mono-
phosphate shunt (17).

The relation between macrophage differentiation and ScR
expression and the role of IFNy in the former made it reason-
able to believe that IFNy might affect ScR expression. Wehave
therefore analyzed the effect of IFNy on ScR expression in
human monocyte-derived macrophages. IFNy treatment re-
sulted in down-regulation of ScR on the mRNAlevel and was
followed by reduced AcLDL binding and internalization. This
resulted in a decreased cholesteryl ester accumulation and an
inhibition of the transformation of these macrophages into
foam cells.

1. Abbreviations used in this paper: AcLDL, acetylated LDL, DiI, 1,1'-
dioctadecyl-1-3,3,3',3'-tetramethylindocarbocyanine perchlorate; HS,
human serum; LCM, lymphocyte-conditioned medium; LDL-R, re-
ceptor for native LDL; LPDS, lipoprotein-deficient serum; ScR, scaven-
ger receptor(s), receptor for modified LDL.
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Methods

Macrophage cultures. Buffy coats from the blood of healthy donors
were obtained through the Blood Center of Sahlgren's Hospital. Mono-
nuclear cells were isolated by Ficoll-paque centrifugation (Pharmacia,
Uppsala, Sweden) and suspended in RPMI- 1640 (Gibco, Paisley, UK)
supplemented with 10% fetal bovine serum (FCS), 10% pooled human
serum (HS), 50,000 U/ml penicillin G, and 50 Mg of streptomycin.
Monocytes were enriched by adherence during a 1-h incubation at
370C in a 175-cm2 polystyrene cell culture flask (Nunc, Roskilde, Den-
mark). Nonadherent cells were removed by washing the flask three
times in PBS (150 mMNaCI, 10 mMphosphate buffer, pH 7.2). Ad-
herent cells were harvested with a rubber policeman and replated in
new culture dishes at 2 X I05 cells/ml. The medium was changed after
3-4 d and IFNy and other stimuli were added at this time point. Cell
viability determined by trypan blue exclusion was > 95% in all experi-
ments. The purity of the monocyte-macrophage cultures was evaluated
by immunofluorescent staining with the Leu-M3 antibody, (Becton,
Dickinson & Co., Mountain View, CA), which recognizes the CD14
cluster of differentiation that is specific for monocytes and macro-

phages (18). More than 90% of the cells were Leu-M3 positive 3-4 d
after plating and morphologic examination of Giemsa-stained prepara-
tions supported the conclusion that they were monocyte-derived mac-

rophages.
Smooth muscle cell cultures. Rat aortic smooth muscle cells were

isolated and grown as described (19). Cells of the third and fourth
passages were used for experiments.

Lymphocyte-conditioned medium (LCM) and recombinant IFN-y.
Nonadherent mononuclear cells were obtained as described above and
resuspended in culture medium with 5% FCS. Morphologic and im-
munophenotypic (CD3 marker, Leu-4; CD19 marker, Leu-12; both
from Becton Dickinson & Co.) examination revealed that these cells
were almost exclusively lymphocytes, with a dominance of CD3+ T
lymphocytes. The cultures were stimulated for 2 d with phytohemag-
glutinin (Burroughs Wellcome, London, UK) at 2 ,g/ml to activate the
T lymphocytes (20). At the end of stimulation, LCMwas harvested by
centrifugation, filtered through a 0.22-,um filter (Millipore Corp., Bed-
ford, MA), and stored at -20°C. Recombinant human IFNy with a

specific activity of 1.8 X 10' U/mg was kindly provided by Genentech,
South San Francisco, CA.

Lipoprotein binding and uptake. Macrophage binding and uptake
of AcLDL and native LDL was analyzed by flow cytometry using lipo-
proteins labeled with the fluorescent probe, 1, l'-dioctadecyl- 1-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil). DiI-labeled AcLDL
and native LDL have been successfully utilized to visualize the uptake
of lipoproteins by macrophages and endothelial cells (21, 22). Dil-la-
beled and unlabeled AcLDL and native LDL were obtained from Bio-
genesis, Bournemouth, UK. Macrophages were washed with PBSand
incubated with DiI-AcLDL or DiI-LDL dissolved in RPMI 1640 me-

dium containing 10% lipoprotein-deficient human serum (LPDS) or

5% FCS. The concentration of Dil-labeled lipoprotein was 5 Mg/ml
when not otherwise stated in the text. Cells were incubated at 4°C for
30 min for the binding assay and at 37°C for 3 h for uptake studies.
Various concentrations of unlabeled AcLDL or native LDL were
added together with the fluorescent lipoprotein in competition experi-
ments. At the end of incubation, the cells were gently removed from the
dish with a rubber policeman, dispensed in PBS, and fixed in 1%para-
formaldehyde in PBS.

Flow cytometry. Fixed cells were washed twice in PBSand analyzed
in a FACScan flow cytometer (Becton Dickinson &Co.) equipped with
an argon laser that excited the fluorescent probe at 488 nm. Emitted
fluorescence was collected at 550-595 nm(the FL2 photomultiplier of
the FACScan). Data were analyzed using the Lysys software program
and a light scatter gate was established to exclude cell debris. Autofluo-
rescent signals from unlabeled cells were used as negative controls in
each experiment. Specific fluorescent intensity was calculated by sub-

tracting autofluorescent intensity from the mean fluorescent intensity
of Dil-labeled cells. For quantitation of AcLDL binding, the instru-
ment was calibrated using a series of R-phycoerythrin-labeled micro-

beads (Flow Cytometry Standards Corp., Research Triangle Park, NC),
which permitted an estimate of the number of fluorochromes bound at
a given specific fluorescent intensity in the FL2 photomultiplier (23).

Fluorescent microscopy and cytochemistry. Cells were cultured for
2 d in eight-well chamber slides (Miles Scientific, Naperville, IL) in
medium containing 10% FCS, 10% HS, and 25 ug/ml AcLDL. For
fluorescent microscopic analysis, they were incubated with DiI-AcLDL
at 5 Atg/ml at 370C for 4 h (uptake studies) or at 4VC for 30 min (binding
studies), rinsed three times in PBS, fixed in 1% formaldehyde in PBS,
and mounted in PBS/glycerol. DiI fluorescence was analyzed in a fluo-
rescent microscope (Microphot, Nikon, Tokyo, Japan) using a rhoda-
mine filter set. For cytochemical analysis of cellular lipids, the cultures
were washed with PBS, fixed for 1 h with 4%formaldehyde in PBS, and
then briefly immersed in 60% isopropanol. Cells were stained with 3%
Oil Red 0 in 60% isopropanol for 1 h at 4VC, rinsed in PBS, and
mounted for light microscopic examination. Previously established cri-
teria were used for identifying and counting foam cells (1, 24). In es-
sence, foam cells were defined as macrophages in which the entire
cytoplasm was filled with Oil Red O-stainable lipid droplets.

Cholesterol analysis. Cells were cultured in 10-cm2 dishes with me-
dium containing 10%FCSand 10%HS. They were first incubated for 3
d with IFNy, then rinsed with PBS, and incubated for 20 h with
AcLDL at 50 ,ug/ml or native LDL at 100 g/ml in medium containing
2.5% FCS. At the end of incubation, the cells were rinsed three times in
ice-cold PBS. Lipid extraction was performed in the culture dishes by
adding 1 ml of n-hexane/isopropanol (3:2, vol/vol) and incubating at
room temperature for 30 min (25). This was repeated three times and
the supernatants were pooled for lipid extraction. The remaining nonli-
pid material in the culture dish was dissolved in 0.2 MNaOHand the
protein concentration was determined by the method of Lowry et al.
(26) using bovine serum albumin as a standard. The organic solvent
was evaporated under nitrogen and the lipid extract was dissolved in
chloroform. The lipids were separated and analyzed using an latroscan
TH-l0 (Newman-Howells, Winchester, UK) thin-layer chromatogra-
phy system with flame ionization detection (27). In brief, aliquots were
applied to Chromarod SIII quartz rods (Newman-Howells) coated with
silica gel and lipids separated with n-hexane/diethyl ether (4:1, vol/vol)
as the mobile phase. Quantitation was performed with pure prepara-
tions of cholesteryl ester, free cholesterol, and triglycerides as stan-
dards.

RNA isolation. Total RNAwas isolated from human monocyte-
derived macrophages and rat smooth muscle cells using the LiCl/urea
method (28). In brief, cells were washed in PBSand then lysed in 3 M
lithium chloride, 6 Murea, 0.1% sodium lauryl sulphate, 50 mMTris-
HCl, pH 7.5, 10 mM2-mercaptoethanol, 5 mMEDTA. The lysate was
sedimented at 4°C overnight and centrifuged at 20,000 g for 20 min.
DNAwas removed by digestion for 30 min at 37°C with RNase-free
DNase I (Boehringer Mannheim, Mannheim, FRG) in the presence of
RNasin (Boehringer Mannheim). RNAwas further purified by phenol-
chloroform extraction and precipitated with ethanol and 5 MNaCl.
Aliquots dissolved in 10 mMTris-HCl, pH 7.4; 5 mMEDTAwere used
for RNAquantitation by spectrophotometry at 260 nm.

Oligonucleotide probes. Antisense oligonucleotides were con-
structed on the basis of the published cDNAsequence for the bovine
ScR (9). 30-mers were synthesized with a protective trityl group on a
DNAsynthesizer (model 391, Applied Biosystems, Inc., Foster City,
CA). The protective group was removed by reversed phase chromatog-
raphy on an OPCpurification cartridge (Applied Biosystems, Inc.) and
the oligonucleotides labeled with [32P]ATP at the 5' end using T4 poly-
nucleotide kinase (Boehringer Mannheim). Several 30-mers were ini-
tially tested by Northern hybridization and one of them was found to
hybridize to an mRNAspecies of the appropriate size in macrophages
but not in rat smooth muscle cells. It was used for further experiments.
The sequence of this oligonucleotide was 5'-GAGATTGGCTTCAT-
TATCTGAAAGATACTG-3', corresponding to bases no. 372-402 of
the a-helical coiled coil-encoding segment.

Northern hybridization. 15 Ag of total RNAwas denatured in 50%
formamide and separated by agarose electrophoresis in the presence of
0.7% formaldehyde, at 50 V overnight. RNAwas transferred to Hy-
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bond-C extra membranes (Amersham, Amersham, UK) by capillary
blotting. After baking at 80'C, the membranes were prehybridized in
5x Denhardt's solution, 6x SSC, 0.1% SDS for 4 h at 40C and then
hybridized at 40C overnight with the oligonucleotide probes dissolved
at 2 X 106 cpm/ml in fresh prehybridization buffer. Membranes were
washed in 2x SSC, 0.1% SDSat 550C using a Hybaid washing appara-
tus (Hybaid, Teddington, UK) and exposed to Kodak X-Omat ASfilm
at -700C.

Statistical analysis. Differences between means were evaluated by
using Student's t test.

Results

Flow cytometric characterization of macrophage AcLDL up-
take. Human peripheral blood monocytes differentiated into
macrophages during 1 wk of culture. This was accompanied by
an increased capacity to internalize AcLDL labeled with the
fluorescent probe, DiI. DiI-AcLDL uptake during a 3-h incu-
bation at 370C could be analyzed both by fluorescence micros-
copy and flow cytometry. By using the latter technique, we
determined the uptake of DiI-AcLDL by macrophages in a
mixed cell population together with lymphocytes (Fig. 1). The
two cell types could be separated by their light scatter charac-
teristics, and the DiI-AcLDL uptake was evaluated in separate
fluorescent intensity histograms for each cell type. Macro-
phages but not lymphocytes exhibited DiI fluorescence signifi-
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cantly above background autofluorescence after incubation
with DiI-AcLDL. This indicates that the former cell type was
capable of internalizing AcLDL. We also evaluated DiI-
AcLDL uptake by rat aortic smooth muscle cells and found
that these cells have a low capacity for DiI-AcLDL uptake (data
not shown).

The specificity of the uptake mechanism was characterized
by incubating macrophages with DiI-AcLDL in the presence of
excess amounts of either unlabeled AcLDL or unlabeled native
LDL. Fig. 2 shows that unlabeled AcLDL but not native LDL
could block the uptake of DiI-AcLDL. This indicates a specific
uptake of the acetylated lipoprotein and strongly suggests that
ScR constitutes the major route for uptake of AcLDL by these
cells.

Effect of recombinant and natural IFNy on AcLDL uptake.
Weused the flow cytometric assay to determine whether IFNy
can modulate AcLDL uptake by human monocyte-derived
macrophages. Incubation of these cells with 100 U/ml recombi-
nant human IFNy (rIFNy) for 3 d resulted in a 50% inhibition
of DiI-AcLDL uptake (Table I). This effect was abolished in the
presence of a polyclonal anti-IFNy antibody, indicating that it
was specific for the lymphokine and not due to any contami-
nant of the recombinant preparation (Table I). rIFNY treat-
ment had no significant effect on the autofluorescent proper-
ties of the cells (data not shown).

Figure 1. Flow cytometric analysis of li-
poprotein uptake in a culture containing
macrophages (M0) and lymphocytes
(Lym). The upper plot shows the light
scatter characteristics of the two cell pop-
ulations, with forward scatter on the x-
axis and 900 side scatter on the y-axis.
The analytical gates are boxed and the
two lower plots are fluorescence histo-
grams showing FL2 fluorescence in the
two cell populations. The left histograms
show lymphocyte fluorescence and the
right histograms macrophage fluorescence
after incubation with DiI-AcLDL
(AcLDL), Dil-labeled native LDL (LDL),
or buffer alone (C). All incubations were
for 3 h at 37°C. The histograms depict
fluorescence per cell on the x-axis and the
number of cells in given fluorescence
channel on the -axis.
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tions of unlabeled LDL or AcLDL. DiI fluorescence was analyzed by
flow cytometry and specific fluorescent intensity determined by sub-
tracting mean fluorescent intensity of unlabeled cells (autofluores-
cence) from that of DiI-AcLDL incubated cells. Bars represent
means±SEM(n = 4).

The capacity of natural IFNy to modulate AcLDL uptake
was studied with the use of conditioned media (LCM) from
lymphocyte cultures in which the T lymphocyte population
was activated by addition of the lectin, phytohemagglutinin.
Whensuch LCMpreparations were added to macrophages cul-
tures, DiI-AcLDL uptake was reduced by 32% (Table I). This
was due to the presence of IFNy in the LCM, since addition of
anti-IFN~y to LCMabolished the inhibitory effect (Table I).
Anti-IFNy antibodies or PHAalone had no effect on AcLDL
uptake (Table I).

Bacterial lipopolysaccharides, which activate primed mac-
rophages, maydown-regulate AcLDL uptake (29). The possibil-
ity that a lipopolysaccharide/endotoxin contamination was re-
sponsible for the effect ascribed to IFNy was addressed in a
separate series of experiments. Addition of polymyxin B, which
binds to lipopolysaccharide and inhibits its biologic activities,
slightly changed but did not abolish the effect of rIFN~y on
AcLDL uptake (Table I). This together with the finding that
anti-IFN-y antibodies abolished the effect of both rIFNy and
LCM, show that endotoxin contamination was not responsible
for the effects of the different IFNy preparations.

Dose dependency of inhibitory effect of IFNy on AcLDL
uptake. To characterize the effect of rIFNy on DiI-AcLDL up-
take in macrophages, we examined DiI-AcLDL uptake by
monocyte-derived macrophages from 17 different healthy do-
nors. The inhibitory effect of rIFNy on DiI-AcLDL uptake
showed a distinctive dose-response relationship (Fig. 3). As lit-
tle as 10 U/ml of rIFNy was able to reduce the uptake by 30%
and increasing concentrations of rIFNy led to further inhibi-
tion of DiI-AcLDL uptake (Fig. 3).

IFN~y inhibits AcLDL binding to ScR on the macrophage
cell surface. To test whether the inhibitory effect of IFN-y on
the uptake of AcLDL was due to a reduction in AcLDL bind-
ing to the cell surface, macrophages were incubated with DiI-
AcLDL for 30 min on ice, washed with ice-cold buffer, immedi-
ately fixed, and analyzed by flow cytometry. Fig. 4 shows that
this technique permitted the detection of AcLDL binding to
the cells. The fluorescent signal was significantly reduced in
rIFN'y-treated cells (Fig. 4), indicating that IFNy reduces the
binding of AcLDL to the cell surface.

AcLDL binding to macrophages was further characterized
by using different concentrations of fluorescent ligand and ad-
dition of excess concentrations of unlabeled AcLDL (Fig. 5 a).
DiI-AcLDL binding was saturable and inhibited by adding ex-
cess amounts of unlabeled AcLDL, indicating that it repre-
sented binding to a limited number of high-affinity receptors.
Treatment of the cells with rIFNy reduced saturable binding of
DiI-AcLDL without significantly affecting the nonspecific
binding that occurred in the presence of excess amounts of
unlabeled AcLDL (Fig. 5 a).

The effect of IFNy on AcLDL binding was further analyzed
after calibration of the flow cytometer to permit direct quanti-
tation of the number of fluorescent particles bound to each cell
(23). The binding of AcLDL to monocyte-derived macro-
phages could then be characterized by Scatchard analysis (Fig.
5 b). With this approach, the number of high-affinity binding
sites for AcLDL (B.) was estimated to 5.1 X 104 per un-
treated macrophage with a Kd = 3.8 X 10-9 M. Treatment of
the cells with IFNy significantly reduced the number of bind-
ing sites (B.m = 3.8 x 104 per cell, P < 0.01) without any
considerable change in the affinity of the receptor (Kd = 4.0
X 10-9 M) (Fig. 5 b).

Localization of AcLDL in the cytoplasm. Fluorescent mi-
croscopy was used to analyze the cellular distribution of DiI-

Table I. Effects of LCMand rIFN-y on DiI-AcLDL Uptake
by HumanMonocyte-derived Macrophages

Treatmentt

Additives* Control LCM rIFN-f

None 100 69.3±2.2§ 48.7±1.3§
Anti-IFN-y 95.3±4.5 92.2±3.7 90.9±2.0
Polymyxin B 109.4±6.9 64.9±2.31 62.0±5.4§

* Polyclonal blocking antibody (50 ,g/ml) against human IFNY
(anti-IFNy, Boehringer Mannheim) and polymyxin B (50 Rg/ml,
Sigma Chemical Co., St. Louis, MO)were added together with LCM
or rIFN-y. Data show DiI-AcLDL uptake (specific fluorescent inten-
sity) in percent of fluorescence in untreated control cultures.
Mean+SEM, n = 4.
* The cells were treated with LCM(100 i/ml) and rIFN-y (1,000
U/ml) for 3 d and then incubated with 5 ,ug/ml DiI-AcLDL at 370C
for 3 h.
§ Significantly different from untreated control cultures (P < 0.05).
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Figure 3. rIFNy inhibits
DiI-AcLDL uptake by
macrophages. Cells were
treated for 3 d with
rIFNiy at the indicated
concentrations, incu-
bated with DiI-AcLDL
for3hat370Candan-
alyzed by flow cytome-
try. Specific fluorescent
intensity was calculated
as described in the leg-
end to Fig. 2. Bars rep-
resent mean±SEM(n
= 17). **Significantly
different from cells cul-
tured in the absence of
rIFN~y (P < 0.0 1).
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Figure 4. rIFNy inhibits DiI-AcLDL binding to macrophages. Cells
were cultured for three days in the presence (A) or absence (B) of
rIFN'y at 100 U/ml, incubated with DiI-AcLDL at 5 ,ug/ml for 30 min
at 4°C, and analyzed by flow cytometry. The histogram shows fluo-
rescent intensity per cell on the x-axis and the number of positive cells
(relative units) on the yaxis.

AcLDL in macrophages. After internalization, DiI-AcLDL is
rapidly degraded in the lysosomes and the DiI molecule accu-
mulates in the lysosomal membrane (21, 22). This was con-
firmed by the present observation of a spotted, perinuclear DiI
fluorescence in macrophages incubated with DiI-AcLDL at 5
,ug/ml for 3 h at 37°C (Fig. 6, a and c). The fluorescent intensity
was clearly reduced in rIFNy-treated cells, but the distribution
of the fluorescent material was similar to that in untreated cells
(Fig. 6, b and d).

IFN~y inhibits ScR expression on the mRNAlevel. To evalu-
ate the molecular basis for the effect of IFNy on AcLDL uptake
in human monocyte-derived macrophages, we analyzed ScR
mRNAlevels in these cells by Northern hybridization. Total

RNAwas isolated from rIFNy treated (1,000 U/ml for 3 d) and
untreated macrophages and also from rat aortic smooth muscle
cells, which do not show significant ScR activity. After blotting
to nitrocellulose membranes, RNAwas hybridized to 32P-la-
beled oligonucleotide probes constructed from the published
cDNA sequence for the bovine type I ScR (9). A prominent
band at 4.4 kb corresponding to the ScR type I mRNAwas
present in macrophages but not in smooth muscle cells (Fig. 7).
This band was drastically reduced in macrophages treated with
rIFN'y (Fig. 7), indicating that rIFNy inhibits type I ScR ex-
pression on the mRNAlevel. No hybridization to the ScR type
II mRNAat 3.2 kb could be detected in these experiments.

IFN~y inhibits ScR-mediated cholesteryl ester accumula-
tion. Uptake of modified LDL via ScR leads to intracellular
cholesterol accumulation because ScR cannot be downregu-
lated by increasing intracellular cholesterol concentrations (5-
8). The accumulating cholesterol is largely present as choles-
teryl ester droplets, whereas free cholesterol, mainly in cellular
membranes, is less affected (5-8).

Wetested whether rIFNy treatment could modulate choles-
terol accumulation in monocyte-derived macrophages exposed
to AcLDL. These cells contained 60 gg of cholesterol per
milligram of cell protein when cultured under standard condi-
tions (RPMI-1640 medium with 10%FCSand 10%HS). Fig. 8
shows that the total cellular cholesterol concentration reaches
130 Ag/mg cell protein in macrophages exposed to 50 yg/ml
AcLDL for 20 h. In contrast, incubation with native LDL at
100 gg/ml did not change the cellular cholesterol concentra-
tion significantly (data not shown). Preincubation with rIFN'y
at 1,000 U/ml for 3 d reduced cholesterol accumulation by
50% (Fig. 8). This was exclusively due to a reduction in choles-
teryl ester concentration, whereas free cholesterol was not af-
fected by rIFNy (Fig. 8).

IFN~y inhibits foam cell transformation of macrophages.
ScR-mediated uptake of modified lipoproteins represents a
major route for lipid accumulation and foam cell transforma-
tion of macrophages. Thus, it was reasonable to believe that
IFN~y-induced reduction of ScR expression may result in an
inhibition of the transformation of macrophages into foam
cells. To test this possibility, we established a long-term culture
system to induce in vitro foam cell development in macro-
phage cultures. Adherent monocytes differentiated into ma-

2.5 Figure 5. Characterization of rIFNy
7 / effect on AcLDL binding to macro-

t 2.0 \ phages. Cells were grown in the
o Untreated ----Excess AcLDL ° \ 4 presence of absence of rIFNy as de-

;, 30 * IFN-r Xx \o scribed in the legend to Fig. 4, incu-
CD | _-~ 1.5 0100~ bated with the indicated concentra-

n 20 /> i Q \ X tions of Dil-AcLDL for 30 min at
Cn = §,-1.0 - 4°C, and analyzed by flow cytome-

U_ a) ^/4 c < \try. Specific fluorescent intensity
m10-)W/t c~o 0.5 \ ° \ was calculated as described in the

CD 11, . --------X . * X \ o legend to Fig. 2. Values from four
C" * * 0.0------ *\ \ different experiments were used to
a O [5 - ------Z---- o o0 generate curves with the GraphPAD

0 5 10 15 20 25 b 4
1 2 3 4 (ISI, Philadelphia, PA) program.

DiI-AcLOL (g/mO) Bound, MESF x 10 Bars represent SEM(n = 4). (a)
Binding of AcLDL to macrophages.

Dotted lines show binding in the presence of 400 jg/ml unlabeled AcLDL, and solid lines represent specific binding as calculated by subtracting
binding in the presence of unlabeled AcLDL from total binding in the absence of unlabeled AcLDL. (b) Scatchard plot of data shown in a. (o)
Specific binding in untreated cultures; (i) specific binding in IFNy-treated cultures. (Inset) Calibration curve for the FL2 photomultiplier of the
flow cytometer, with fluorescent channels on the x-axis and molecules of equivalent soluble fluorochromes (MESF, log units) on the y-axis.
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Figure 6. Cellular distribution of DiI in macrophages after uptake of DiI-AcLDL. Monocytes were cultured for 1 wk to permit differentiation into
macrophages. They were exposed to rIFNy (100 U/ml) during the last 3 d, incubated with DiI-AcLDL for 3 h at 370C and analyzed by fluores-
cent microscopy. Magnification, X 180 in all micrographs. (a) Phase-contrast micrograph of untreated control culture; (b) phase contrast micro-
graph of rIFNy-treated culture; (c) fluorescent micrograph of untreated culture (same field as in a) showing the distribution of DiI fluorescence
in the perinuclear region of most cells; (d) fluorescent micrograph of rIFNy-treated culture (same field as in b) showing a reduction in DiI fluo-
rescent intensity and the number of Dil-positive cells but not in the distribution of DiI fluorescence in each cell.

ture macrophages during a 2-wk culture period. This differen-
tiation was reflected in dramatic morphologic changes as well
as in an upregulation of ScR expression (data not shown). Incu-
bation of these cells with AcLDL (25 gg/mL for 2 d) but not

with native LDL even at higher concentrations, resulted in the
occurrence of a number of foam cells filled with large cytoplas-
mic lipid droplets (Fig. 9 a). Analysis of lipids extracted from
such cells indicated that they were dominated by cholesteryl

100

Figure 7. rIFNy reduces ScR expression
on the mRNAlevel. Northern analysis
of ScR mRNAin rat aortic smooth mus-

cle cells (lane 1); rIFNy treated (lane 2)
and untreated (lane 3) human
monocyte-derived macrophages. 15 ,ug of
total RNAwas separated by formalde-
hyde-agarose electrophoresis, blotted to
nitrocellulose membranes, and hybrid-
ized with an antisense oligonucleotide to
type I ScR mRNA. The upper panel
shows ScR hybridization and the lower
one ethidium bromide staining of the
membrane.

X EUntreated
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Figure 8. rIFN-y reduces cholesterol content in macrophages. Mono-
cyte-derived macrophages were cultured for 7 d and rIFNy (1,000
U/ml) was added to some of the cultures after three days. AcLDL (50
Mg/ml) was added 20 h before the end of the incubation. Cellular

lipids and proteins were extracted and cholesterol (Ch) fractionated
into free and esterified (CE) forms by capillary thin-layer chromatog-
raphy. Bars show means±SEM(n = 5). *Significantly different from
untreated control culture (P < 0.05).
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Figure 9. rIFNy inhibits foam cell transformation of monocyte-derived macrophages. Monocyte-derived macrophages were prepared by adher-
ence to plastic and culture under standard conditions for 7 d. They were then grown in the presence or absence of rIFNy (1,000 U/ml) for
another 7 d and AcLDL at 25 ,g/ml was added 2 d before the end of culture. Cells were stained for lipids with Oil Red 0 and ScR was visualized
in parallel cultures by incubation with DiI-AcLDL (5 ug/ml) at 40C for 30 min followed by formaldehyde fixation. Magnification, X175. (a)
Oil Red 0 staining of untreated macrophages shows large amounts of intracellular lipids as cytoplasmic droplets and the transformation of many
cells into lipid-laden foam cells (examplified by arrow). (b) IFNy-treated macrophages contain fewer and smaller lipid droplets and no foam
cells are visible. (c) Visualization of ScR by DiI-AcLDL binding shows a prominent dotted fluorescence in untreated macrophages. (d) Significant
reduction in DiI-AcLDL binding in IFN'y-treated macrophages.

ester. However, treatment of monocyte-macrophages with
IFNy (1,000 U/ml) during the second week of culture led to a
remarkable reduction of both the number of foam cells and the
number of lipid droplets per cell (Table II; Fig. 9 b).

Table II. AcLDL-induced Foam Cell Formation in Monocyte-
derived Macrophages is Inhibited by IFNy

Percentage of foam ceils*

Treatment -AcLDL +AcLDL

Control 27.2±2.7 76.4±7.1
IFNy 17.9±5.6 25.7±5.7$

Cells were cultured in chamber slides for 14 d. rIFN'y (1,000 U/ml)
was added to half of the cultures after 7 d, and AcLDL (25 gg/ml)
was added after 12 d. Lipid-laden foam cells were visualized with Oil
Red 0. Data represent mean±SEMof four cultures.
* 400 cells were counted in each culture. Foam cells were identified as
macrophages in which the entire cytoplasm was filled with lipid
droplets (1, 24). Examples are indicated by arrows in Fig. 9 a.
t Significantly different from AcLDL-treated control cultures
(P < 0.01).

In order to confirm that ScR expression was reduced in
IFN'y-treated cells in parallel with the reduction in foam cell
formation, a DiI-AcLDL binding assay was performed in
IFN'y-treated and untreated macrophages. Fluorescence mi-
croscopy revealed an intense, dotted DiI fluorescence on the
surface of control macrophages, with a particularly high fluores-
cence intensity on macrophage foam cells (Fig. 9 c). This fluo-
rescence, which represented surface-bound DiI-AcLDL, was
substantially reduced in IFNy treated cells (Fig. 9 d). These
observations therefore indicate that ScR expression, cellular
cholesteryl ester content, and foam cell formation are affected
in the same way by IFNy.

Discussion

The differentiation of monocytes into macrophages is charac-
terized by an increased endocytotic capacity and increased ex-
pression of several cell surface proteins including ScR (17). The
differentiation and activation process is regulated by cytokines
produced by other cells of the immune system (17, 30, 31), and
conditioned media from activated T lymphocytes can inhibit
ScR expression and uptake of modified lipoproteins in human
monocyte-derived macrophages (32, 33). The active factor re-
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sponsible for this effect and the mechanism by which it acts,
has, however, remained unknown.

Fong et al. (34) recently demonstrated that the IFNy-
producing helper T cell subset (TH 1), but not the IL4-produc-
ing TH2 subset, inhibited AcLDL degradation in mouse perito-
neal macrophages. They identified IFNy as the active factor
and confirmed that rIFNy inhibits AcLDL degradation. How-
ever, they could not detect any effect of rIFNy on AcLDL
binding and suggested that the inhibitory effect on degradation
was mediated by a block in the intracellular transport of inter-
nalized AcLDL (34). In contrast, de Whalley and Riches (35)
did not detect any effect of IFNy on AcLDL degradation by
murine macrophages. They found, however, that poly:I:C,
which is an inducer of a- and ,B-interferons and an activator of
macrophages, inhibited AcLDL degradation (35). Finally,
Kraemer et al. (36) found a reduction of 60% in AcLDL bind-
ing by the activated murine macrophages but no effect of acti-
vation on the affinity of AcLDL for ScR.

For human macrophages, the situation is equally unclear.
The findings of Fogelman et al. (33) established that an (uniden-
tified) product of an IFNy-secreting T lymphocyte line could
inhibit degradation of malondialdehyde-modified LDL, which
is internalized via the ScR. Lopez-Virella et al. (37) also found
that AcLDL degradation is reduced in parallel with the degree
of activation of macrophages, but surprisingly, IFNy appeared
to increase rather than decrease AcLDL degradation in their
system.

Wehave used a different approach to determine the bind-
ing and uptake of AcLDL by human monocyte-derived macro-
phages. Flow cytometry provides a sensitive analysis on a per
cell basis and is therefore independent of variations in cellular
protein. In addition, cell debris and contaminating cell types
can be excluded from the analysis by use of light scatter gates
and specific antibody staining.

Our analysis of the binding and uptake of Dil-labeled
AcLDL by human macrophages indicates that it is significantly
inhibited by IFNy treatment. This extends the observations by
Fong et al. (34) in a murine system to the human situation.
Furthermore, our experiments with LCMclearly show that
IFNy can explain the inhibitory activity towards AcLDL up-
take that is produced by activated lymphocytes. This, in turn,
strongly suggests that the ScR down-regulating factor detected
by Fogelman et al. (32, 33) is IFNy. The present analysis of
human monocyte-derived macrophages shows that AcLDL
binding as well as uptake is inhibited by IFNy treatment, indi-
cating that ScR is down-regulated by IFNy. The discrepancy
between our results and those of Fong et al. (34) could either be
explained by differences in the IFNy response between mice
and men, or be due to technical differences, such as the sensitiv-
ity of the binding assays. In addition, it is known that ScR
expression varies during monocyte development and differen-
tiation (14). ScR expression is relatively low in circulating
monocytes, goes down during the initial adherence but then
increases dramatically when the adherent monocyte trans-
forms into a macrophage (14). Studies on cell lines that repre-
sent earlier phases in the differentiation pathway and investiga-
tions of circulating or immature cells may therefore give results
on ScR expression that differ from those obtained with differ-
entiated macrophages.

The cDNA cloning of the ScR (9-11) has increased our
understanding of this receptor in several ways. First, a struc-
tural model for the receptor could be deduced (9-1 1). Second,

the broad binding specificity could be understood in the light of
the collagen-like structure of the putative ligand-binding do-
main. Third, knowledge of the mRNAsequence for the ScR
opens up the possibility to study ScR regulation on the mRNA
level. Wehave used this latter possibility in the present study
and constructed antisense oligonucleotide probes for Northern
hybridization analysis of ScR mRNA.

Our hybridization analysis indicates that type I ScRmRNA
is present as a 4.4 kb transcript in human monocyte-derived
macrophages. This extends the observations of Kodama et al.
(9) on the promonocytic cell line, THP-1, to nontransformed
monocyte-derived macrophages. In contrast, ScR type I
mRNAcould not be detected in rat aortic smooth muscle cells.
In view of the high degree of homology for this mRNAamong
mammals (12), it is likely that the type I ScR is not expressed
(or expressed at very low levels) by this cell type.

Treatment with rIFNy dramatically reduced type I ScR
mRNA. This indicates that IFNy down-regulates ScR expres-
sion on the mRNAlevel. Taken together, our hybridization
and binding data suggest that at least part of the reduced
AcLDL uptake and degradation in IFNy treated cells is due to
a reduced expression of ScR. The mechanism by which IFNy
reduces the steady-state level of ScR mRNAis, however, still
unclear, and further studies are needed to clarify whether it
takes place on the transcriptional level or more distally in the
expression pathway.

The reduced AcLDL uptake in IFNy treated cells was paral-
leled by a reduction in cellular cholesterol. Incubation of mac-
rophages with AcLDL led to an increase in total cholesterol,
which was largely due to an accumulation of cholesteryl esters
in intracellular lipid droplets. IFN-y treatment significantly re-
duced cholesteryl ester content and prevented the transforma-
tion of the macrophages into foam cells. This indicates that a
down-regulation of ScR expression and AcLDL uptake can
block the development of foam cells. It will, however, be im-
portant to evaluate the relative importance of ScRdownregula-
tion vs. changes in the intracellular processing of internalized
AcLDL (34) for the rather dramatic inhibition of cholesteryl
ester accumulation and foam cell formation caused by IFNy
treatment.

Wilson et al. (38) recently reported that in vivo treatment
with IFN resulted in suppression of aortic atherosclerosis and
arterial cholesterol deposition in cholesterol-fed rabbits. Al-
though the mechanism of the in vivo effect of IFN remains to
be determined, these observations together with the recent
identification of ScR mRNAand protein in foam cells of hu-
man atherosclerotic plaques (1 1, 13) and the present finding
that IFNy down-regulates ScRexpression, open up the possibil-
ity to prevent cholesterol accumulation in atherosclerotic le-
sions by mimicking the immunoendocrine modulation of ScR.

Finally, the finding that IFNy down-regulates ScR expres-
sion and cholesterol accumulation in macrophages sheds light
on the role of T lymphocytes in atherosclerotic lesions. Several
years ago, we demonstrated that T lymphocytes constitute a
significant proportion of the cell population in human plaques
(3). Many of these T lymphocytes are in an activated state (39)
and there is evidence for local IFNy secretion both directly by
immunohistochemistry (39) and indirectly by the induction of
histocompatibility gene expression in surrounding cells (40).
IFNy has previously been shown to inhibit smooth muscle cell
proliferation (19, 41, 42) and a-actin expression in smooth
muscle cells (42). Wenow demonstrate that it reduces choles-
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terol accumulation in macrophages. These observations may
imply that T lymphocytes, in addition to any immunologically
specific role, may serve as local inhibitors of the atherogenic
process.
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