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Abstract

The uptake and degradation of cholesterol-rich remnant lipo-
proteins, referred to as S-VLDL, are shown in the present
study to be mediated by LDL receptors (apoB,E(LDL) recep-
tors), not by unique 8-VLDL receptors. Human blood mono-
cytes cultured for 5-7 d bound apoB- and/or apoE-containing
lipoproteins from different species with affinities equivalent to
those demonstrated for the receptors on cultured human fibro-
blasts. Low density lipoproteins competed effectively and com-
pletely with 'I-8-VLDL for binding to and degradation by
monocyte-derived macrophages. Specific polyclonal antibodies
to bovine apoB,E(LDL) receptors abolished both LDL and
B-VLDL uptake by normal human monocyte-macrophages.
Immunoblots of monocyte-macrophage extracts with these an-
tibodies revealed a single protein in human macrophages with
an apparent molecular weight identical to that of the
apoB,E(LDL) receptor found on human fibroblasts. Like re-
ceptors on cultured human fibroblasts, the apoB,E(LDL) re-
ceptors on monocyte-macrophages responsible for '2I-8-
VLDL and '*I-LDL uptake were efficiently down regulated by
preincubation of the cells with 3-VLDL or LDL. Finally,
monocyte-macrophages from seven homozygous familial hy-
percholesterolemia subjects were unable to metabolize 8-
VLDL or LDL, but demonstrated normal uptake of acetoace-
tylated LDL. The classic apoB,E(LDL) receptors on human
monocyte-macrophages thus mediate the uptake of 3-VLDL
by these cells.

Introduction

The development of diet-induced atherosclerosis is associated
with the accumulation of cholesterol-enriched remnant lipo-
proteins of intestinal and hepatic origin; these are referred to as
B-VLDL (for review, see references 1-3). Experimental ani-
mals fed a high-cholesterol diet accumulate large quantities of
these chylomicron and VLDL remnants in their plasma. Coin-
cidental with the appearance of 3-VLDL in their plasma is the
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deposition of cholesteryl esters in the macrophages in a variety
of tissues (3, 4). The sequestration of cholesteryl esters by the
macrophages appears to result from the specific uptake of
these lipoproteins through a receptor-mediated mechanism (5,
6). The most common mechanism of extrahepatic cellular up-
take of lipoproteins is through the well-described apolipopro-
tein (apo) B,E(LDL) receptor pathway (7). However, results
from initial studies using mouse peritoneal macrophages as a
model for tissue macrophages showed that these cells bind and
internalize only small amounts of LDL, whereas 8-VLDL are
actively taken up and degraded (5, 6). Furthermore, LDL were
not effective competitors of 8-VLDL degradation by mouse
peritoneal macrophages (5, 6).

On the basis of these observations, it was proposed that a
specific population of receptors on mouse peritoneal macro-
phages, different from the classic apoB,E(LDL) receptor, me-
diated the uptake of 8-VLDL and the development of these
cells into foam cells (5, 6). Recent studies, however, have
shown that the uptake of 3-VLDL by mouse peritoneal macro-
phages is mediated not by a specific 8-VLDL receptor, but by
an apoB,E(LDL) receptor (8, 9). One property differentiating
the mouse apoB,E(LDL) receptor on macrophages from the
classic apoB,E(LDL) receptor is its binding affinity for LDL;
the LDL bound to mouse peritoneal macrophages with a 10-
fold lower affinity than to cultured human fibroblasts (8). This
unexpectedly low affinity for LDL, compounded by the
smaller number of apoB,E(LDL) receptors on mouse perito-
neal macrophages (8), resulted in the modest uptake of LDL
by mouse peritoneal macrophages. Furthermore, recent stud-
ies by Tabas et al. (10) indicated that mouse peritoneal macro-
phages displayed defective acyl CoA:cholesterol acyltransfer-
ase (ACAT)' activation by LDL, even under conditions where
receptor-mediated LDL uptake and degradation had taken
place. Such inability to esterify LDL-derived cholesterol would
exaggerate the effect of the smaller number of apoB,E(LDL)
receptors, making it appear that there are even fewer
apoB,E(LDL) receptors on these cells.

In addition, whereas the classic apoB,E(LDL) receptors on
human fibroblasts are exquisitely sensitive to down regulation
by cholesterol derived from LDL and S-VLDL, the
apoB,E(LDL) receptors on mouse peritoneal macrophages are
poorly down regulated (8). Because of the insensitive regula-
tion of receptor levels in these cells, high levels of intracellular
cholesteryl esters accumulate when the cells are incubated with
B-VLDL, converting the macrophages into foam cells (5, 6).

1. Abbreviations used in this paper: AcAc LDL, acetoacetylated LDL;
ACAT, acyl CoA:cholesterol acyltransferase; FH, familial hypercholes-
terolemia; LPDS, lipoprotein-deficient serum.
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Although mouse peritoneal macrophages internalize §-
VLDL via apoB,E(LDL) receptors, other evidence suggested
that human monocyte-derived macrophages may express an
additional receptor that binds 8-VLDL but not LDL (11). To
determine the contribution of the apoB,E(LDL) receptor to
B-VLDL uptake, Van Lenten et al. (11) studied the uptake of
B-VLDL by monocytes derived from an individual homozy-
gous for familial hypercholesterolemia (FH). These investiga-
tors found that while LDL degradation was vastly impaired as
a result of the genetic deficiency of apoB,E(LDL) receptor
expression, degradation of rabbit 8-VLDL by these cells ap-
proached normal levels.

In the present study, we examined in detail the receptors
responsible for 8-VLDL uptake by human monocyte-derived
macrophages. Our results demonstrate that 3-VLDL enter the
cells through an apoB,E(LDL) receptor that is apparently
identical to the classic human fibroblast apoB,E(LDL) recep-
tor in binding characteristics, sensitivity to regulation by cho-
lesterol, and apparent molecular weight.

Methods

Materials. '*I-labeled Bolton-Hunter reagent, Na['*I}iodine, '*I-la-
beled donkey anti-rabbit IgG antibody, and [1-'*C]oleic acid were ob-
tained from Amersham/Searle (Arlington Heights, IL). Fetal calf
serum was purchased from HyClone (Logan, UT) and was heat inacti-
vated (56°C for 30 min) before use. DME (Gibco, Grand Island, NY),
leupeptin (Vega Biotechnologies, Tucson, AZ), Trasylol (FBA Phar-
maceuticals, New York, NY), phenylmethylsulfonyl fluoride (PMSF,
Calbiochem, San Diego, CA), Triton X-100, turkey trypsin inhibitor,
and soybean trypsin inhibitor (Sigma Chemical Co., St. Louis, MO)
were obtained from the indicated suppliers.

Cell cultures. Blood was obtained from 20 healthy volunteers, 7
patients with homozygous familial hypercholesterolemia, and 1 pa-
tient with the heterozygous form of FH. Acid citrated dextrose was
used as an anticoagulant. Mononuclear cells were isolated by Ficoll-
Hypaque density centrifugation according to the method of Beyum
(12). The mononuclear cells were gently aspirated from the interface
and washed three times. The cells were then resuspended in DME and
transferred by aliquot into 22- or 35-mm plastic tissue culture wells.
After incubation at 37°C for 45-60 min, the wells were washed three
times with DME to remove nonadherent cells. The adherent mono-
cytes were either used immediately for experiments or were cultured an
additional 5-7 d to produce monocyte-derived macrophages. The cul-
ture medium consisted of DME with human serum (20%), penicillin
(100 U/ml), and streptomycin (100 pg/ml) and was replaced every
other day.

Monolayers of normal human fibroblasts were cultured as de-
scribed (13). Fibroblasts were seeded 5 d before each experiment and
grown in DME containing 10% fetal calf serum.

Preparation of lipoproteins. Human LDL (d = 1.02-1.05 g/ml)
were prepared by sequential ultracentrifugation of plasma from nor-
mal, fasted volunteers (13). Diketene modification of human LDL to
yield acetoacetylated LDL (AcAc LDL) was performed as described by
Weisgraber et al. (14). The 8-VLDL and apoE HDL, (cholesterol-in-
duced plasma high density lipoproteins in which apoE is the sole pro-
tein constituent) were derived from dogs made hyperlipidemic (plasma
cholesterol > 700 mg/dl) by a semisynthetic diet containing coconut
oil and cholesterol (15). The 8-VLDL were isolated from the d
< 1.006 g/ml fraction of plasma by Pevikon block electrophoresis as
described (15). The d = 1.006-1.02 g/ml fraction of the hyperlipidemic
canine plasma was also subjected to Pevikon block electrophoresis to
yield apoE HDL.. Human 8-VLDL were isolated as above from the
plasma of an atypical type III hyperlipoproteinemic subject after an
overnight fast (16). Rabbit 8-VLDL were isolated as the d < 1.006 g/
ml fraction from hyperlipidemic rabbit plasma. All lipoproteins were

dialyzed against 0.15 M NaCl/0.01% EDTA (pH 7.2) before use. Li-
poprotein-deficient human serum (LPDS, 4 > 1.215 g/ml) was pre-
pared by ultracentrifugation of normal human plasma followed by a
24-h dialysis against 0.15 M NaCl/0.01% EDTA (pH 7.2) and a 48-h
dialysis against PBS (pH 7.2).

The cholesterol concentrations of the various lipoproteins were
assayed by the enzymatic spectrophotometric assay from Bio-Dy-
namics (Boehringer Mannheim Corp., Indianapolis, IN), and protein
concentrations were determined by the method of Lowry et al. (17).
Iodinated lipoproteins (‘**I-LDL and '?’I-8-VLDL) were prepared by
the iodine monochloride method (18) and had specific activities of
between 200 and 400 cpm/ng of protein for LDL and 400 and 900
cpm/ng of protein for 8-VLDL. The Bolton-Hunter procedure was
followed for the iodination of apoE HDL, and yielded specific activi-
ties of between 400 and 1,000 cpm/ng of protein (19).

Preparation of antibodies. Antibodies raised against the purified
bovine apoB,E(LDL) receptor in New Zealand White rabbits were
prepared by Dr. David Hui of the Gladstone Foundation Laboratories.
The IgG was isolated by protein A-Sepharose affinity chromatography
(20) and dialyzed against phosphate-buffered saline before use. Protein
concentrations were determined by the method of Lowry et al. (17).
Western blot analysis showed that the IgG preparations used in the
present studies specifically recognized only apoB,E(LDL) receptors
from extracts of human fibroblasts or bovine adrenal glands. In addi-
tion, this preparation of apoB,E(LDL) receptor antibodies blocked
'3LLDL binding to both human fibroblasts and canine liver mem-
branes.

Lipoprotein binding assays. Binding assays were performed in 22-
or 35-mm wells containing 1-2 X 10° monocytes, monocyte-derived
macrophages, or confluent human fibroblasts. Unless otherwise stated,
2 d before assay, the cells were cultured in 10% LPDS instead of fetal
calf serum or normal human serum to induce maximal apoB,E(LDL)
receptor expression. Cell-surface binding assays were performed at 4°C
for 4 h as described (21). Nonspecific binding was defined as the
amount of radiolabeled lipoprotein bound in the presence of a 100-fold
excess of unlabeled ligand. The data were analyzed according to the
method of Scatchard (22) to determine equilibrium dissociation con-
stants (Kq). In competition experiments, a constant amount of '2°I-g-
VLDL was present and the concentrations of the unlabeled competing
ligands were varied. In experiments in which anti-apoB,E(LDL) re-
ceptor IgG was used, preimmune IgG was used as a control.

Measurement of cholesterol esterification. Lipoproteins were added
to the cells along with 0.2 mM ['“C]oleate/albumin and incubated at
37°C for 16-18 h (23, 24). Lipids were extracted and cholesteryl esters
were isolated by thin-layer chromatography. The amount of choles-
teryl ['*C]oleate was determined by liquid scintillation counting with
[*H]cholesteryl oleate added as an internal standard (23). The lipopro-
tein-induced ['“Cloleate incorporation was defined as the difference
between the amount of ['“C]oleate incorporated in the presence and
absence of added lipoproteins. The amount of ['“CJoleate incorpora-
tion in the absence of lipoproteins was usually less than | nmol/mg of
cell protein.

Assay for lipoprotein degradation. lodinated lipoproteins were
added to the cell cultures in DME and were incubated at 37°C for
12-16 h. The extent of proteolytic degradation was determined by
measuring the amount of '**I-labeled trichloroacetic acid-soluble ma-
terial (‘*I-monotyrosine) (24, 25). Nonspecific degradation was de-
fined as the amount of degradation observed in the presence of a
100-fold excess of unlabeled lipoprotein.

Western blots. Immunoblots of cell membrane proteins were per-
formed as described (26). Briefly, Triton X-100 extracts of human
monocyte-macrophages or fibroblasts were electrophoresed in 7.5%
polyacrylamide-SDS gels under nonreducing conditions and were ob-
tained by the method of Beisiegel et al. (27) in the presence of 0.5 mM
PMSF, 0.5 mg of leupeptin/ml, 10,000 KIU of Trasylol, and turkey
trypsin inhibitor and soybean trypsin inhibitor (15 ug/ml).

The proteins were transferred electrophoretically to nitrocellulose
paper as described (28). Immunoblotting was performed using 50 ug of
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apoB,E(LDL) receptor antibody/ml, and bound antibody was detected
by incubation of the blot with '*’I-labeled donkey anti-rabbit IgG (1-2
X 10° cpm/ml). Autoradiographs were obtained by exposing the dried
blots to Kodak XS-5 film and Cronex enhancing screens.

Results

Lipoprotein binding characteristics of human monocyte-de-
rived macrophages. The binding of several '*’I-labeled lipo-
proteins to the surface of human monocyte-derived macro-
phages was measured at 4°C. The binding of human '>*I-LDL,
canine '’I-apoE HDL,, and canine '*’I-3-VLDL to cultured
monocyte-macrophages was both saturable and concentration
dependent (Fig. 1). Analyses of the data according to the
method of Scatchard (22, 23) demonstrated that the human
monocyte-macrophages bound 'I-LDL with a K,
= 1.65+0.07 pg/ml (n = 3; +SD) and '*’I-apoE HDL, with a
Ky = 0.04 ug/ml (n = 2). At receptor saturation, the ratio of
LDL to apoE HDL, bound to the cells was 4.8:1, which is
similar to the ratio of 3.6:1 for the binding of these lipoproteins
to the classic apoB,E(LDL) receptors on cultured human fibro-
blasts (29). The human monocyte-macrophages bound 8-
VLDL with a Ky = 0.12+0.07 ug/ml (n = 4; +SD), which is
also similar to that of human fibroblasts for this class of lipo-
proteins.

Specificity of the lipoprotein receptor for 8-VLDL. Equilib-
rium binding experiments indicated that human monocyte-
macrophages displayed receptors that bound all three classes of
lipoproteins tested. To determine whether separate popula-
tions of receptors existed for LDL and 8-VLDL, the specificity
of B-VLDL binding was examined by assessing the ability of
unlabeled human LDL to compete with canine '>’I-3-VLDL
for binding and degradation by human monocytes and mono-
cyte-macrophages. Both unlabeled 8-VLDL and LDL were

Figure 1. Concentration-
dependent binding of '’
labeled lipoproteins to
. , L \ human monocyte-derived
1‘25 20 30 40  macrophages. The specific
I-LDL (pg/ml) binding of (4) human '*I-
B. LDL, (B) canine '*’I-apoE
HDL,, and (C) canine
o 1251.8.VLDL are shown.
Cells cultured in 35-mm
dishes for 5 d were incu-
bated in DME containing
10% LPDS for 2 d before
o.o'75 o.1'5 o.z:zs ofa tpe ex".eri'.nem' Equilib-
1251_Apo-E HDL (ng/mi) rium binding assays were
performed at 4°C; nonspe-
cific binding was defined as
the amount of radioligand
bound in the presence of a
100-fold excess of the cor-
responding unlabeled lipo-
protein. Each point is the
average of duplicate deter-
minations from a represen-
tative experiment.
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effective competitors. The cell-surface binding of '25I-8-VLDL
by monocyte-macrophages at 4°C was specifically inhibited by
unlabeled LDL, with 50% inhibition achieved at 15 ug of LDL
protein/ml (Fig. 2, top). The LDL were also effective competi-
tors for the degradation of '*’I-8-VLDL by the human mono-
cyte-macrophages (Fig. 2, bottom). The LDL inhibited '*I-8-
VLDL degradation by human monocyte-macrophages com-
pletely, with 50% inhibition achieved at 30 ug of LDL
protein/ml. Identical results were obtained when adherent
monocytes were isolated and studied on the same day (data
not shown).

The ability of LDL to inhibit the degradation of rabbit
B-VLDL from cholesterol-fed hypercholesterolemic rabbits
and human g-VLDL from a type III hyperlipidemic subject
was also examined. As shown in Fig. 3, the degradation of
rabbit, canine, and human '#’I-8-VLDL by human monocyte-
macrophages was abolished by unlabeled human LDL. Thus,
it appears that the same population of receptors binds, inter-
nalizes, and degrades both LDL and 8-VLDL from three spe-
cies.

Inhibition of 8-VLDL uptake by an antibody to the
apoB,E(LDL) receptor. To clarify further whether the uptake
of 8-VLDL by human monocyte-macrophages was mediated
by the apoB,E(LDL) receptor, the cells were first preincubated
with varying concentrations of a polyclonal antibody that
blocks apoB,E(LDL) receptor activity (8). Cultured human
fibroblasts were also included as a positive control. Human
I2LLDL or canine '2’I-8-VLDL were then added, and their
degradation in the presence or absence of the antibody was
measured. Fig. 4 shows that the antibody inhibited degrada-
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Figure 2. Ability of unlabeled human LDL to inhibit binding at 4°C
(top) and proteolytic degradation at 37°C (bottom) of canine '°I-8-
VLDL by human monocyte-derived macrophages. Monocyte-macro-
phages were incubated with either 1 ug/ml (4°C) or 5 ug/ml (37°C)
of '*I-8-VLDL and the indicated concentrations of unlabeled LDL.
The cell-surface binding of '*’I-8-VLDL and the amount of '?’I-g-
VLDL degradation product were measured as described in Methods.
The control (100%) values were 43.6 ng bound/mg of cell protein
and 0.66 ug degraded/6 h/mg of cell protein.

51 8-VLDL Degradati
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Figure 3. Ability of un-

Canine Rabbit Human
- F-VLDL  8-VLDL  B-VLDL labeled human LDL to
3 :100- inhibit the degradation
2 £ 80 of canine, rabbit, and
S % oo human '»I-8-VLDL by
2 S human monocyte-mac-
& € 401 rophages. Monocyte-
& 204 macrophages were incu-
bated with 5 ug of ca-
01001000 0 1001000 0%0100 pine '2[-8-VLDL/ml,
Unlabeled LDL C.

15 ug of rabbit '*I-6-
VLDL/ml, or 5 ug of
human '#°I-6-VLDL/ml
and the indicated concentrations of unlabeled LDL at 37°C. '¥I-8-
VLDL degradation was measured as described in Methods. Rates of
degradation in the absence of LDL were 3.2, 6.0, and 3.8 ug/mg of
cell protein, respectively.

(ug protein/ml)

tion of '*I-8-VLDL and '*I-LDL by monocyte-macrophages
and human fibroblasts in a dose-dependent manner. Complete
inhibition of binding was achieved at higher concentrations of
IgG. These data support the conclusion that a single popula-
tion of receptors, the apoB,E(LDL) receptors, mediates the
binding and degradation of both 8-VLDL and LDL.

Immunoblots of apoB,E(LDL) receptors. The same
apoB,E(LDL) receptor antibody was used for immunoblots to
characterize the apoB,E(LDL) receptors on human-monocyte
macrophages, cultured human fibroblasts, and mouse perito-
neal macrophages. As previously reported (8), and as illus-
trated in Fig. 5, the apoB,E(LDL) receptor on mouse perito-
neal macrophages has an apparent molecular weight slightly
lower than that of the human fibroblast receptor. Human
monocyte-macrophages possessed a single immunoreactive
band with an apparent molecular weight identical to that de-
tected on human fibroblasts.

Regulation of lipoprotein receptors on human monocyte-
macrophages. Previous studies using mouse peritoneal macro-
phages demonstrated that the apoB,E(LDL) receptors on these
cells were poorly down regulated by extracellular cholesterol
compared with the receptors on human fibroblasts. To deter-

100
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Degradation (% of Control)

20 40 60 80 100
19G (pg/mi)

Figure 4. Inhibition of human '*I-LDL and canine '*I-8-VLDL
degradation by an antibody to the bovine apoB,E(LDL) receptor.
Human monocyte-macrophages (e, m) or cultured fibroblasts (o, 0)
were preincubated with varying concentrations of IgG at 4°C for 2 h.
'25I.LDL (e, 0) (2 ug of protein/ml) or '**I-8-VLDL (m, 0) (1 g of
protein/ml) were then added to the cells and incubated for 16 h at
37°C. The data are expressed as percentage of specific degradation of
labeled lipoprotein in the absence of added antibodies.

Human Human Mouse
Monocyte- Fibro- Peritoneal
Macrophage blast Macrophage

‘ -— 125K

Figure 5. Immunoblots of apoB,E(LDL) receptors. Triton extracts of
human monocyte-macrophages, human fibroblasts, or mouse perito-
neal macrophages (100 ug of protein/lane) were electrophoresed on
7.5% polyacrylamide-SDS gels, transferred to nitrocellulose, and
reacted with polyclonal antibodies to the apoB,E(LDL) receptor as
described. Apparent molecular weights are indicated with arrows.

mine if this is also a property of apoB,E(LDL) receptors on
human monocyte-macrophages, the binding of canine '*I-8-
VLDL and human '?’I-LDL to human monocyte-macro-
phages and human fibroblasts was examined after preincuba-
tion of the cells for 48 h with increasing concentrations of
B-VLDL. After preincubation with 8-VLDL, both human
monocyte-macrophages and human fibroblasts demonstrated
equivalent dose-dependent down regulation of '?°I-8-VLDL
and '»’I-LDL binding (Fig. 6). Down regulation of the
apoB,E(LDL) receptor content was also assessed by immuno-
blots using the polyclonal antibody made against bovine
apoB,E(LDL) receptors. Densitometric scans of autoradio-
grams demonstrated that the apoB,E(LDL) receptor content
was efficiently decreased by preincubation of the cells with
B-VLDL (Fig. 6 A, inset).

Lipoprotein-induced cholesterol esterification and lipopro-
tein degradation by human monocyte-macrophages from ho-
mozygous familial hypercholesterolemic subjects. To confirm
that the uptake of 8-VLDL by human monocyte-macrophages
was mediated by the apoB,E(LDL) receptor, cells from seven
patients with the homozygous form of FH were investigated.
Since homozygous FH subjects are genetically deficient in
functional apoB,E(LDL) receptor activity, incubation of 8-
VLDL with monocyte-macrophages from these individuals
would serve as a crucial test as to whether 8-VLDL can be
taken up by a process independent of the apoB,E(LDL) recep-
tor. The clinical features and serum lipid levels of these sub-
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Figure 6. -VLDL-induced down regulation of human '*I-LDL (4)
and '?’I-8-VLDL (B) binding to monocyte-macrophages (o) or fibro-
blasts (0). Human monocyte-derived macrophages or human fibro-
blasts were incubated with the indicated concentrations of 8-VLDL
in DME containing 10% lipoprotein-deficient serum (LPDS) for 48 h
at 37°C. The cells were then washed and further incubated in DME

jects (summarized in Table I) are typical of those with this
genetic disorder.

As Fig. 7 A clearly demonstrates, neither human LDL,
canine 8-VLDL, rabbit 3-VLDL, nor human type III 8-VLDL

containing 10% LPDS at 37°C for 1 h to allow for internalization of
the remaining surface-bound -VLDL. '*I-LDL or '#I-8-VLDL
binding was then assessed at 4°C. Each point represents the average
values of triplicate determinations. The inset in A is an immunoblot
of apoB,E(LDL) receptors from monocyte-macrophages incubated in
the absence or presence of 10 ug of cholesterol/ml.

were degraded by the FH cells. In addition, in comparison with
normal monocyte-macrophages, these lipoproteins induced
only minimal amounts of cholesteryl [**Cloleate in the FH
monocyte-macrophages (Fig. 7 B). AcAc LDL were used as a

Table I. Clinical Features and Serum Lipid Levels of Familial Hypercholesterolemia Subjects

Subject Age, sex Plasma cholesterol Plasma triglycerides Clinical characteristics LDL receptor
mg/dl mg/dl

F.L* 19F 720 110 Xanthomas, corneal arcus Negative LDL binding
MK} 6M 1170 178 Xanthomas 25% of normal LDL binding
G.RS ND'M ND ND Xanthomas, aortic stenosis Receptor defective
RA 9F 1070 238 Xanthomas, coronary artery disease <5% of normal LDL binding
G.E.**# SF 791 174 Xanthomas Negative binding, no receptor protein
R.H.# IM 770 101 Xanthomas, aortic stenosis 1% of normal LDL binding
JH# 6F 1041 153 Xanthomas, aortic stenosis 1% of normal LDL binding
R.M H# NDF 675 275 Xanthomas 25% of normal LDL binding

* This is a patient of Dr. Gerd Assmann, Munster, West Germany. # This is a patient of Dr. Mary J. Malloy, University of California, San
Francisco, CA. The patient is on triple drug treatment (colestipol, nicotinic acid, mevinolin). At the time of the study, the plasma cholesterol
and triglyceride levels were 372 and 99 mg/dl, respectively. ¢ Dr. Tom Parker at the Rogosin Institute of Medical Research and Health Care,
New York, NY, sent the blood from this patient. " No data. ' This patient had a liver and heart transplant and is being treated with mevino-
lin. At the time of the study, her plasma cholesterol and triglyceride levels were 171 and 121 mg/dl, respectively. This patient has one null allele
and one LDL receptor allele that produces a nonprocessed receptor (30). ** No LDL receptor antibody could be detected with bovine LDL
receptor antibody. DNA studies indicated a Lebanese allele (31). ¥ These are patients of Dr. Ricardo Uauy, Dallas, TX. % At the time of the
study, this patient had been on a low-fat, low-cholesterol diet and the plasma cholesterol and triglyceride levels were 327 and 95 mg/dl, respec-
tively. This patient is probably a FH heterozygote.

1336 Koo, Wernette-Hammond, Garcia, Malloy, Uauy, East, Bilheimer, Mahley, and Innerarity



‘5—5 a-A I Normal
e O FH
-

3%

aa 6

c=

£

Sa

8E 4

o

a3

S Ll

(nmol/mg cell protein)

[“C] Oleate—=cCholesteryi [C] Oleate

10 5 5§ 10 5

—_—
LDL Canine Rabbit
A-VLDL  A-VLDL

10, 10 20 NolLP

Human AcAc LDL
B-VLDL

Figure 7. Degradation of '?*I-labeled lipoproteins (4) and lipopro-
tein-induced stimulation of cholesterol esterification (B) in mono-
cyte-macrophages of normal and FH subjects. Monocyte-macro-
phages were cultured in 22-mm dishes for 4 d in DME containing
20% human AB* serum and then for 2 d in DME containing 10%
LPDS. Cells were incubated with '*’I-labeled lipoproteins=['C]-
oleate at 37°C for 16 h. Degradation of '*I-labeled lipoproteins and
synthesis of cholesteryl ['“Cloleate were measured as described in
Methods. Concentrations (micrograms of protein/milliliter) of each
lipoprotein are indicated beneath the lower panel. Degradation is
corrected for nonspecific degradation, with the exception of AcAc
LDL. Each value is the average of duplicate determinations from a
representative experiment. No LP, no lipoprotein added.

control since the internalization of these lipoproteins is me-
diated by the acetyl-LDL, or scavenger, receptor which is nor-
mally expressed in both normal and FH cells (32). Similar
amounts of AcAc LDL were degraded in both cell types (Fig. 7
A). In addition, cholesteryl ester formation induced by AcAc
LDL was equivalent in normal and FH cells (Fig. 7 B). The
cells for the experiment shown in Fig. 7 were derived from
homozygote S. J. Bilheimer et al. (30) have shown that S.J. has
one LDL receptor allele that produces no LDL receptor (null
allele); the other allele produces nonprocessed receptors. Re-
sults from all seven subjects are summarized in Tables II and
II1. In all cases, FH cells demonstrated little or no uptake and
degradation of 'I-LDL, as expected. The relative inability of
these cells to degrade 8-VLDL and to esterify the internalized
cholesterol parallel their relative inability to metabolize '%I-
LDL, indicating that no separate pathway exists in these cells
for the receptor-mediated uptake of 8-VLDL. Monocyte-mac-
rophages from the single heterozygous FH subject (R.M.)
showed an intermediate level of uptake of both 8-VLDL and
LDL (Tables II and III), i.e., the uptake levels were between
those for the homozygous FH subjects and those for normal
subjects (data not shown).

Discussion

Previously, Van Lenten et al. (11) described the uptake and
degradation of rabbit 8-VLDL by human monocyte-macro-
phages. These features were noted: (a) The process was depen-
dent on Ca?*, (b) the uptake of LDL and 8-VLDL was highest
soon after the monocytes were cultured and tended to decline
with time in culture, (c) the uptake of both lipoproteins was
mediated by a specific high-affinity process, (d) the process
was up regulated by lipoprotein-deficient serum in the me-
dium and down regulated by preincubation of the cells with
sterol in the medium, and (e) the receptor activity recognized
lipoproteins (at least in part) by their apoE content (11). There
was, however, one key difference between the degradation of
LDL and 8-VLDL by the human monocytes. In monocytes
from a homozygous FH patient, the amount of '**I-labeled
rabbit 8-VLDL that was degraded was only slightly reduced
compared with that of normal human monocytes (11). In
contrast, the amount of '?’I-labeled human LDL degraded was

Table II. Degradation of '*I-Labeled Lipoproteins by Human Monocyte-Macrophages from Familial Hypercholesterolemia Subjects*

Human LDL Canine §-VLDL Rabbit 5-VLDL Human g-VLDL Human AcAc LDL?
ng/mg % ug/mg % ng/mg % ng/mg % ng/mg %
F.L. 0¢ 0 0.005 1.6 ND! ND ND
MK. 0.21 2.8 0.16 15.6 ND ND ND
0.32 4.9 0.14 12.5
G.R. 1.55 9.2 0.30 6.5 0.53 14
S.J. 0.12 0.4 0.01 0.2 0.04 1 0.01 0.1 3.49 144
0 0 0 0 4.29 133
G.E. 0.04 1.4 ND 0.08 39 0.02 1.1 2.60 481
R.H. 0.06 1.7 0.03 20 0.24 8.6 0.02 8.6 1.05 198
J.H. 0.02 0.4 ND 0.05 1.5 0 0 0.71 142
RM.! 2.13 —_ 3.27 62 1.90 61 6.12 72

2.69 72

* Cells were cultured as in Fig. 7 and incubated for 18 h with '*I-labeled lipoproteins at 37°C, and degradation was determined as described in
Methods. * AcAc LDL, acetoacetylated LDL. ¢ All data are presented as a percentage of the specific (LDL, 8-VLDL) or total (AcAc LDL)
degradation of a parallel normal control and as ug of lipoprotein degraded/mg of cell protein. "ND. 'FH heterozygote.
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Table III. Lipoprotein-induced Cholesterol Esterification by Human Monocyte-Macrophages

from Familial Hypercholesterolemia Subjects*

Human LDL Canine 8-VLDL Rabbit 8-VLDL Human g-VLDL Human AcAc LDL}
nmol/mg % nmol/mg % nmol/mg % nmol/mg % nmol/mg %
F.L. 0.72¢ 7.6 343 7.6 ND! ND ND
MK. 0 0 0.4 1.8 ND ND ND
0.1 0.1
G.R. 2.30 2.0 4.63 6.0 5.57 7.5 ND ND
SJ. 0.2 2.3 0.4 39 0.5 4.9 0.3 49 2.5 119
0.8 3.6 0.3 4.0 3.1 115
G.E. 0 0 0 0 0 0 ND
R.H. 0 0 0 0 0.2 1.2 0 0 0.7 113
J.H. 0 0 ND 0.2 1.6 0 0 0.7 128
RM. 2.0 5.6 11.1 — 18.5 75 6.8 59 10.4 158

* Cells were cultured as in Fig. 7 and incubated for 18 h with ['*Cloleate and various lipoproteins at 37°C, and the production of cholesteryl
[“CJoleate was measured as described in Methods. ¥ AcAc LDL, acetoacetylated LDL. ¢ Data are presented as a percentage of the lipopro-
tein-induced cholesterol esterification of a parallel normal control and as nanomoles of cholesteryl esters synthesized/milligram of cell protein.

'ND.

greatly reduced in these cells. These results were interpreted as
confirmation of the suggestion by Goldstein et al. (5) that the
receptor recognizing 8-VLDL was a genetically distinct recep-
tor similar to the postulated “8-VLDL receptor” on the cell
surface of mouse peritoneal macrophages.

However, our studies (8) demonstrated that mouse macro-
phages contain an unusual apoB,E(LDL) receptor instead of a
genetically distinct 8-VLDL receptor. Therefore, the present
study was undertaken to clarify potential differences between
these particular mouse and human cells with respect to the
presence or absence of the 8-VLDL receptor. The data ob-
tained in our study demonstrate that human macrophages de-
rived from circulating monocytes bind and internalize 8-
VLDL by an apoB,E(LDL) receptor pathway that appears to
be identical to the classic apoB,E(LDL) receptor described on
cultured human fibroblasts. The following evidence indicates
that the internalization of 8-VLDL by human monocyte-mac-
rophages is mediated by the apoB,E(LDL) receptor: (a) bind-
ing and degradation of 8-VLDL can be completely inhibited
by excess unlabeled LDL or by preincubation with an anti-
body that blocks apoB,E(LDL) receptor activity; (b) the
apoB,E(LDL) receptor antibody that abolishes 8-VLDL up-
take by human macrophages recognizes a single band (the
apoB,E(LDL) receptor) on immunoblots of extracts of human
macrophages; (c¢) the affinities of the receptors on human
monocyte-macrophages for 8-VLDL, apo-E HDL., and LDL
are similar, if not identical, to the affinities of the classic
apoB,E(LDL) receptors on human fibroblasts for these same
lipoproteins; (d) the expression of the apoB,E(LDL) receptor
was down regulated equivalently in human fibroblasts and
human monocyte-macrophages by preincubation of the cells
with 8-VLDL; and (¢) macrophages derived from blood mono-
cytes from seven patients with homozygous FH degraded very
little (if any) 8-VLDL.

These results agree with previous studies that demon-
strated that mouse peritoneal macrophages also internalize §-
VLDL through an apoB,E(LDL) receptor (8, 9). However, in
contrast to the apoB,E(LDL) receptor on human monocyte-
macrophages, the mouse apoB,E(LDL) receptors differ from
the classic apoB,E(LDL) receptors in apparent molecular size

(Fig. 5), binding affinity for LDL (32.9 ug/ml for mouse perito-
neal macrophages vs. 1.65 ug/ml for human monocyte-macro-
phages), and relative sensitivity to down regulation when
compared with human fibroblasts (8).

Our conclusion that the apoB,E(LDL) receptor on human
monocyte-macrophages is responsible for the uptake of -
VLDL differs from that of several previous studies. Although
the reasons for these differences are not fully understood, there
are several plausible explanations for the differences. The evi-
dence for a distinct 8-VLDL receptor was based primarily on
two results: a 25-fold excess of LDL did not completely inhibit
125]_8-VLDL degradation, and the monocyte-macrophages
from a single individual with homozygous FH appeared to
degrade B-VLDL at levels approximating normal controls,
whereas LDL degradation was minimal (11). We now know
that because 8-VLDL bind with much higher affinity to the
apoB,E(LDL) receptor than LDL, a 25-fold excess of LDL
would not completely inhibit the '?°I-8-VLDL degradation.
Therefore, the partial inhibition of 8-VLDL degradation at a
25-fold excess of LDL reported previously and confirmed in
this study can be explained as a difference in the affinities of
the two lipoprotein ligands (see reference 33 for a discussion of
this general phenomenon).

Other studies demonstrated that 8-VLDL were degraded
by macrophages from FH homozygotes, whereas the present
results did not. The difference may be accounted for by a
recent study by Hobbs et al. (34). They discovered that
apoB,E(LDL) receptors from one FH homozygous patient
bound almost no human LDL, but interacted with rabbit §-
VLDL with the high affinity typical of the normal
apoB,E(LDL) receptor. In addition, Davis et al. have also dem-
onstrated that deletion of the epidermal growth factor precur-
sor region of the apoB,E(LDL) receptor markedly reduces
LDL binding but not 8-VLDL binding (35). It is possible that
the FH subjects studied by Van Lenten et al. (11, 36) and
Wang-Iverson et al. (37) had similar mutations. Differences in
lipoproteins or experimental conditions may also account for
the degradation of 8-VLDL in FH monocytes in the previous
studies.

The B-VLDL are abnormal lipoproteins present in large
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amounts in animals fed a high-cholesterol diet or in patients
with type III hyperlipoproteinemia (1-3). These lipoproteins
are not normally found in the plasma from fasted, normal
individuals. However, VLDL and chylomicron remnants that
are found in normal individuals resemble the S8-VLDL (2).
Van Lenten et al. (36) have demonstrated that chylomicron
remnants enter human monocyte-macrophages by the same
pathway as 8-VLDL. In view of results from the present stud-
ies, chylomicron remnants would be expected to be taken up
by the apoB,E(LDL) receptors on human monocyte-macro-
phages. Indeed, Floren and Chait (38) have shown that chylo-
micron remnants are internalized by human monocyte-mac-
rophages through the classic apoB,E(LDL) receptor pathway
equivalent to that in cultured human fibroblasts.

The results presented here and in previous studies (8, 9)
suggest that the propensity of monocytes to become foam cells
when incubated with cholesterol-enriched lipoproteins, such
as 8-VLDL, is not a result of the presence of a unique popula-
tion of receptors for these lipoproteins. The overaccumulation
of cholesteryl esters by the monocyte-macrophages, despite a
well-regulated apoB,E(LDL) receptor pathway, argues that the
formation of foam cells by human monocyte-macrophages re-
sults from other properties of these cells. For example, Tabas et
al. (10, 39) showed that mouse peritoneal macrophages did not
esterify appreciable amounts of LDL-derived cholesterol even
though these lipoproteins were apparently internalized and
degraded by the cells. Since 8-VLDL could induce significant
cholesteryl ester accumulation in mouse peritoneal macro-
phages, the inference is that LDL-derived cholesterol is pro-
cessed differently than 8-VLDL-derived cholesterol. Likewise,
it is possible that 8-VLDL-derived cholesterol is handled dif-
ferently in human monocyte-macrophages compared with
human fibroblasts. Foam cell formation could arise in part
from non-receptor-mediated endocytotic uptake of choles-
terol-enriched lipoproteins in the prolonged presence of con-
centrations of these lipoproteins far above the saturating con-
centration for the receptors. Alternatively, the efflux of choles-
terol from a cholesteryl ester-loaded monocyte-macrophage
may be impaired because of the paucity of cholesterol accep-
tors in hypercholesterolemic plasma (1). In addition, the regu-
lation of intracellular cholesterol levels and intracellular sites
of cholesterol storage may be important, e.g., the availability of
cholesterol for efflux from monocyte-macrophages may differ
from that observed in other cells. In fact, Pitas et al. (40) have
demonstrated that cholesterol in macrophage foam cells in
rabbit atherosclerotic lesions is resistant to mobilization by
cholesterol acceptors in the medium. A combination of prop-
erties unique to these cells may account for the formation of
foam cells in response to chylomicron and VLDL remnants.
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