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Abstract

mAb4E4, a murine monoclonal antibody that is specific for
acetylated LDL and malondialdehyde-treated LDL, binds spe-
cifically to modified LDL present in human atherosclerotic le-
sions. It is directed against an epitope that is poorly exposed
in delipidated and solubilized apolipoprotein B-100 from modi-
fied LDL.

mADb4E4, as well as its F(ab'), and Fab fragments, en-
hanced the uptake of both acetylated LDL and malondialde-
hyde-treated LDL by THP-1-derived macrophages resulting
in a sixfold increase of cytoplasmic cholesteryl ester levels. The
increased uptake of modified LDL /mAb4E4 complexes did
not occur via the Fc receptor and did not depend on aggregation
of modified LDL particles. However, their uptake was inhib-
ited by blocking the scavenger receptors with fucoidin or by
downregulation of receptor expression with endotoxins or inter-
feron-v, indicating that their uptake is mediated via these re-
ceptors. Thus, generation of autoimmune antibodies against
modified LDL and subsequent endocytosis of soluble modified
LDL /antibody complexes via scavenger receptors may en-
hance foam cell generation. This mechanism may contribute to
the progression of atherosclerotic lesions. (J. Clin. Invest.
1994. 93:89-98.) Key words: atherosclerosis ¢ low density lipo-
protein » monoclonal antibodies « immune complexes

Introduction

Subendothelial accumulation of foam cells, primarily derived
from monocytes/macrophages by uptake of LDL plays a key
role in the initiation of atherosclerosis (1-7). However. incu-
bation of macrophages with LDL in vitro does not produce
foam cells because increased intracellular cholesterol levels
downregulate the LDL receptor (2. 6). In contrast, macro-
phages avidly accumulate LDL that are chemically modified
by acetylation (AcLDL)' (3), malondialdehyde treatment
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(MDA-LDL) (8), or oxidation (Ox-LDL) (9, 10) by uptake
via scavenger receptors that are unresponsive to intracellular
cholesterol levels (6 ). Furthermore, in murine peritoneal mac-
rophages, modified LDL from human atherosclerotic lesions
are accumulated more avidly than native LDL and induce
foam cell generation (11-13).

Modified LDL have been demonstrated in atherosclerotic
lesions in Watanabe heritable hyperlipidemic rabbits with the
use of monoclonal antibodies specific for oxidized LDL,
MDA-lysine, and 4-hydroxynonenal-lysine (14-16). In addi-
tion. oxidized LDL is immunogenic and specific autoantibod-
ies have been found both in serum and in atherosclerotic le-
sions in man (13, 17). The titer of autoantibodies to MDA-
LDL appears to correlate with progression of carotid
atherosclerosis (18).

In the present study, we produced and characterized a mu-
rine IgG, monoclonal antibody, mAb4E4, cross-reacting with
AcLDL and MDA-LDL, but not with native LDL. Purified
mADb4E4 and its F(ab’),-fragment were found to enhance the
uptake of AcLDL and the accumulation of cholesteryl esters in
human macrophages derived from THP-1 monocytic leuke-
mia cells by induction with phorbolesters (19). The time
course of the uptake of AcLDL and of AcLDL/antibody com-
plexes, the nature of the receptors responsible for uptake, the
hydrolysis of the accumulated cholesteryl esters in the lyso-
somes, the reesterification of generated cytoplasmatic choles-
terol. and the efflux of accumulated cholesterol were character-

1zed.

Methods

Low-density lipoprotein preparation and modification. LDL were iso-
lated from pooled sera of fasting normolipidemic donors by sequential
ultracentrifugation at densities between 1.03 and 1.05 g/ml. in an ul-
tracentrifuge (model L7-65: Beckman Instruments. Inc.. Fullerton.
CA) for 16 h (20) and were dialyzed at 4°C against 0.15 M NaCl
containing 0.1 g/1 EDTA (pH 7.5). Lipoprotein-deficient fetal calf
serum (LPDS) (d > 1.215 g/ ml) was prepared by differential ultracen-
trifugation as previously described (21). AcLDL, MDA-LDL. and Ox-
LDL were prepared and characterized as described ( 10, 22, 23). Reac-
tive free amino groups were measured with 2.4,6-trinitrobenzene sul-
fonic acid (TNBS reactivity) as described by Habeeb (24). All
lipoprotein preparations were sterilized by filtration, using a 0.45 um
low protein binding filter (Millex: Millipore Corp., Brussels, Belgium),
stored at 4°C and used within 2 wk. Sodium oleate /BSA (oleate/BSA)
complexes were prepared as previously described (25). Delipidation of
LDL was performed as previously described (26).

Isolation of apolipoprotein A-I and preparation of apolipoprotein
A-1/phospholipid complexes. Apo A-1 was purified from high density
lipoproteins that were isolated from plasma and delipidated as previ-
ously described (27). Discoidal complexes of apo A-I with dipalmitoyl-
phosphatidylcholine (Sigma Immunochemicals, St. Louis. MO) were
prepared at a phospholipid/apolipoprotein weight ratio of 3:1 by the
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cholate dialysis method (28). The complexes were isolated by gelfiltra-
tion on a Superose 6PG column as described earlier (27).

Production of monoclonal antibodies. BALB/c mice were immu-
nized with AcLDL using a previously described immunization proto-
col (29). P3X63-Ag 8-6.5.3 myeloma cells were fused with spleen cells
from immunized BALB/c mice according to established procedures
(30). After selection of hybridoma cells in the presence of aminopterin,
the supernatants were screened for specific antibody production in mi-
cro-ELISA (31). Positive clones were subcloned by limiting dilution.
IgGs were purified from ascites fluid on protein A-Sepharose (32).
The subclass of the monoclonal antibodies was identified using rabbit
antisera against murine IgM, IgG, 1gG,, IgG,,, IgG;, « chain, X chain,
and goat antisera against mouse IgG,, (Nordic, Tilburg, The Nether-
lands). The binding constants of '*I-labeled antibodies for immobi-
lized native LDL, AcLDL, MDA-LDL and Ox-LDL was assessed in a
solid phase assay as previously described (33). The different antigens
were dissolved to a concentration of 2 ug/ml in PBS, pH 7.4, contain-
ing 20 uM of vitamin E, to avoid oxidation of LDL during coating on
the plates. After incubation for 16 h at 4°C, the wells were emptied and
washed several times with a 0.1% BSA solution in PBS, pH 7.4. Satura-
tion of the well surface was accomplished by incubation of 200 ul of a
1% BSA solution in the same buffer for 1 h at room temperature.
Varying concentrations of the '?I-labeled antibody (between 0.8 and
80 nM), dissolved in 200 ul PBS, were added to the coated wells and
incubated for 2 h at room temperature. Three replicate experiments
were performed for each antibody concentration. The solution was
removed and the wells were washed three times with a 1% BSA solu-
tion. After the final wash, the solution was removed, the bound radioac-
tivity in the individual wells was measured in a gamma counter, and
the amount of bound antibody was calculated from the level of bound
radioactivity, after correction for nonspecific binding on BSA coated
wells. The inverse of the concentration of bound antibodies was plotted
versus the inverse of the concentration of free antibodies. The value for
K, was derived from the intercept on the x axis, whereas the maximal
number of binding-sites per ligand molecule was derived from the in-
tercept on the y axis.

To determine the number of ligand molecules that were immobi-
lized in the wells, radiolabeled ligand (2 ug/ml) was added to the wells
and the amount of immobilized ligand was derived from the amount of
bound radioactivity.

Alternatively, the binding constants of unlabeled antibodies for
both immobilized and soluble native LDL, AcLDL, MDA-LDL, and
Ox-LDL were assessed in ELISA according to Hogg et al. (34). Immo-
bilization of antigen and incubation of the antibodies occurred as in the
solid phase radioimmunoassay. The absorbance, measured at 405 nm
(A*5) is a measure of the amount of bound antibodies. The ratio of
A% versus the molar antibody concentration (m, ) was plotted versus
A% _The value for K,,, the binding constant of the antibody for immo-
bilized antigen, was derived from the slope of the line. Consequently,
the different antibodies were incubated in the presence of increasing
amounts of unlabeled antigen, resulting in a dose-dependent inhibition
of the binding of the antibodies to immobilized antigen. The ratio of
the absorbance measured in the absence (A,**) versus the absorbance
measured in the presence of competing soluble antigen (A,**) was
plotted versus the molar concentration of competing soluble antigen
(my). The value for K,,, the binding constant of the antibody for solu-
ble antigen, was derived from the slope of the line.

F(ab'), fragments were preparcd by pepsin digestion as described
earlier (35). Fab fragments were prepared by papain digestion in the
presence of 0.01 M cysteine as described (36). The Fc fragments were
removed by chromatography on protein A-Sepharose. F(ab)’, and
Fab preparations were free of intact IgG, as was shown on SDS-PAGE.

Cells. Human THP-1 monocytic leukemia cells ( 19) were obtained
from the American Type Culture Collection (Rockville, MD) and
maintained in suspension in T-75 culture flasks at a cell density of 2
X 10°-1 X 10° cells/ml in RPMI 1640 medium containing 10% fetal
calf serum and 25 pg/ml Gentamycin at 37°C in a 10% CO, atmo-
sphere. Cells cultured in the presence of PMA (at a final concentration
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of 10”7 M) were seeded in 35-mm culture dishes (Costar Corp., Cam-
bridge, MA) at a density of 2 X 10° cells/ml and incubated for 24 h
(37). Induction of macrophage differentiation in THP-1 cells was char-
acterized by increased adherence of cells to culture dishes and typical
changes in cell morphology. Thereafter, the cells were incubated for 24
h in medium containing 10% of LPDS.

Uptake of AcLDL and accumulation of cholesteryl esters in
THP-1-derived macrophages. Cellular uptake and metabolism of un-
esterified cholesterol (UC) and cholesteryl esters (CE) was evaluated in
THP-1-derived macrophages during incubation with AcLDL or
AcLDL/antibody complexes for 24 h. Cells were washed with serum-
free medium, and RPMI 1640 medium containing 10% LPDS and
AcLDL (at final concentrations between 10 and 400 pg/ml; 1 ml per
culture dish) or AcLDL/antibody complexes (antibody concentra-
tions ranging between 0.062 and 2 mg/ml) were added to the cells.
When indicated, oleate/BSA complexes (25) were added at a final
concentration of 100 ug oleate/ml culture medium. After incubation
for 24 h, the cells were washed twice with physiological saline, removed
from the dishes using a cell scraper (Becton Dickinson Labware, Lin-
coln Park, NJ), and centrifuged at 1,000 g for 10 min at room tempera-
ture. The lipids were extracted from the cell pellet by addition of 5 ml
hexane/isopropanol (3:2, vol/vol) containing 10 ug/ml cholesteryl
heptadecanoate as an internal CE standard and 10 pg/ml beta-sitos-
terol as a UC standard. The concentrations of UC, total CE, cholesteryl
arachidonate, cholesteryl linoleate, cholesteryl oleate (CO), and cho-
lesteryl palmitate (CP) in the cell extracts were measured as described
below. In parallel experiments, cells were resuspended in water and
sonicated, and lysed cells were centrifuged. The intracellular concen-
trations of mAb4E4 were determined in ELISA using AcLDL-coated
plates and peroxidase-labeled rabbit anti-mouse IgG. The intracellular
apo B-100 were measured in ELISA as described previously (38).

Analytical techniques. The levels of UC and of CE in the cell ex-
tracts were quantified by HPLC on a reversed phase column (Zorbax
ODS; Du Pont de Nemours, Wilmington, DE) (39). UC and CE were
eluted isocratically at 45°C with a mixture of acetonitrile /isopropanol
at ratios of 50:50 and 90:10 (vol/vol), respectively. Cellular proteins
were dissolved in 0.1 M NaOH and were quantified by the method of
Lowry et al. (40), using bovine serum albumin as a standard.

For microscopical evaluation of lipid accumulation in the cells, 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 1% oil red 0 in 60% isopropanol for 1 h at 4°C, rinsed in PBS, and
mounted for light microscopic evaluation. Previously established crite-
ria were used for identifying foam cells (4).

Efflux of cholesterol from cells enriched in CE. To determine the
spontaneous efflux of cholesterol from cells enriched in CE by incuba-
tion with AcLDL or AcLDL/antibody complexes, they were washed
twice with serum-free RPMI 1640 and incubated for 24 h in serum-free
RPMI medium, containing | mg HSA /ml. To determine acceptor-fa-
cilitated efflux of cellular cholesterol, apo A-I/dipalmitoylphosphati-
dylcholine (apo A-1/ DPPC) complexes ( final concentration = 200 and
400 pg apo A-I/ml) were added. At the end of the 24-h incubation
period, the cells were collected and the cellular lipids and cellular pro-
teins were extracted as described above. In control experiments, equiva-
lent amounts of DPPC not complexed with apo A-I were added.

Immunocytochemistry. Endarterectomy specimens obtained from
patients with confirmed carotid atherosclerosis were treated essentially
as described by Rosenfeld et al. (41). The specimens were collected in
0.1 M sodium phosphate buffered saline (pH 7.4) containing 4% su-
crose, 20 uM vitamin E as an antioxidant, and | mM EDTA, snapfro-
zen with isopentane, cooled in liquid nitrogen, and stored at —70°C.
Serial 8-um thick sections were cut and stained with hematoxylin and
eosin. Duplicate slides, containing each four to six sections, were devel-
oped with mAb4E4, mAb34D8, mAb14F8, and mAb17C8 (final con-
centration = 10 ug/ml), with PG-M1, a murine monoclonal antibody
specific for human macrophages, or with 1A4, a murine monoclonal
antibody specific for human a-smooth muscle actin, both from Dako
(Glostrup, Denmark). Bound antibodies were detected with peroxi-



dase-labeled rabbit anti-mouse Ig antibodies and diaminobenzidine.
Specificity of binding of monoclonal antibodies to the tissue sections
was evaluated by adding MDA-LDL or native LDL (final concentra-
tions = 100 ug/ml) to the incubation mixtures.

Chemicals. All cell culture media and solutions were obtained from
Gibco-BRL (Ghent, Belgium). Cytochalasin D, dipalmitoylphosphati-
dylcholine, fucoidin, papain, pepsin, phorbol myristate acetate, and
oleate were obtained from Sigma Immunochemicals. Lipopolysaccha-
ride was from Difco Laboratories ( Detroit, MI) and interferon-v (spe-
cific activity of 25.10% U/mg) was from Janssen Biochimica (Geel,

Belgium).

Results

Modification of amino acids in apo B-100. The number of
reactive lysine residues in apo B-100, as detected with 2,4,6-
trinitrobenzene, was 324 as compared to the total number of
356 lysine residues in apo B-100. In the AcLDL and MDA-
LDL, only 121 and 49 lysine residues were accessible. The num-
ber of reactive amino groups in MDA-LDL decreased with
increasing amounts of MDA in the incubation mixture. When
168 moles MDA was bound per mole LDL (standard prepara-
tions), only 80 free lysines could be titrated (42).

Identification and characterization of the monoclonal anti-
bodies. Supernatants of hybridomas resulting from fusions of
P3X63-Ag8-6.5.3 myeloma cells with spleen cells of mice im-
munized with AcLDL or MDA-LDL were screened for specific
antibody production in micro-ELISA. The wells were coated
with 4 ug/ml solutions of AcLDL, MDA-LDL, Ox-LDL, and
native LDL, respectively. Alternatively, wells were coated with
acetylated albumin, maleylated albumin, MDA-albumin, and
maleylated LDL (25. 42). Only hybridomas that produced an-
tibodies that were specific for AcLDL and/or MDA-LDL and/
or Ox-LDL were selected. Out of four fusions, ~ 400 hybrid-
omas were obtained, which produced monoclonal antibodies
directed against epitopes in AcLDL, 37 of which did not cross-
react with native LDL. Four of these hybridomas are further
described in the present study. The IgG fraction of these anti-
bodies was purified by affinity chromatography on protein A-
Sepharose. These antibodies only reacted with antibodies
against murine IgG and IgG,, but not with antibodies against
murine IgM, IgG,, and IgG;. The light chains of all antibodies
were of the « type.

Binding constants for the interaction of !'*I-labeled IgG
with native LDL, AcLDL, and MDA-LDL were determined in
a solid-phase assay as described in methods. Less than 1% of the
added '?’I-labeled IgG bound aspecifically to wells coated with
BSA. The binding data were analyzed by a modified Scatchard
plot (33). The equilibrium association constants, K,, of
mAb4E4, mAb34D8, mAb14F8, and mAbl17C8 for AcLDL
are 7+1 X 10° M7, 14+3 X 10° M}, 8+2 X 10° M, and
2+0.4 X 10° M !, respectively. The number of apo B-100 mole-
cules that bound per well after incubation of radiolabeled li-
gand was 1.5+0.2 X 10" (mean=SD; n = 12). The number of
binding sites per well was 2.6+0.4 X 10! for mAb4E4, 1.2+0.1
X 10" for mAb34DS8, 3.2+0.4 X 10" for mAb14F8, and 12+3
X 10" for mAb17C8. Thus, the calculated maximal number of
binding sites per apo B-100 molecule in AcLDL were approxi-
mately one for mAb34D8, two for mAb4E4 and mAbI14F8,
and eight for mAb17C8. Delipidation of AcLDL and resolubi-
lisation of its apo B-100 moiety (26) did not alter the affinity of

mAb17C8. In contrast, the K, values of mAb4E4, mAb34DS8,
and mAb14F8 decreased 20-, 100-, and 30-fold, respectively,
suggesting that the epitopes for the latter antibodies were not
efficiently reconstituted in resolubilized apo B-100 of AcLDL.
The K, and the number of binding sites per apo B-100 mole-
cule in MDA-LDL of mAb4E4 were identical to the values
obtained for AcLDL. In contrast, the K, values of the other
antibodies for MDA-LDL were at least 100-fold lower than
those for AcLDL. The affinity constants of all antibodies for
native LDL were at least 1,000-fold lower than for AcLDL
(Table I). Furthermore, mAb4E4 did not crossreact with ace-
tylated, maleylated, and malondialdehyde-treated albumin,
nor with maleylated LDL (25, 42) (data not shown).

Because the data indicated that mAb4E4, mAb34DS8, and
mAb14F8 are most probably directed against conformational
epitopes that are only efficiently exposed in apo B-100 that is
associated with phospholipids, their affinity constants for solu-
ble antigens were determined in ELISA, by measuring the resid-
ual binding of antibodies to immobilized antigen in the pres-
ence of increasing amounts of soluble antigen (34). The K,
values of the different antibodies for immobilized Ac-LDL and
MDA-LDL measured in ELISA, were not statistically different
from those measured in the solid phase radioimmunoassay.
The K, values of the monoclonal antibodies mAbAE4,
mAb34D8, and mAb14F8 for AcLDL were 11+2 X 10° M},
8+2x 10°M ™', and 3+1 X 10° M~'. The K, value for MDA-
LDL of mAb4E4 was 8+2 X 10° M ™', whereas the values of all
other antibodies were < 106 M ™', Furthermore, the K, values
of all antibodies for native LDL were < 10 M ',

The K, value of the F(ab’), fragments of mAb4E4 for
AcLDL was identical to that of intact IgG, whereas the K, value
of its Fab fragments was threefold lower.

Lipid composition of AcLDL. AcLDL, prepared as de-
scribed in Methods, contained 35+3% (mean+SEM, n = 4)
phospholipids, 10+2% triglycerides, 15+1% UC, and 40+3%
CE. Thus, the CE/UC ratios in the AcLDL preparations were
2.7+0.2. The CE fraction contained 8+1% cholesteryl arachi-
donate, 57+3% cholesteryl linoleate, 20+2% CO, and
15+2% CP.

Accumulation of cholesterol in THP-1-derived macro-
phages incubated with AcLDL or MDA-LDL. When 2 X 10°
THP-1-derived macrophages were incubated in RPMI me-
dium containing 10% LPDS for 24 h (blank cells), they were
found to contain 29+2 ug UC and < 2 ug CE per mg cell pro-
tein (mean+SEM, n = 6) (Table II). Addition of native LDL
(final concentrations < 400 ug/ml) did not produce a signifi-
cant increase of the CE levels, in agreement with the earlier

Table 1. Equilibrium Association Constants, K,, of Monoclonal
Antibodies mAb4E4, mAb34D8, and mAb14F8

for Soluble AcLDL, MDA-LDL, and Native LDL

K, (M™)
Identification AcLDL MDA-LDL LDL
mAb4E4 11+2 x 10° 8+2 x 10° <108
mAb34D8 8+2 x 10° <10°® <10°
mAbI14F8 3+1 x 10° <10° <106

The results represent means+SD for four independent determinations.
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Table 11. Effect of mAb4E4 on the Uptake of AcLDL and Accumulation of CE in THP-1-derived Macrophages

AcLDL mAb4E4 n uc CE co CP
ng/ml mg/ml nug/mg protein ug/mg protein png/mg protein ug/mg protein
0 0 6 29+2 <20 <20 <20
10 0 3 25+1 6.0+0.3 2.740.3 3.60.5
10 0.025 3 38+0.4* 15+£0.3* 4.8+0.1 7.240.1
25 0 6 44+2* 9.0x1 4.0+0.4 3.6+0.3
100 0 8 62+4 151 5.4+0.3 7.1+0.4
100 0.062 5 53+6 22+2% 6.8+0.6 9.5+0.8*
100 0.25 5 90+8* 70+6° 17+28 16+0.78

100 1.0 4 110£7% 98+13% 22438 20428

The data represent means+SE of the means. Comparison of the different parameters was performed using Student’s ¢ test with levels of signifi-
cance of * P < 0.001 vs 10 ug AcLDL per ml, ¥ P <0.01 vs 100 ug AcLDL/mland ¢ P < 0.001 vs 100 ug AcLDL/ml.

observation that phorbol ester-stimulated THP-1 cells lose
their ability to degrade native LDL because of rapid degrada-
tion of the LDL receptors (43).

Incubation of 2 X 10% THP-1-derived macrophages with
AcLDL at final concentrations between 10 and 100 ug/ml re-
sulted in a dose-dependent increase of the cellular cholesterol
levels. The UC levels increased from 25+1 (n = 3, P = NS
versus blank cells) to 62+4 ug (n = 8, P < 0.001)/mg cell
protein ( Table IT). The CE increased from 6.0+0.3 to 15+1 ug
(P = 0.001 versus 10 ug/ml AcLDL)/mg cell protein (Table
I1). The 2.5-fold increase of the CE levels was associated with a
twofold increase of both the CO and CP levels (Table II). The
data for cells incubated with 100 ug AcLDL are summarized in
Fig 1 A. Addition of 400 ug AcLDL/ml did not produce a
significant increase of the CE levels in the THP-1-derived mac-
rophages. Addition of 50 ug MDA-LDL/ml resulted in an in-
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Figure 1. Uptake and degradation of AcLDL and AcLDL/mAb4E4
complexes by THP-1-derived macrophages: (A) cells incubated with
100 ug AcLDL, (B) cells incubated with AcLDL/mAb4E4 complexes
(100 pg AcLDL and 250 ug mAb4E4), (C) cells incubated with
AcLDL/mAb4E4 complexes in the presence of chloroquine, (D) cells
incubated with AcLDL/mAb4E4 complexes and supplemented with
oleate/BSA complexes, ( E) cells incubated with AcLDL/mAb4E4
complexes in the presence of fucoidin, and (F) cells incubated with
AcLDL/mAb4E4 complexes after pretreatment with endotoxin.
Levels of unesterified cholesterol (m), total cholesteryl esters (@),
cholesteryl oleate (8), and cholesteryl palmitate (o) are represented.
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crease of the UC and CE levels to 45+3 ug/mg (n = 4, P
< 0.001 versus untreated cells) and 15+2 ug/mg (n = 4, P
< 0.001), respectively.

Accumulation of cholesterol in THP-1-derived macro-
phages incubated with AcLDL /mAb4E4 complexes or MDA-
LDL/mAb4E4 complexes. Addition of mAb4E4 (62, 250, and
1,000 ug/ml, respectively) to the incubation mixtures contain-
ing 100 ug AcLDL /ml resulted in a dose-dependent increase of
both the UC levels and of the CE levels in the THP-1-derived
macrophages ( Table II). The data for cells incubated with 100
pug AcLDL/ml in the presence of 250 ug mAb4E4/ml, are
summarized in Fig. 1 B. Thus, uptake and degradation of these
AcLDL/mAb4E4 complexes resulted in (a) a fourfold in-
crease of the cellular UC levels as compared to those in un-
treated cells; (b) a more than 35-fold increase of the cellular CE
levels; and (c¢) a more than eightfold increase of the cellular CO
and CP levels. The intracellular apo B-100 levels, quantified by
ELISA, were below 100 ng/ml, indicating that apo B-100 was
degraded. The intracellular mAb4E4 levels were 80 ug/ml, in-
dicating that the IgG remained intact. In contrast, the UC, CE,
and CO levels in THP-1-derived macrophages incubated with
AcLDL (100 ug/ml) in the presence of mAb14F8, mAb17CS8,
and mAb34D8 (at final concentration < 250 ug/ml) were not
significantly different from those in cells preincubated with
AcLDL in the absence of mAbs (not shown). Addition of
mAb4E4 (25 pg/ml) to incubation mixtures containing 10 ug
AcLDL/ml, resulted in a 1.5-fold increase of the UC levels and
a 2.5-fold increase of the CE levels (P < 0.001) in the
THP-1-derived macrophages (Table I1). The CE levels in
these cells were not different from those in cells incubated with
100 ug AcLDL/ml in the absence of mAb4E4 (Table I1). Ad-
dition of mAb4E4 (250 ug/ml) to incubation mixtures con-
taining 50 ug MDA-LDL/ml, resulted in an increase of the
cellular UC and CE levels to 98+5 ug/mg (n = 4; P < 0.001
versus no antibody) and 80+2 ug/mg (P < 0.001), respec-
tively.

Degradation of modified LDL by THP-1-derived macro-
phages incubated with AcLDL/mAb4E4 complexes. Accord-
ing to the two-compartment model for CE metabolism in mac-
rophages (2), CE that enter the macrophages via receptor-me-
diated endocytosis are delivered to lysosomes (first cellular
compartment), where the CE are hydrolyzed. The liberated
UC leaves the lysosomes and enters the cytoplasm (second cel-
lular compartment). The free cholesterol is then either translo-
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cated to the membranes, resulting in a further increase of the
intracellular UC levels, or is reesterified in the cytoplasm.

Addition of chloroquine (100 ug/ml), an inhibitor of lyso-
somal hydrolysis (44), to THP-1-derived macrophages incu-
bated with AcLDL/mAb4E4 complexes (100 ug AcLDL and
250 ug mAb4E4) caused a decrease of the UC levelsto 51+1 ug
(n = 4; P = 0.003 versus cells incubated in the absence of
chloroquine) and an increase of the CE levels to 110+3 ug (P
< 0.001)/mg cell protein (Fig. 1 C). Thus, the CE/UC ratios
in the cell extracts were 2.2+0.06 as compared to 0.78+0.07 (P
< 0.001) in the extracts from cells incubated in the absence of
chloroquine. These CE/UC ratios were not statistically differ-
ent from those in the AcLDL preparations before incubation
with the cells. These data indicate that the increase of CE levels
after uptake of AcLDL/mAb4E4 complexes in the presence of
chloroquine was caused by accumulation of unhydrolyzed CE
in the lysosomes, whereas the accumulation of CE levels in the
absence of chloroquine was most probably the result of esterifi-
cation of UC in cytoplasm.

Because oleate is the predominant substrate for acyl
CoA:cholesterol acyltransferase-mediated CE synthesis (45)
in the cytoplasm, the composition of the cholesterol fraction
was determined in cells that were supplemented with oleate.
Addition of oleate/BSA complexes (25) (at a final concentra-
tion of 100 ug oleate/ml) to cells incubated with AcLDL/
mADb4E4 complexes, resulted in cellular UC, CE, and CP levels
that were not different from levels measured in cells incubated
in the absence of oleate/BSA complexes. However, the CO
levels increased from 16+1 to 29+2 ug (P = 0.008)/mg cell
protein (Fig. 1 D).

Identification of the receptors mediating the uptake of
AcLDL and AcLDL/mAb4E4 complexes. The uptake of LDL
aggregates by macrophages is inhibited by cytochalasin, an in-
hibitor of phagocytosis (46—48). In the present study, AcLDL
aggregates ( 100 ug AcLDL/ml) were prepared by mechanical
disruption of LDL (48), resulting in an increase of the absor-
bance at 680 nm from 0.008 to 0.75. Incubation of THP-1-de-
rived macrophages with these AcLDL aggregates resulted in an
increase of the cellular UC and CE levels to 97+1 (n = 3) and
96+3 ug/mg, respectively. Addition of cytochalasin D (final
concentration 40 ug/ml), resulted in a decrease of the UC and
CE levels to 39+1 (n = 3, P < 0.001) and 36*1 (P < 0.001)
ug/mg. respectively. In contrast, the uptake of AcLDL/
mAb4E4 complexes (at an antibody concentration of < 250
ug/ml) by THP-1-derived macrophages was not inhibited by
cytochalasin D. These results indicate that the uptake of
AcLDL/mAb4E4 complexes most probably did not occur via
phagocytosis. Increasing the mAb4E4 concentrations to 2 mg/
ml resulted in a twofold further increase of the cellular CE
levels. This additional increase was however reverted by addi-
tion of cytochalasin D suggesting that, at high antibody con-
centrations, LDL aggregates are generated that are taken up via
phagocytosis, resulting in an additional increase of the cellular
CE levels.

The UC, CE, CO. and CP levels in THP-1-derived macro-
phages incubated with 100 ug AcLDL in the presence of 200 ug
of the F(ab’), fragments of mAb4E4 were 65+2 ug (n = 5; P
= NS vs cells incubated in the absence of F(ab’), fragments),
83+2 ug (P < 0.001), 16+0.5 ug (P < 0.001), and 15+0.5 ug
(P < 0.001)/mg cell protein, respectively, and did not differ
significantly from the values obtained with 100 ug AcLDL in
the presence of 0.25 mg/ml of the intact antibody. Addition of
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Fab fragments (200 ug/ml) to the incubation mixtures con-
taining 100 ug AcLDL/ml resulted in cellular UC levels of
68+4 ug (n = 4; P = NS versus cells incubated in the absence of
Fab fragments) per mg cell protein, and in CE levels of 63+5 ug
(P < 0.001)/mg cell protein, respectively. These data indicate
that the uptake of the immune complexes was not F_ receptor
mediated. Furthermore, no direct binding of intact IgGs or
fragments of mAb4E4 could be observed when radiolabeled
IgGs or fragments were added to the cells (not shown).

The addition of fucoidin (50 ug/ml), an antagonist of the
scavenger receptor (2), to THP-1-derived macrophages incu-
bated in the presence of AcLDL (100 ug/ml) resulted in a
decrease of the UC and CE levels to 29+5 ug (n = 3; P = 0.001
versus control) and 7.8+2.0 ug (P = 0.006)/mg cell protein,
respectively. The corresponding CO and CP levels were
2.7+0.8 ug (P = 0.003) and 3.3+0.7 ug (P < 0.001)/mg cell
protein, respectively (not shown).

Addition of fucoidin (50 ug/ml) to THP-1-derived macro-
phages incubated with AcLDL/mAb4E4 complexes (100 ug
AcLDL and 250 ug mAb4E4) reduced the UC and CE levels to
33+1 ug (P = 0.002 versus control without fucoidin)
and 8.1+0.4 ug (P < 0.001)/mg cell protein, respectively
(Fig. 1 E).

Endotoxin decreases the low density lipoprotein receptor—
mediated uptake of LDL by HepG2 cells, but cells pretreated
with endotoxin for 1-24 h and then with LDL in the absence of
endotoxin accumulate and degrade LDL normally (49). These
data suggest that endotoxin does not inhibit LDL receptor ex-
pression, but that endotoxin-LDL complexes do not bind to
the LDL receptor. In contrast, it has been demonstrated by van
Lenten and Fogelman (50) that treatment of THP-1 cells with
endotoxin inhibits scavenger receptor expression through the
action of tumor necrosis factor, resulting in a decreased subse-
quent uptake of chemically modified LDL (50). In the present
study, preincubation of THP-1-derived macrophages with
LPS (100 ng/ml) caused a decreased uptake of AcLDL (100
ug/ml), yielding decreased UC and CE levels of 28+2 ug (n
= 3; P < 0.001 versus cells incubated in the absence of LPS)
and 6.6+0.7 ug (P < 0.001)/mg cell protein, respectively (data
not shown). Preincubation of THP-1 cells with LPS also re-
sulted in a subsequent decreased uptake of the AcLDL/
mADb4E4 complexes. The cellular UC and CE levels were three-
and fivefold lower than the levels in cells that were not pre-
treated with LPS (Fig. | F).

Interferon-y also inhibits the expression of scavenger recep-
tors at the surface of human monocyte-derived macrophages
(51). In the present study, PMA-stimulated THP-1 cells were
preincubated with interferon-y (final concentration = 300 U/
ml), before addition of AcLDL/mAb4E4 complexes. The cel-
lular UC and CE levels were 50+3 ug/mg (n = 3; P = 0.01
versus cells not pretreated with interferon-y) and 38+1 ug/mg
(n = 3; P<0.001), respectively. Pretreatment of THP-1 cells
with interferon-vy resulted in a twofold reduction of the CE
levels in cells incubated with AcLDL. These findings are in
agreement with previous findings that pretreatment of human
monocyte-derived macrophages with interferon-y (=< 1,000
U/ml) resulted in a twofold reduction of the uptake of
AcLDL (51).

Time course of the accumulation of cholesterol and CE in
THP-1-derived macrophages incubated with AcLDL. Fig. 2
illustrates the time course of the accumulation of cholesterol
and cholesteryl esters in THP-1-derived macrophages incu-
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Figure 2. Time course of the accumulation of UC and CE in THP-

1-derived macrophages incubated for <24 h with AcLDL (4) or with
AcLDL/mAb4E4 complexes ( B). a, Unesterified cholesterol; m, total

cholesteryl esters; ¢, cholesteryl oleate; o, cholesteryl palmitate.

bated with 100 ug AcLDL in the absence (A4) and in the pres-
ence (B) of 250 ug of mAb4E4. Both in the absence and in the
presence of mAb4E4, the increase of the UC levels preceded
that of the CE levels, suggesting that the increase of CE was the
result of reesterification of UC transferred to the cytoplasm.
Effect of mAb4E4 on foam cell generation in THP-1-de-
rived macrophages incubated with AcLDL. Fig. 3 represents
light micrographs of THP-1 derived macrophages that were
incubated with 10 ug AcLDL/ml in the absence (4) and in the
presence of 25 ug Fab fragments of mAb4E4 /ml (B). The lipid
droplets in the cytoplasm of the THP-1-derived macrophages
were stained with Oil Red 0. These micrographs illustrate that
the number of lipid droplets in the THP-1-derived macro-
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Figure 4. Efflux of cholesterol from lipid-laden THP-1-derived mac-
rophages obtained by incubation with AcLDL (/) or AcLDL/
mAD4E4 complexes (7). (A) Cellular cholesterol levels at the end of
the loading phase. ( B) Spontaneous cholesterol efflux from choles-
terol-enriched macrophages after incubation in the presence of 1 mg
HSA /ml for 24 h. (C and D) Acceptor-facilitated cholesterol efflux
from cholesterol-enriched macrophages after incubation for 24 h with
apo A-1/DPPC complexes at a final concentration of 200 ug/ml (C)
or 400 ug/ml apo A-I (D). Symbols are the same as in Fig. 1.

phages is indeed augmented when Fab fragments are added to
the incubation mixture containing AcLDL. The results indi-
cate that crosslinking of AcLDL particles by the antibody is not
required for increased uptake of AcLDL, and enhanced foam
cell generation (4).

Efflux of cholesterol from THP-1-derived macrophages
enriched in cholesterol by incubation with AcLDL or AcLDL/
mAb4E4 complexes. Incubation for 24 h of THP-1-derived
macrophages, enriched in cholesterol by incubation with
AcLDL, in culture medium containing 1 mg HSA /ml, resulted
in a 1.6-fold decrease of the UC levels, whereas the CE did not
decrease (Fig. 4 A). Addition of apo A-1/DPPC complexes (at
a final concentration of 200 ug apo A-I/ml) to the incubation

Figure 3. Light micrographs of THP-1-derived macrophages incubated with 10 ug AcLDL in the absence (4) or in the presence of 25 ug Fab
fragments of mAb4E4 (B). The lipid droplets in the cytoplasm were stained with Qil Red 0 and appear as brown spots (X400).
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Table I11. Efflux of Cholesterol from THP-1 Cells Preincubated with AcLDL (Final Concentration = 100 ug/mi)
in the Absence or Presence of mAb4E4 (Final Concentration = 0.25 mg/ml)

Absence of mAb4E4 Presence of mAb4E4
Apo A-I/DPPC n ucC CE Cholesteryloleate n ucC CE Cholesteryloleate
ng/mg cell ng/mg cell ug/mg cell ug/mg cell ug/mg cell ug/mg cell
ug/ml protein protein protein protein protein protein
0 3 38«1 12+0.1 5.0£0.2 4 78+3 49+2 17+1
200 4 16+1 5.3x0.4 3.8+0.2 4 52+2 40+1 15+0.2
400 3 ND ND ND 3 26+2 2242 7+1

The results represent means+SE of the means. The significance of the differences between the parameters was determined using Student’s ¢ test.
(*P=NS, *P<0.01l, P <0.001). Eflux of cholesterol was induced by incubating the cells in the presence of apo A-I/DPPC complexes

(final concentration = 200 ug apo A-I/ml. ND, not determined.

mixture caused a significant decrease of both UC and CE levels
(Fig. 4 B), corresponding to an efflux of 0.15+0.01 ug choles-
terol/ug apo A-I per 24 h. The residual intracellular CE frac-
tion consisted for > 80% of CO and CP, which is indicative of
efficient reesterification of cholesterol in the cytoplasm during
the efflux phase. Addition of equivalent amounts of DPPC,
that were not complexed with apo A-I, resulted in a cholesterol
efflux similar to the spontaneous efflux (not shown).

Incubation for 24 h of THP-l-derived macrophages,
enriched in cholesterol by incubation with AcLDL/mAb4E4
complexes (100 ug AcLDL and 250 ug mAb4E4), in culture
medium containing | mg HSA /ml, resulted in a 1.2-fold de-
crease of the UC levels and in a 1.4-fold decrease of the CE
levels (Fig. 4 C). Addition of apo A-1/DPPC complexes (200
ug apo A-I/ml) caused a more pronounced decrease of the UC
and CE levels (Fig. 4 D), corresponding to a total cholesterol
efflux of 0.17 ug/ug apo A-I per 24 h. Increasing the apo A-I
concentration to 400 ug/ml resulted in a larger decrease of the
UC and CE levels, corresponding to a total cholesterol efflux of
0.19+0.02 ug/ug apo A-I per 24 h (Fig. 4 E). The residual
cellular CE fraction consisted for 70% of CO and CP, which is
again indicative of efficient reesterification of cholesterol in the
cytoplasm during efflux. These findings indicate that the CE
that entered the cells by uptake of AcLDL/mAb4E4 com-
plexes were metabolized and that the liberated cholesterol was
translocated to the membranes, where it became accessible for
apo A-I/phospholipid complexes.

Immunostaining. Endarterectomy specimens from 12 pa-
tients with confirmed carotid atherosclerosis were collected in
phosphate buffered saline containing vitamin E as an oxidant.
Sections of snap-frozen segments were stained with hematoxy-
lin and eosin. Immunostaining with mAb4E4 revealed the pres-
ence of immunoreactive material in all specimens. The distri-
bution of immunoreactive material in one representative tissue
section from one of these patients is illustrated in Fig. S B.
Dependent on the specimen and on the area of the tissue sec-
tion, immunoreactive material was found to be present in cells
that appeared morphologically as macrophages (Fig. 5 C) oras
smooth muscle cells (Fig. 5 D). Furthermore, these cells
crossreacted with either PG-M1, a monoclonal antibody spe-
cific for human macrophages or with 1A4, a monoclonal anti-
body specific for human smooth muscle a-actin. Most proba-
bly the immunoreactive material is modified LDL because
binding of mAb4E4 to the tissue sections was inhibited with
MDA-LDL, but not with native LDL (not shown). No immu-
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noreactive material could be detected in these tissue sections
with mAbl14F8, mAbl17C8, and mAb34D8 (not shown).

Discussion

In the present study, four murine monoclonal antibodies di-
rected against epitopes exposed in chemically modified LDL
but not in native LDL, were characterized. K, values of
mADb4E4 for immobilized AcLDL and MDA-LDL were simi-
lar, whereas the K, values of mAb17C8, mAbI4F8, and
mADb34D4 for AcLDL were 10- to 100-fold higher than those
for MDA-LDL. The number of binding sites in AcLDL, ex-
pressed per apo B-100 molecule, ranged from 1 for mAb34D8
to 8 for mAb17C8. The K, values of mAb4E4 and mAb34D8
for soluble antigens were very similar to those for immobilized
antigens, suggesting that the antibodies are not directed against
epitopes that are differentially exposed after binding of the an-
tigens to a carrier. The K, value of mAbl4F8 for soluble
AcLDL was threefold lower than for immobilized AcLDL.
After delipidation of AcLDL and resolubilization of its apo
B-100 moiety, the epitopes for mAb4E4, as well as for
mADbI14F8 and mAb34D8, were poorly reconstituted, whereas
that for mAb17C8 was fully reconstituted, suggesting that the
first three monoclonal antibodies are directed against confor-
mational epitopes that require the presence of lipid. A similar
antibody, however specific for native LDL, has previously been
described (52). Because of the very small number of binding
sites per particle and because mAb4E4 does not crossreact with
acetylated and malondialdehyde-treated albumin or with ma-
leylated LDL, it is very unlikely that mAb4E4 is directed
against a sequential epitope comprising modified lysine resi-
dues in the apo B-100 moiety of AcLDL and MDA-LDL. This
specificity was previously invoked for monoclonal antibodies
MDS82 and NAS59, used to investigate the distribution of oxida-
tion specific lipid-protein adducts in atherosclerotic lesions
(41). It is, however, more likely that the spatial configuration
of modified lysine residues in apo B-100 associated with phos-
pholipids, is critical for the binding of mAb4E4, mAbI14FS§,
and mAb34D8. mAb4E4 enhanced the uptake of AcLDL by
human THP-1 monocytic leukemia cell-derived macrophages
(19) in a dose-dependent manner, resulting in increased intra-
cellular accumulation of CE. Addition of 250 ug of the
mADb4E4 to cells incubated with 100 ug ACLDL resulted in a
sixfold increase of the cellular CE levels as compared to cells
incubated with AcLDL in the absence of the antibody. The
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Figure 5. Light micrographs of a carotid endarterectomy specimen. Tissue sections were stained with hematoxylin/eosin (A) or were immunos-
tained with mAb4E4 (B) (X25). (C) and (D) are larger magnifications (X400) of different areas of these sections showing accumulation of
modified LDL immunostained with mAb4E4 in macrophages (C) or in smooth muscle cells (D).

endocytozed CE were hydrolyzed in the lysosomes (reverted by
chloroquine), and the generated cytoplasmatic cholesterol was
reesterified (increase of unesterified cholesterol preceded the
increase in CE and specific increase of cholesteryl oleate in cells
supplemented with oleate/BSA complexes) (Fig. 1). Further-
more, the efflux of accumulated cytoplasmic cholesterol was
facilitated with apo A-1/dipalmitoylphosphatidylcholine parti-
cles, indicating that the pathways for the turnover and translo-
cation of cholesterol from endocytosed AcLDL/mAb4E4
complexes was similar to that for uncomplexed AcLDL (2).
Finally, addition of mAb4E4 (25 ug/ml) to the culture me-
dium containing 10 ug AcLDL/ml resulted in an increased
intracellular accumulation of CE. The intracellular CE levels
were not different from those in cells incubated with a 10-fold
higher dose of AcLDL in the absence of mAb4E4.

It has been previously shown that incubation of human
macrophages with immune complexes consisting of human
native LDL and rabbit anti-LDL antibodies, resulted in an in-
creased intracellular accumulation of cholesterylesters (53).
Most of the immune complexes were taken up via Fc receptors
and were degraded more slowly than native LDL. Recently, a
monoclonal antibody specific for human native LDL (MB47)
was found to enhance the uptake of insoluble LDL aggregates
(54). The enhanced uptake was, however, abolished when
F(ab’), or Fab fragments of MB47 were substituted for the
intact antibody, indicating that the increased uptake was via
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the Fc receptor pathway (54). In contrast, the stimulatory ef-
fect of mAb4E4 on AcLDL uptake was fully preserved in its
F(ab’), fragment, indicating that the AcLDL/mAb4E4 com-
plexes were not taken up via Fc receptors. However, increasing
the concentration of mAb4E4 to 2 mg/ml resulted in a further
enhancement of the CE accumulation in the THP-1-derived
macrophages, that could be reverted with cytochalasin D. That
formation of AcLDL /mAb4E4 aggregates was not required for
the enhanced CE accumulation, was further supported by the
finding that mAb4E4 could be substituted by its Fab fragment.
It has been reported that uptake of aggregates of native LDL
(55) and of oxidized and lesion-derived LDL (47) by macro-
phages results in enhanced CE accumulation in these cells. The
uptake of the LDL aggregates was not inhibited by cytochalasin
D, whereas the uptake of the aggregates of modified LDL was.
From these findings, it was concluded that the uptake of the
native LDL aggregates occurred through LDL receptor-me-
diated endocytosis, whereas the uptake of the modified LDL
aggregates (added at a 10-fold higher LDL concentration) oc-
curred through phagocytosis. In the present study, the uptake
of the AcLDL/mAb4E4 complexes (final concentration of
mADb4E4 up to 250 pug/ml) was not inhibited by cytochalasin
D, at a concentration at which the uptake of AcCLDL aggregates
obtained by mechanical disruption of LDL (48) was efficiently
inhibited. These data further confirmed that the uptake of
these complexes did not occur via phagocytosis.



It has previously been shown that LDL only interact with
the AcLDL scavenger receptor when the positive charges in the
available lysine residues have been eliminated, allowing so that
available negatively charged residues interact with the receptor
(6). Both the density and the geometry of these negatively
charged residues appear to be important (6). It is possible that
mAb4E4 binding to AcLDL causes a conformational change in
the AcLDL particle, resulting in a rearrangement of negatively
charged residues and in an increased affinity of the AcLDL for
the AcLDL scavenger receptor. In this context, mAb4E4 may
be considered to react with a receptor-induced binding site, as
been previously described by Zamarron et al. (56). Binding of
Fab-fragments of the receptor-induced binding site antibody to
fibrinogen resulted in more avid binding to its integrin recep-
tor. Alternatively, binding of intact antibody or of antibody
fragments to AcLDL particles might result in an increase of the
size of these particles so that each particle can interact with
more than one receptor molecule, also resulting in more avid
binding of AcLDL particles to the scavenger receptor and sub-
sequent enhanced uptake and degradation. In that respect,
mADb4E4 is similar to mAb3H, a monoclonal antibody that is
specific for human native LDL, and of which the Fab fragment
was found to enhance the uptake of native LDL through LDL
receptor endocytosis threefold (57). Because LDL receptors
are most probably not exposed at the surface of macrophages in
human atherosclerotic lesions (58), it is unlikely that LDL-
specific antibodies could enhance LDL-receptor-mediated en-
docytosis by macrophages in lesions. However, scavenger re-
ceptors are exposed at the surface of macrophages in human
atherosclerotic lesions (58), whereby antibodies specific for
modified LDL may enhance their uptake, resulting in en-
hanced foam cell generation. The recent finding that serum
levels of autoantibodies against oxidized LDL correlate with
progression of carotid atherosclerosis might be indicative for
immunoglobulin enhanced foam cell generation (18). It re-
mains to be further investigated whether autoantibodies
against oxidized LDL may enhance foam cell generation in
vivo. Moreover, it is yet unclear whether the generation of mod-
ified LDL in human arterial walls (primary event), not only
results in the accumulation of these modified LDL in foam
cells, but also in the subsequent generation of specific autoim-
mune antibodies (secondary event), yielding immune com-
plexes that may be taken up more avidly by macrophages via
their scavenger receptors. Indeed, recent findings indicate that
activation of the immune system may be linked to the patho-
physiology of evolving atheroma (for review, see reference 59).
Indeed, adhesion of leukocytes to the endothelium via specific
endothelial-leukocyte adhesion molecules (60) is one of the
earliest morphologic changes after initiation of atherogenesis.
Furthermore, analysis of atherosclerotic plaque lymphocytes
revealed that the majority of plaque T cells are memory cells
that have been activated by local antigenic stimulation (61).
Biologically modified lipoproteins may thereby constitute one
class of possible antigens. Moreover, it has been demonstrated
that cholesterol can enhance the antigen presenting function of
macrophages by inducing the expression of major histocompat-
ibility class II antigens (62). Finally, the recent finding (63)
that inflammatory infiltrates in lipid-rich plaques contain both
T lymphocytes and B cells in close proximity of lipid-laden
macrophages may further support the hypothesis that forma-
tion of immune complexes within the plaques may contribute
to the further progression of atherosclerotic lesions.
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