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Evidence that the lipid moiety of oxidized low density lipoprotein
plays a role in its interaction with macrophage receptors

VALESKA TERPSTRA*, DAVID A. BIRD, AND DANIEL STEINBERG

Department of Medicine 0682, University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0682

Contributed by Daniel Steinberg, December 12, 1997

ABSTRACT The binding of oxidatively damaged red blood
cells (OxRBCs) to resident mouse peritoneal macrophages cor-
relates with an increase in phosphatidylserine on the external
leaflet of the plasma membrane. Liposomes rich in phosphati-
dylserine can inhibit this binding and also the binding of certain
apoptotic cells. We have shown previously that oxidized low
density lipoproteins (OxLDL) also can inhibit the binding of
OxRBC:s to resident mouse peritoneal macrophages. The present
studies show that microemulsions prepared from the lipids
extracted from OXLDL are very effective in inhibiting the binding
of OxRBCs and also, to a lesser extent, of apoptotic thymocytes
to macrophages. OxRBC binding was also inhibited by choles-
terol phospholipid liposomes containing oxidized 1-stearoyl-2-
linoleoyl-phosphatidylcholine. The binding and uptake of *°I-
labeled OxLDL were also strongly inhibited by microemulsions
of the lipids extracted from OxLDL and by cholesterol phospho-
lipid liposomes containing oxidized 1-palmitoyl-2-arachidonoyl-
phosphatidylcholine. Earlier studies have shown that the delipi-
dated protein moiety of OXLDL can competitively inhibit mac-
rophage binding of intact OXLDL, implicating the protein moiety
as an effective receptor-binding domain of OxLDL with respect
to some macrophage scavenger receptors. The present studies
suggest that the lipid moiety of OxXLDL may also play a role.

We have shown previously that the binding of oxidatively dam-
aged red blood cells (OxRBCs) to resident mouse peritoneal
macrophages can be strongly inhibited by oxidized low density
lipoprotein (OXLDL) (1, 2). The same was true for the binding of
apoptotic thymocytes, although the extent of inhibition was not as
great. The implication was that one or more of the receptors
involved in the binding of OxLDL could also bind OxRBCs and
apoptotic cells. Now, the binding of OxLDL to scavenger recep-
tors is generally assumed to be mediated by the modified apo-
protein B—modified by direct oxidative attack and by conjuga-
tion to oxidized lipid moieties, such as malondialdehyde and
4-hydroxynonenal. The fact that acetylation (and a number of
other chemical modifications that block lysine e-amino groups)
under nonoxidative conditions also generates a modified LDL
that can compete with OxLDL strongly supports that view.
During LDL oxidation, lysine e-amino groups are indeed pro-
gressively masked (3). Moreover, Parthasarathy et al. (4) showed
that the delipidated protein moiety of OxLDL, resolubilized in
octyl glucoside, can competitively inhibit uptake and degradation
of intact OXLDL and vice versa. So there would seem to be little
doubt that the modified apoprotein of OXLDL plays a major role
in its binding and uptake via some macrophage receptors. It
should be noted, however, that Parthasarathy et al. (4) did not
directly test whether the lipids of OxLDL had any ability to
compete with intact OxLDL.

On the other hand, the binding of OxXRBCs and, under some
conditions, the binding of apoptotic cells to macrophages corre-
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late with an increase in the appearance of phosphatidylserine (PS)
on the external leaflet of the plasma membrane of the damaged
cells (2, 5-9) and pure lipid liposomes rich in PS are effective
competitors for macrophage binding of OxRBCs and, under
some conditions, apoptotic cells also. These findings strongly
imply that in this case the macrophage is indeed recognizing and
binding lipids on the cell surface of the damaged cell and that the
protein of the damaged cell is not necessarily involved. How are
we to rationalize this apparent discordance—recognition of lipids
when an OxRBC is the ligand and recognition of protein when
OxLDL is the ligand? And how do we account for the compe-
tition of OxLDL for OxRBC binding? The present studies were
undertaken to explore the possibility that the lipid moiety of
OxLDL may bind to some scavenger receptors and thus play a
role in the ability of OxLDL to inhibit the binding of OXRBCs to
mouse peritoneal macrophages.

MATERIALS AND METHODS

Materials. CuSO,, dexamethasone, EDTA, ascorbic acid,
and cholesterol were from Sigma; acetic anhydride and 2,6-
di-tert-butyl-p-cresol were from Aldrich; all phospholipids
were from Avanti Polar Lipids; 3,3'-dihexadecyloxacarbocya-
nine (DiO) were from Molecular Probes; DMEM was from
Life Technologies; RPMI 1640 medium was from BioWhit-
taker; fetal bovine serum and penicillin-streptomycin were
from Gemini Biological Products (Calabasas, CA); Hepes was
from Irvine Scientific; '*1-labeled sodium iodide was from
ICN; D-octyl glucoside was from Boehringer-Mannheim;
0.1-um polycarbonate membranes were from Poretics; and
70-pm nylon cell strainers were from Falcon.

Cells. Resident mouse peritoneal macrophages were isolated
from 6- to 8-week-old female Swiss-Webster mice by peritoneal
lavage with PBS. Thymocytes were isolated by disrupting murine
thymus tissue and passing it through a 70-um cell strainer.
Thymocytes were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum and penicillin-streptomycin for 6 hr
in the presence of 1 uM dexamethasone to induce apoptosis.
Control thymocytes were kept in RPMI/10% fetal bovine serum
at 4°C. Red blood cells (RBCs) were isolated from the blood of
healthy male volunteers, washed three times with PBS, and stored
at 20% hematocrit in PBS at 4°C. RBCs were used for binding and
phagocytosis within 2 days. OxRBCs and opsonized RBCs were
prepared as described (1).

Lipoproteins. Human LDL (d = 1.019-1.063) was isolated
from fresh plasma containing 100 uM EDTA by preparative
ultracentrifugation (10). To protect native LDL from oxidation
during isolation and handling, 30 uM 2,6-di-tert-butyl-p-cresol
was added. No 2,6-di-tert-butyl-p-cresol was added to LDL in-
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tended for oxidation; it was dialyzed, adjusted to 100 pg/ml, and
incubated for 18 hr in PBS with 10 uM CuSOy,. Acetylation was
carried out with acetic anhydride by the method of Basu ez al. (11).
The degree of oxidation was measured by assessing electro-
phoretic mobility on a 1% agarose gel and by measuring fatty acid
composition by gas liquid chromatography. Lipoprotein protein
and cell protein were measured according to Lowry et al. (12).

Lipid Extraction and Liposome Preparation. Lipids from
native LDL, from OxLDL, and from acetylated LDL were
extracted with chloroform/methanol. To 2 mg of lipoprotein
in a total volume of 1.8 ml of PBS containing 0.01 M HCI, 2
ml of methanol and 2 ml of chloroform were added. After
vortex mixing for 10 sec, the mixture was centrifuged at 1,800 X
g for 10 min. The chloroform phase was removed and dried
under a stream of N,. To the dried lipids, PBS/10 mM Hepes
was added and vortex mixed until the lipids were in suspension,
presumably as a microemulsion.

These microemulsions were then extruded 8—10 times through
0.1-um polycarbonate membranes under N, flow (13). During
extrusion, the temperature was kept at 37°C for the natural
phospholipid mixtures and also for lipids from OxLDL but at
45°C for saturated phospholipids (distearoylphosphatidylcholine
and dimyristoylphosphatidylserine) and for oxidized 1-stearoyl-
2-linoleoyl-phosphatidylcholine. Labeled dipalmitoylphosphati-
dylserine liposomes were prepared by incorporating the fluores-
cent dye DiO into the lipid mixture (1%). The size and hetero-
geneity of the microemulsions and liposomes were assessed by
light scattering and by electron microscopy of negatively stained
preparations. Liposomes prepared from partially purified natural
phospholipids or from synthetic phospholipids [phospholipid/
cholesterol, 2:1 (mol/mol)] were relatively uniform (diameters,
80-120 nm). Microemulsions prepared from the lipids extracted
from either native LDL or oxidized LDL were more heteroge-
neous and larger (200-600 nm) because of some aggregation.
Each particle was centrally electron dense and showed a multi-
lamellar periphery consisting of three to six layers, presumably
phospholipid. The protein content of these microemulsions was
estimated by acid hydrolysis of the unfractionated preparation (2
M HCI, 50-56 min at 160°C, under vacuum or under argon)
followed by quantitative amino acid analysis using ion-exchange
chromatography.

Fatty Acid Composition. Lipids from liposomes were extracted
by a modification of the method of Folch et al. (14). The fatty acids
were transmethylated (15) and analyzed in a Varian gas chro-
matograph model 3700, equipped with a column of 10% Silar 5
CP on 100/120 Gas Chrom Q2. Total lipid concentrations in the
liposome samples used were estimated from the total fatty acids
measured by gas chromatography and expressed as mg/ml. This
underestimates the true value for OXLDL lipids to the extent that
polyunsaturated fatty acids have been degraded.

Binding and Phagocytosis of RBCs and Thymocytes. Res-
ident mouse peritoneal macrophages (0.6 X 10° cells per ml)
were plated in 48-well plates in DMEM/10% fetal calf serum/
penicillin-streptomycin and allowed to adhere for 4 hr. Wells
were washed four times with DMEM before incubation with
RBCs or thymocytes. RBCs (final concentration, 0.1% hemat-
ocrit) or thymocytes (10 thymocytes per macrophage) were
added in DMEM/10 mM Hepes and incubated at 37°C for 1
hr in the presence of competitors as indicated. Nonadherent
cells were removed by washing five times with DMEM. The
percentage of macrophages binding or phagocytosing one or
more RBCs or thymocytes was counted.

Binding of Liposomes. Macrophages (1 X 10° cells per well)
were incubated with DiO-labeled liposomes for 2 hr at 4°C,
washed, scraped gently from the bottoms of the wells, and
resuspended in PBS/0.1% BSA/0.01% NaNj;. Mean fluores-
cence intensity of 10,000 events per incubation was measured
by flow cytometry (Becton Dickinson) and analyzed by using
CELLQUEST software.
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Statistical Analysis. All cell binding and phagocytosis assays
were done in triplicate and at least 100 macrophages per well
were counted. Results are expressed as the mean * SD and P
values were calculated with ANOVA.

RESULTS

As shown in Fig. 1, when resident mouse peritoneal macrophages
were incubated with native unopsonized RBCs, fewer than 5% of
the macrophages showed any binding. In contrast, almost 65% of
them bound one or more RBCs when incubated with OxRBCs.
The addition of native LDL or of acetyl LDL had no significant
effect on the binding of OxRBCs, but the addition of intact
OxLDL almost completely blocked the binding, in agreement
with the results of previous studies from this laboratory (1). We
then extracted the lipids from native LDL, acetyl LDL, and
OxLDL, prepared microemulsions, and tested the ability of these
microemulsions to inhibit the binding of OxRBCs. As shown in
Fig. 1, the microemulsions prepared from the lipids of native LDL
or acetyl LDL had no effect, whereas those prepared from the
lipids of OxLDL inhibited to about the same extent as did intact
OxLDL. As shown in Fig. 1, binding of OxRBCs was inhibited by
87 = 10% (n = 7). Phagocytosis of OxRBCs (data not shown) was
inhibited to the same extent—86 * 5% (n = 5). As a control for
possible nonspecific effects of the oxidized lipids on RBC binding,
we tested for inhibition of the F. receptor-mediated binding of
opsonized RBCs by using the same protocol and found none. In
control wells, opsonized RBCs were bound by 45.9 = 5.4% of the
macrophages; in the presence of microemulsions prepared from
the lipids of native LDL and of OxLDL, the values were 45.3 =
9.4% and 56.9 * 4.1%, respectively.

When LDL is extensively oxidized, the apoprotein B breaks
down to yield a mixture of smaller fragments, most more than 80
kDa but some as small as 14 kDa (16). It was therefore important
to rule out carry-over of apoprotein B fragments into the lipo-
somes prepared from OxLDL lipids. This was done by subjecting
the microemulsion preparations to acid hydrolysis and carrying
out an amino acid analysis. Microemulsions prepared from the
lipids extracted from 1 mg of native LDL (expressed in terms of
protein) contained 6.3 ug of total amino acids, presumably
representing low molecular weight contaminants. Recovery of
added BSA (20 pg) added as an internal standard was quantita-
tive. Microemulsions prepared from the lipids extracted from
OxLDL (1 mg of lipoprotein protein) contained 13 ug of total
amino acids. This would correspond to a maximum of 26 pmol of
intact apoprotein B. Because the concentrations of microemul-
sions needed to inhibit OxRBC binding were in the range of 25-50
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Fic. 1. Binding of native RBCs (solid bars) and OxRBCs (hatched
bars) to resident mouse peritoneal macrophages in the presence of
lipoproteins (100 ug of protein per ml) or lipoprotein-lipid micro-
emulsions (25 ug/ml). Data are the mean + SD of triplicate samples.
The experiment was repeated twice with similar results.
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png of total fatty acids per ml, it seems unlikely that protein
contamination can explain the observed results.

The OxLDL used in the experiment shown in Fig. 1 had been
incubated 18 hr in PBS in the presence of 10 uM CuSOj4. To
determine the effects of different degrees of oxidation, we
prepared OxLDL varying the incubation time from 2 to 18 hr.
As shown in Fig. 2, microemulsions prepared from the lipids
of LDL oxidized for only 2 hr had little or no effect on binding
or phagocytosis of OxRBCs; microemulsions prepared from
the lipids of LDL oxidized for 6 hr inhibited phagocytosis by
about 60% (Fig. 2B); and a maximal effect was seen at 12 hr
(80% inhibition). Incubation with Cu?* for 2 hr approximates
the degree of oxidation in minimally oxidized LDL as studied
by Kim ef al. (17). Minimally oxidized LDL is defined in part
by the fact that it is still recognized by the native LDL receptor
and that it is not a ligand for the scavenger receptors (18). Thus
the failure of microemulsions made from the lipids of mini-
mally oxidized LDL to inhibit OxRBC binding is consistent
with the receptor binding properties of the intact lipoproteins.

One way to explain the competition by OXLDL (or by its lipid
components in a microemulsions) is that oxidation of phospho-
lipids generates more polar moieties that possess some of the
properties of PS-rich liposomes. Thus, intact OXLDL and PS-rich
liposomes show reciprocal competition for binding to macro-
phages (2, 13). It is well established that the polyunsaturated fatty
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FiG. 2. Binding (4) and phagocytosis (B) of native RBCs (solid
bars) and OxRBCs (hatched bars) to resident mouse peritoneal
macrophages in the presence of microemulsions (50 ug of fatty acids
per ml) prepared from lipids of LDL oxidized to different degrees. The
time of incubation of LDL with CuSO4 (10 uM) is indicated in hours.
Lipids were extracted from LDL after oxidation. Data are the mean *=
SD of three determinations in a single experiment.
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acids in the sn-2 position of phospholipids undergo oxidation to
yield a variety of modified products, including hydroperoxides of
the same carbon chain length as the original together with an
array of fragmented fatty acid chains (aldehydes, ketones, car-
boxylic acids, and alkanes) that can remain attached via ester
linkage to the glycerol backbone or, eventually, be completely
lost, generating lysolecithin (19-22). We therefore tested the
possibility that an oxidized phospholipid might yield a liposome
that would compete with OxRBCs. Pure 1-stearoyl-2-linoleoyl-
phosphatidylcholine, either in its native state or after oxidation to
different degrees, was incorporated into liposomes along with
free cholesterol (molar ratio, 2:1). As shown in Fig. 3, the
liposomes containing highly oxidized 1-stearoyl-2-linoleoyl-
phosphatidylcholine gave highly significant inhibition of the bind-
ing of OxRBCs, whereas the native phospholipid or the phos-
pholipid oxidized less extensively gave little or no inhibition.
Analysis of the fatty acid composition of the phospholipid after
36 hr of oxidation in air showed that 42% of the linoleic acid had
been destroyed; after 18 hr 26% had been destroyed. At the
shorter times, there was no significant change in the initial linoleic
acid content (46.4% of total fatty acid) and no significant
inhibition of OxRBC binding.

Table 1 summarizes the effects of microemulsions on the
binding of OxXRBCs and of apoptotic thymocytes to macrophages.
The results were very similar for OxXRBCs and for apoptotic
thymocytes, with the exception that inhibition of the latter by
microemulsion prepared from the lipids of OxLDL and by
liposomes containing oxidized 1-stearoyl-2-linoleoyl-phosphati-
dylcholine was less than the inhibition of binding of OxRBCs.
Note that liposomes prepared from fully saturated PS were also
inhibitory, showing that PS need not be oxidized to exert its
inhibitory effect. However, it will be of interest to determine
whether PS liposomes containing oxidized fatty acids in the sn-2
positions would be still more effective as inhibitors.

It was necessary to consider the possibility that the inhibition
of OxRBC binding to the macrophage might be due to interaction
of the liposome with the OxRBC rather than interaction with the
surface of the macrophage. To test this possibility, we preincu-
bated OxRBCs with phosphatidylcholine (PC) or PS liposomes
for 30 min at 37°C, washed several times to remove unbound
liposomes, and then added the washed OxRBCs to the macro-
phage culture for 1 hr. As shown in Fig. 4 this preincubation,
whether with PC liposomes or PS liposomes, did not significantly
alter the subsequent binding of OxRBCs to the macrophage. In
contrast, preincubation of the macrophages with PS liposomes
almost completely blocked the subsequent binding of OxRBCs.
There was in this experiment some inhibition also by preincuba-
tion of the macrophages with PC liposomes but this was only
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F1G.3. Binding of native RBCs (solid bars) and OxRBCs (hatched
bars) to resident mouse peritoneal macrophages in the presence of
liposomes prepared from 1-stearoyl-2-linoleoyl-phosphatidylcholine
and cholesterol (2:1 molar ratio) at 15 ug of fatty acid per ml. Data are
the mean * SD of three determinations. The experiment was done
twice with similar results. *, P < 0.005; #x, P < 0.0005.
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Table 1. Effects of microemulsions on binding of OxRBCs and of apoptotic thymocytes by resident
mouse peritoneal macrophages
Concentration, %
Ligand Addition pg/ml* inhibition
OxRBCs LDL-lipid microemulsions (n = 6)¥ 20-30 2+3
OxLDL-lipid microemulsions (n = 7) 20-30 87 =10
PS liposomes (n = 8) 30-35 95 =4
Saturated-PS liposomes* (n = 6) 30-35 818
PC liposomes (n = 5) 30-35 3x4
Oxidized SLPC liposomes$ (n = 4) 30-35 55+10
Apoptotic thymocytes LDL-lipid microemulsion (n = 3) 20-30 2x2
OxLDL-lipid microemulsion (n = 2) 20-30 47 £ 4
PS liposomes (n = 4) 30-35 89 =3
Saturated-PS liposomes (n = 1) 31 87
PC liposomes (n = 1) 33 0
Oxidized SLPC liposomes (n = 1)8§ 33 33

*Concentrations of liposome lipids added are expressed in terms of the total fatty acid content determined

by gas liquid chromatography.

n indicates the number of experiments. Each experiment was done in triplicate.

#Saturated PS liposomes were made from 1,2-dimyristoyl-phosphatidylserine or 1,2-dipalmitoyl-
phosphatidylserine in a 1:1:1 molar ratio with unoxidized, fully saturated phosphatidylcholine and cholesterol.
§1-stearoyl-2-linoleoyl-phosphatidylcholine (SLPC) that had been oxidized for 18-36 hr.

about 35% compared with the 90% inhibition on preincubation
with PS liposomes. In our experience PC preparations can
undergo oxidation during handling and storage, in which case
they can compete for OxRBC binding (data now shown). The
results shown in Fig. 4 are compatible with the interpretation that
PS liposomes and OxRBCs compete for one or more saturable
receptor sites on the macrophage plasma membrane. That inter-
pretation is also supported by the fact that binding of DiO-labeled
microemulsions prepared from OxLDL lipids, shown in Fig. 5,
was concentration-dependent and included a sizable saturable
component (saturating at 20-30 ug of lipid per ml), whereas the
labeled microemulsions prepared from native LDL lipids showed
almost no binding.

We have also shown that the cell association and degrada-
tion of '%I-labeled OXLDL is strongly inhibited by microemul-
sions prepared from the lipids of OxLDL but not by those
prepared from the lipids of native LDL (Fig. 6). Finally, as
shown in Fig. 7, cell association and degradation of 12’I-labeled
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FiG. 4. Comparison of the effects of preincubation of either the
mouse peritoneal macrophages (MPM) or the OxRBCs with liposomes
on the subsequent binding of OxRBCs to MPM (hatched bars). Binding
of native RBC is shown for reference (solid bars). PC, liposomes prepared
from egg PC/cholesterol (molar ratio 2:1); PS, liposomes prepared from
brain PS/egg PC/cholesterol (molar ratio 1:1:1). Macrophages or RBCs
were preincubated with liposomes (25 g of fatty acids per ml) in DMEM
for 30 min at 37°C before assaying RBC binding. Data are the mean *
SD of three determinations in a single experiment. Preincubations of
MPM with PS liposomes inhibited subsequent OxXRBC binding by more
than 90% (P < 0.0001). Preincubation of MPM with PC liposomes
inhibited by less than 35% (P < 0.01).

OxLDL was also inhibited by oxidized 1-palmitoyl-2-
arachidonoyl-phosphatidylcholine presented in liposomes con-
taining equimolar amounts of 1,2-distearoyl-phosphatidylcho-
line and free cholesterol. The lesser but significant inhibition
by nonoxidized 1-palmitoyl-2-arachidonoyl-phosphatidylcho-
line may reflect oxidation during the 5-hr incubation.

DISCUSSION

These studies show that microemulsions prepared from the
unfractionated lipids of OXLDL share with PS-rich liposomes the
ability to inhibit the binding of OxXRBCs and of apoptotic thy-
mocytes to mouse peritoneal macrophages. Additionally, lipo-
somes prepared from oxidized PC (but not liposomes prepared
from native PC) were similarly able to compete. Thus, liposomes
prepared from 1-stearoyl-2-linoleoyl-phosphatidylcholine were
inhibitory when 25-50% of the linoleic acid had been degraded
by oxidation. The microemulsions prepared from OxLDL lipids
were shown to contain less than 0.5% of the amount of apopro-
tein B that would normally be associated with the amount of LDL
lipid in them. Of course the liposomes prepared from well-

300 4
250—.
200—.
150

100

Liposome binding

50

o
/
°
O-A‘
0

A A

(mean fluorescence intensity)

A

10 20 30 40 50 60 70 80

DiO-labeled microemulsion concentration (ug/mil)

FiG. 5. Binding of fluorescence-labeled LDL-lipid (a) or OXLDL-
lipid (®) microemulsions to resident mouse peritoneal macrophages,
measured by flow cytometry. Liposomes were labeled by incorporating
1% DiO (wt/wt). Approximately 1 X 10° macrophages were incubated
with microemulsions for 2 hr at 4°C. The mean fluorescence intensity
of 10,000 events was measured and plotted against the concentration
of the microemulsion added (expressed as ug of fatty acids per ml).



1810 Medical Sciences: Terpstra et al.

104

]

Cell-association and degradation of “1-OxLDL
{g/mg cell protein/5 h)

no addition

+LDL-lipid
microemulsions

+OxLDL-lipid
microemulsions

F1G. 6. Inhibition of the cell association (solid bars) and degrada-
tion (hatched bars) of 12°I-labeled OXLDL by OxLDL-lipid micro-
emulsions. 12°I-labeled OXLDL (2 pg of protein per ml) was incubated
with resident mouse peritoneal macrophages for 5 hr. Degradation
products in the medium and 21 remaining associated with the washed
cells were assayed as described (25). =, P < 0.001; =, P < 0.002.

characterized PC and cholesterol contained no protein at all.
Thus we can say that the inhibition observed is almost certainly
protein-independent. This does not necessarily mean, however,
that the apoprotein B in intact OXLDL plays no role at all in the
competition between OxLDL and damaged cells. Indeed, earlier
studies have shown that the resolubilized apoprotein B of OxXLDL
does inhibit the binding and uptake of intact OxLDL (4), and we
confirmed that observation in the course of the present studies.

The ability of intact OXLDL to mimic the inhibitory effects of
PS-rich liposomes on the binding of OxRBCs and of apoptotic
cells implies that all three may share at least one common binding
site on the macrophage surface (although each may of course
have independent binding sites as well) (1, 2, 13). The present
findings suggest that whatever the nature of the common binding
sites or receptors, it is primarily lipid that is being recognized. For
OxRBCs that has been accepted for some time; i.e., there is a
considerable body of evidence that the binding of OxRBCs is
attributable to an increase in the amount of PS on the outer
leaflet of the RBC membrane (2, 5, 7-9). Macrophage binding of
apoptotic cells is under some circumstances also believed to rest
on an increased exposure of PS on the membrane (8, 9, 23). The
inhibition of binding of damaged cells by protein-free liposomes
containing PS, other anionic phospholipids, or as shown herein,
lipids from OxLDL certainly focuses attention on the lipid
moiety.

The simplest interpretation of our current results is that
oxidized phospholipids—but not native phospholipids—may be
responsible for a significant part of the binding of OxLDL to
macrophage scavenger receptors. The presumption is that one or
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F1G. 7. Inhibition of the cell association (solid bar) and degrada-
tion (hatched bars) of 12°I-labeled OxLDL by liposomes containing
oxidized 1-palmitoyl-2-arachidonoyl-phosphatidylcholine. Methods
are as described in Fig. 6. *, P < 0.05; **, P < 0.0001.
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more of the polar phospholipid products in which the polyunsat-
urated fatty acid in the sn-2 position has been oxidatively attacked
somehow mimic the physicochemical properties of PS. These
could be hydroperoxide or hydroxy forms of the fatty acids or they
could be degradation products in which the fatty acid carbon
chain has been fragmented, generating aldehydes, ketones, or
carboxylic acids. Watson et al. (22), using elegant chromatograph-
ic/mass spectrometric approaches, have identified two of the
biologically active oxidized phospholipids in minimally oxidized
LDL and verified their structure by synthesis: 1-palmitoyl-2(5-
oxovaleryl)-sn-glyero-3-phosphocholine and 1-palmitoyl-2-
glutaryl-sn-glycero-3-phosphocholine. Studies of that kind will be
needed to determine whether these or other specific subfractions
of oxidized lipids are responsible for the liposome effects ob-
served in the present studies.

The nature of the binding site for OxRBCs and PS-rich
liposomes on the macrophage remains unknown. Despite at-
tempts in a number of laboratories, the elusive “PS receptor”
remains elusive. Is it a protein receptor? Favoring this is the
observation that previous treatment of the macrophage with
trypsin or Pronase (but not collagenase) destroys its ability to bind
OxRBC:s and PS liposomes (whereas such prior treatment of the
OxRBCs has no effect; unpublished observations). However, this
in itself is inconclusive because protease treatment could affect
binding indirectly, e.g., by weakening adhesion to ligands on the
substratum. Whether protein in nature or not, there appears to be
a finite saturable number of receptor sites, shown herein by the
saturable binding of fluorescent-labeled liposomes prepared
from OxLDL lipids (Fig. 5) and shown previously for a variety of
other liposomes that bind to macrophages or monocytes (24).

The possibility that scavenger receptor A (SRA) might be a
common receptor for OXLDL and OxRBCs was recently tested
by comparing peritoneal macrophages of wild-type mice with
macrophages from mice in which the SRA had been targeted
(25). The uptake and degradation of acetyl LDL by the mutant
cells was reduced 80% compared with that in the wild-type cells
(25), in agreement with the findings of Suzuki et al. (26) and
Lougheed et al. (27). The uptake and degradation of OXLDL was
also significantly reduced, although to a lesser extent. However,
there was no decrease at all in the binding of OXRBCs, suggesting
that SRA is not a major participant in the recognition of OxRBCs
by macrophages. Macrophages from SRA-deficient mice did
show a significant reduction in the binding of apoptotic thymo-
cytes, both to thymic macrophages (28) and to resident mouse
peritoneal macrophages (25). Thus there is not a complete
congruency between receptors that recognize OxRBCs, on the
one hand, and apoptotic cells, on the other. Nishikawa et al. (13)
presented evidence that resident mouse peritoneal macrophages
bound PS-rich liposomes via the scavenger receptor but Lee et al.
(29), using transfected cells expressing SR A, found no binding or
uptake of PS-rich liposomes nor did they find uptake by smooth
muscle cells treated to induce expression of SRA. The basis for
the recognition of apoptotic cells by SRA remains to be estab-
lished.

CD36 plays a role in the binding and uptake of OxLDL in
mouse peritoneal macrophages (30) and in human monocyte/
macrophages (31, 32). This receptor has been clearly established
to play a role in the recognition and phagocytosis of apoptotic
cells. Several lines of evidence support the interpretation that
CD36 must interact with the vitronectin receptor (w33 integrin)
and with thrombospondin to bind apoptotic cells (33). The nature
of the ligand on the apoptotic cell has not been characterized. On
the other hand, Rigotti ef al. (34) have shown that human CD36
expressed by transfected COS cells binds anionic phospholipid
liposomes and that these liposomes compete for the binding of
125]-labeled acetyl LDL. A rat adipocyte protein (FAT) that is
85% homologous with human CD36 binds long-chain fatty acids
(35) and so does CD36 (31). Nicholson et al. (31) found no
binding of delipidated OxLDL to CD36-transfected cells and
inferred that recognition might reside in the lipid moiety of
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OxLDL. However, the ability of the lipid moiety to bind was not
directly tested. Most recently Ryeom et al. (36) presented con-
vincing evidence that retinal pigment epithelial cells express
CD36 and that the phagocytosis of photoreceptor outer segments
by these epithelial cells is inhibited by liposomes containing PS or
phosphatidylinositol and also by a mAb against CD36. Thus,
CD36 is the first well-defined receptor shown to bind apoptotic
cells through a PS-related mechanism. As shown by Fadok ez al.
(9, 37) and Rose et al. (38), the ability of macrophages to
recognize PS-rich membranes is under complex regulation.

Additional OxLDL binding proteins in the macrophage
include CD68 (39, 40) and SR-B1 (34, 41) and its human
homologue CLA-1 (42). However, their role in recognition and
uptake of apoptotic cells remains to be more fully explored.

It is still not clear whether the recognition of anionic
phospholipid liposomes rests on some topologically specific
array of negative charges or polar groups, on the one hand, or
on specific recognition of phospholipid head groups, i.e.,
recognition of some narrowly defined microdomain(s). The
ability of annexin V to bind specifically to artificial membranes
rich in anionic phospholipids offers precedent that proteins
can indeed recognize such lipid microdomains (or clusters of
them) and bond tightly via calcium bridges (43). The recent
studies by Horkko et al. (44), characterizing mAbs that rec-
ognize oxidized phospholipids but not native phospholipids,
show again that specific protein recognition of microdomains
(or clusters of them) is quite possible. The polar fatty acid
degradation products generated as a result of oxidation of cell
membrane lipids or LDL lipids (including ketones, aldehydes,
and carboxylic acids) probably reorient themselves with the
polar constituents presenting at the water—lipid interface. This
could result in a surface configuration that in charge and
polarity resembles that of a PS-rich liposome.

We have shown previously that the delipidated protein moiety
of OxLDL competes with intact OXLDL for binding to resident
peritoneal macrophages (4). The possibility that the lipid moiety
might also play a role was not tested. It now appears that both may
be involved. Further studies will be needed to determine which
receptors recognize one or the other or, possibly, both.

The present findings raise the interesting possibility that oxi-
dative damage to the membranes of cells may be an additional
way to generate configurations recognized by scavenger recep-
tors, (i.e., in addition to the loss of membrane phospholipid
asymmetry with exposure of PS on the outer leaflet). There is
evidence that apoptosis is associated with the generation of
reactive oxygen species even if these are not essential for cell
death (45). Thus there could be, in parallel, an increase in PS
expression on the outer leaflet of the plasma membrane and an
appearance of oxidized phospholipids in the membrane. Either or
both could then be involved in the recognition of the damaged
cells by scavenger receptors. This hypothesis is attractive because
it could explain why macrophages are able to recognize and take
up a wide variety of oxidatively damaged cells, namely, while they
express very different plasma membrane proteins, their phos-
pholipid composition is much less variable.
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