
3206 Journal of Lipid Research Volume 54, 2013

Copyright © 2013 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

 Supplementary key words macrophages • oxidized LDL • CD36 • 
SR-A • monoclonal antibody E06 • atherosclerosis 

  Atherosclerosis is a chronic infl ammatory disease that is 
a major cause of morbidity and mortality. Although its 
etiology is complex, oxidation of LDL trapped by the ex-
tracellular matrix in the intima, to generate oxidized LDL 
(OxLDL), is widely regarded as an important if not central 
event in atherogenesis ( 1 ). Intimal macrophages play a key 
role in the formation and progression of atherosclerosis 
by binding and taking up OxLDL via scavenger recep-
tors, including CD36 and scavenger receptor A (SR-A) ( 2 ). 
Excessive and unregulated uptake of OxLDL by macro-
phages results in foam cell formation, which is the fi rst 
stage of the developing atherosclerotic lesion ( 3 ). 

 Understanding the mechanisms responsible for bind-
ing and uptake of OxLDL by macrophages could lead to 
novel therapeutic approaches to inhibit foam cell forma-
tion and thus atherogenesis. For example, we have demon-
strated that various oxidation specifi c monoclonal antibodies 
that bind to relevant epitopes on OxLDL can prevent 
OxLDL binding to macrophage scavenger receptors in 
culture conditions and when expressed in excess in vivo 
in murine models of atherosclerosis can inhibit progres-
sion of atherosclerosis ( 4, 5 ). The traditional in vitro tech-
niques used to assess OxLDL binding to macrophages and 
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syringe and gently sterile fi ltered (0.45  � m; Millex-HV, Millipore) 
into sterile polypropylene cell culture tubes and stored at 4°C. 
The concentration of LDL was determined using the bicin-
choninic acid assay reagent ( 8 ) and is expressed throughout this 
manuscript based on protein content. For LDL samples that were 
to be oxidized, we dialyzed the ultracentrifugal fraction against 
DPBS, and after oxidation (described below) we added butylated 
hydroxytoluene (20  � M fi nal concentration) and then dialyzed 
against DPBS and EDTA and stored as described above. 

 Native LDL was biotinylated according to the manufacturer’s 
protocol (Pierce Biotechnology) using the No-weigh EZ-Link 
Sulfo-NHS-Biotin reagent with the following modifi cations and 
considerations. The protocol describes that the biotinylation of 
IgG at 1–10 mg/ml using a 20-fold molar excess of the biotin re-
agent per mol IgG yields four to six biotin-tags per IgG molecule. 
Because LDL contains apoB and aminophospholipids, the bioti-
nylation effi ciency was expected to be different from IgG. It was 
therefore necessary to optimize the biotinylation reaction to detect 
bound LDL particles in the binding assay. Briefl y, in our optimized 
protocol, the biotinylation reaction was carried out using 4 mg 
LDL-protein (7.27 nmol LDL, using 550 kDa as the molecular 
weight of LDL [apoB100]) in 1 ml DPBS, to which was added 
60-fold molar excess of the Sulfo-NHS-Biotin reagent (38.6  � l of a 
11.3 nmol biotin per µl solution of freshly dissolved 1 mg Sulfo-
NHS-Biotin in 200 µl milli-Q H 2 O). The reaction mixture was incu-
bated at room temperature (RT) for 1 h with occasional gentle 
mixing and swirling and handled as described above. In pilot ex-
periments, where 6.7-, 20-, 60-, and 180-fold molar excess of the 
Sulfo-NHS-Biotin reagent were tested, the use of 60-fold molar ex-
cess of biotin reagent yielded the best combination of sensitivity 
and signal-to-noise ratio in the binding assay for various oxidation 
and aldehyde modifi cations of LDL (data not shown). The biotin-
labeling may have to be optimized for different ligands and recep-
tors and by each laboratory. For example, because this method of 
biotinylation uses derivative amines, including lysines, if one were 
to use this assay for assessing binding of LDL to fi broblasts, one 
may need to use an alternative labeling technique (e.g., one that 
binds carboxy groups) that would avoid modifi cation of lysines 
that would impair binding of LDL to the LDL receptor. 

 Copper-induced oxidation of LDL (CuOxLDL) was prepared 
by incubating LDL at 4 mg/ml with 10  � M CuSO 4  for 18 h 
at 37°C under sterile conditions ( 9 ). Biotinylated CuOxLDL 
(Bt-CuOxLDL) was prepared in parallel using biotinylated LDL 
(Bt-LDL). Oxidized LDL preparations were also handled as 
described above. The degree of oxidation was determined by 
measuring the amount of thiobarbituric acid-reactive substances 
( 10 ) and by determining the binding of the antioxidized phos-
pholipid IgM monoclonal antibody, E06, in ELISA. Although we 
have tested more than 6 months old native and oxidized Bt-LDL 
preparations without any detectable changes in binding charac-
teristics, we have elected to prepare entirely new ligand prepara-
tions from freshly isolated LDL every 2 months. 

 Macrophage plating and culture conditions.   For each mac-
rophage cell type used in these experiments, preliminary experi-
ments were performed to determine the optimal plating 
conditions for a given cell type. All cell types were plated in ster-
ile, opaque 96-well microplates (Greiner Bio-One) using 100  � l 
media per well. The following basal media were used. Media A 
contained DMEM (containing 2 mM L-glutamine and sodium 
pyruvate) containing 10% heat-inactivated FBS and Gentamicin 
(50 mg/l). Media B contained Media A conditioned on L929 
cells for 4–5 days. Media C contained RPMI containing 10% heat-
inactivated FBS and Gentamicin. 

  J774 macrophages  were plated at 25,000 cells per well in a mix-
ture of Media A and Media B (4:1; v/v) and incubated for 72 h at 

the ability of a given antibody to block this binding re-
quires radioactive labeling of the ligand, the use large 
culture plates and relatively large amounts of cells and re-
agents, and time-consuming processing of samples. In addi-
tion, the use of radioactivity is cumbersome and expensive 
and requires dedicated laboratory space and regulatory 
monitoring. 

 Our objective was to develop a nonradioactive binding 
assay that would allow for the rapid detection of binding of 
OxLDL to various macrophages that would be effi cient 
and rapid, and that would use small amounts of reagents. 
Our laboratory is well versed in solid phase immunoassay 
techniques that use 96-well microtiter plates, the use of 
multichannel pipettes that facilitate reagent delivery, and 
the use of chemiluminescent plate readers that can detect 
chemiluminescence in each well of a 96-well plate in less 
than a minute. We adapted this basic technology to detect 
biotin-labeled OxLDL binding to macrophages cultured 
in sterile 96-well culture plates. The developed technique 
is fast, effi cient, and practical and allows the possibility of 
testing many experimental parameters (e.g., various con-
centrations of ligands and competitors) under simultaneous 
and identical conditions. To demonstrate the potential of 
the method, we use this methodology to characterize the 
specifi c binding of OxLDL to macrophages and specifi -
cally to CD36 and the ability of the monoclonal antibody 
E06 to inhibit this binding. 

 MATERIALS AND METHODS 

 Materials 
 J774 cells and COS-7 cells were from the American Type Cul-

ture Collection (Manassas, VA). Dulbecco’s PBS (DPBS), Trypsin-
EDTA, RPMI-1640, and DMEM with 4.5 g/l glucose, L-glutamine, 
and sodium pyruvate were from Mediatech Inc. (Manassas, VA). 
FBS was from Omega Scientifi c (Tarzana, CA), and BSA was from 
Sigma-Aldrich (St. Louis, MO). Versene and gentamicin (10 mg/
ml) were from Invitrogen (Grand Island, NY). Hoechst reagent 
was from Calbiochem (Billerica, MA). FuGene6 was from Roche 
Applied Science (Indianapolis, IN). Levamisole solution was 
from Vector Laboratories (Burlingame, CA). EZ-Link Sulfo-NHS-
Biotin, No-Weigh Format and alkaline phosphatase-conjugated 
NeutrAvidin were from Pierce Biotechnology (Rockford, IL). Lu-
miPhos 530 was from Lumigen Inc. (Southfi eld, MI). Sterile 96-well 
microplates were from Greiner Bio-One (Cat#655083; Monroe, 
NC). The murine monoclonal IgM antibody E06 was generated 
and characterized in our laboratory ( 6 ). 

 Methods 

 Lipoprotein preparation and modifi cation.   LDL (density = 
1.019–1.063 g/ml) was isolated from normolipidemic human 
plasma collected in EDTA by ultracentrifugation ( 7 ). Through-
out the report, all preparations of LDL (native, biotinylated, and 
oxidized) were handled as follows. For preparations that were to 
be used as native LDL, we added butylated hydroxytoluene (20 µM 
fi nal concentration), and the sample was transferred to a dialysis 
tubing (MWCO 12–14 kDa) and dialyzed extensively fi ve times 
against DPBS containing EDTA (0.1 mM) (at least 1:1,000; v/v) 
over >24 h at 4°C. LDL preparations were transferred to a sterile 
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the cells were harvested with trypsin-EDTA and plated in sterile 
96-well plates at 20,000 cells/well in Media A as described above. 
Cells transfected with empty vector pSG5 were used as a control. 
The binding and competition assays were performed 48 h after 
seeding of the transfected cells. Because of a high background 
chemiluminescence, Levamisole (1 drop/5 ml of substrate) was 
added to the LumiPhos 530 detection substrate in the fi nal step 
of the binding assay to inhibit the endogenous alkaline phos-
phatase activity of the COS-7 cells. 

 RESULTS 

 Macrophage binding assay 
 The macrophage binding assay was patterned after solid 

phase chemiluminescent immunoassays conducted in a 
96-well plate format, enabling the use of high-throughput 
techniques, including multichannel pipettes and a chemi-
luminescent plate reader. Macrophages are cultured in 
sterile 96-well plates, which are then exposed to biotiny-
lated ligands at varying concentrations in the presence 
and absence of competitors. The extent of bound ligand, 
such as biotinylated CuOxLDL (Bt-CuOxLDL), was deter-
mined by the use of alkaline phosphatase conjugated to 
avidin, which acts on the added LumiPhos 530 detection 
substrate to produce chemiluminescence, which was then 
measured by a plate reader. The extent of binding of a 
given ligand in each well is determined by the measured 
chemiluminescence, which is expressed as RLU/100 ms. 

 There were a number of important variables that needed 
to be optimized in developing the assay. Chief among 
these was fi nding the optimal number of cells to be plated 
per well that would lead to optimal receptor expression at 
the time of the binding assay, when plates were put on ice 
to inhibit internalization of bound ligand. This variable 
was dependent on the number of cells seeded per well ini-
tially, the media used, and the length of time in culture 
before actual performance of the binding assay. These 
conditions varied for the different macrophages studied 
and the optimal number of cells initially seeded per well, 
media used, and time in culture to achieve approximately 
100% confl uence at time of conduct of binding assay were 
established for J774 cells, BMDM, TGEPM, and CD36-
transfected COS-7 cells. The conditions for each of these 
cell types are described in Materials and Methods. Because 
primary macrophages (BMDM and TGEPM) proliferate 
slowly in in vitro cultures, these cells were plated at high 
cell densities, ensuring fully confl uent wells with opti-
mally adhering macrophages 24 h later at the initiation 
of the binding assay. BMDM were cultured in 30% L929-
conditioned media to ensure continued full differentia-
tion to macrophages and reproducible and high expression 
of receptors, including scavenger receptors such as CD36. 
In contrast, TGEPM were fully differentiated in vivo and 
were therefore cultured in Media A without the need for 
growth factors. For J774 cells, we found that adherence 
and receptor-expression was not optimal 24 h after plat-
ing, which was probably due to the harvesting of cells cul-
tured in fl asks. Therefore, we plated 25,000 J774 cells per 

37°C. Transfected  COS-7 cells  were plated at 20,000 cells per well 
in Media A and incubated 24 h at 37°C.  Bone marrow-derived 
macrophages  (BMDM) were prepared from BM cells removed 
aseptically from murine femurs and tibia and differentiated to 
macrophages using M-CSF in 10% FBS as described ( 11 ). These 
were plated at 100,000 cells per well in a mixture of Media C and 
Media B (7:3; v/v) and incubated for 24 h at 37°C.  Thioglycollate-
elicited peritoneal macrophages  (TGEPM) were plated at 100,000 
cells per well in Media A and incubated for 24 h at 37°C. BMDM 
and TGEPM were obtained from C57BL/6, SR-AI/II  � / �   ( Sra  � / �   ) 
(The Jackson Laboratory, Sacramento, CA; B6.Cg- Msr1 tm1Csk  /
J, Stock #006096),  Apoe   � / �  , or  Cd36  � / �   / Sra  � / �  / Apoe   � / �   triple 
knockout (ko) mice (a gift of Kathryn Moore) maintained in 
our vivarium. All animal experiments were performed accord-
ing to National Institutes of Health guidelines and were ap-
proved by the University of California, San Diego Animal Subjects 
Committee. 

 Macrophage binding assay.   After incubations in the respec-
tive media described above, the following protocol was used for 
all cell types. The binding assay was carried out in the 96-well 
microplates without removing the cells. Cells were washed twice 
with 250  � l/well of PBS and placed on ice with 200  � l/well of 
ice-cold 1% BSA-PBS for 30 min to block nonspecifi c binding 
and to arrest cell growth. The media was then replaced with bioti-
nylated ligands at varying concentrations in the absence or pres-
ence of competitors in 100  � l/well in 1% BSA-PBS (or DMEM) 
and incubated for 2 h on ice. Cells were washed twice with 250  � l 
of ice-cold PBS and fi xed using 100  � l/well of 4% formaldehyde 
in ice-cold PBS for 15 min on ice, followed by 15 min at room 
temperature (RT). Macrophages were then washed twice with 
250  � l of PBS at RT, and 100  � l of alkaline phosphatase-conjugated 
NeutrAvidin in 1% BSA-TBS (1:20,000) was added to each well. 
After 30 min of incubation at RT, macrophages were washed 
twice with 250  � l of TBS at RT. To detect bound ligands, mac-
rophages were incubated with 50  � l/well of 50% LumiPhos 530 
(a luminescent substrate) in double-distilled water for 90 min at 
RT in the dark. The light emissions were then measured as rela-
tive light units (RLU) per 100 ms (RLU/100 ms) using a Dynex 
Luminometer plate reader (DYNEX Technologies). All determi-
nations were done in triplicate. At the end of the experiment, the 
number of cells present was quantifi ed by use of Hoechst reagent 
and a standard curve as described ( 12 ). To determine specifi c 
binding of CuOxLDL, increasing concentrations of Bt-CuOxLDL 
were added to macrophages in the absence or presence of 20-
fold excess unlabeled CuOxLDL. Specifi c binding was deter-
mined as the difference between total binding and binding in the 
presence of excess unlabeled OxLDL, as originally reported for 
acetyl LDL by Brown and Goldstein ( 13 ). Curve fi tting and  K d   
values were determined using GraphPad Prism, Version 5.0c. 

 In competition binding experiments, a fi xed and limiting dilu-
tion of Bt-CuOxLDL was added in each well in the absence and 
presence of increasing concentrations of various competitors, 
and the extent of binding was determined as described above. 
For these experiments, the data are expressed as the extent of 
binding in the presence of competitor (B) divided by binding in 
the absence of competitor (B 0 ) to yield a B/B 0  value, where bind-
ing in the absence of competitor equals 1. 

 Transfection of COS-7 cells with CD36.   COS-7 cells were 
transfected with CD36 DNA as previously described by Boullier 
et al. ( 9 ). COS-7 cells were maintained in Media A. For transfection, 
cells were cultured on a 6-well plate to approximately 70–80% 
confl uence. They were then transfected with a mixture of 2  � g of 
human CD36 DNA subcloned into pSG5 (Stratagene, La Jolla, 
CA) and 6  � l of Fugene6 (Roche Applied Science). After 24 h, 
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LDL receptor, which is sparsely expressed on J774 mac-
rophages. We next measured the specifi c binding of 
CuOxLDL to J774 cells ( Fig. 1B ). Increasing concentra-
tions of Bt-CuOxLDL were added to cells in the absence or 
presence of a 20-fold excess of unlabeled CuOxLDL. Data 
for total as well as nonspecifi c (binding in presence of ex-
cess unlabeled CuOxLDL) are graphed as are data for the 
calculated specifi c binding, which is the difference be-
tween total and nonspecifi c binding. The calculated ap-
parent  K d   for specifi c binding of CuOxLDL was 3.7 ± 1.0 
 � g/ml.  Figure 1C  shows the total, nonspecifi c, and spe-
cifi c binding curves of Bt-CuOxLDL to BMDM from 
 Apoe  � / �    wild-type (wt) mice. For these data, the calculated 
apparent  K d   for specifi c binding was 1.2 ± 0.2  � g/ml. These 
values agree well with similar  K d   values reported for bind-
ing studies using iodinated OxLDL to various macro-
phage populations, which ranged from 1.0 to 7.4  � g/ml 
( 14–18 ). 

 Role of scavenger receptors in binding of OxLDL 
 To demonstrate the role of scavenger receptors in binding 

OxLDL, we investigated the binding of CuOxLDL to mac-
rophages defi cient in SR-A or in SR-A and CD36.   Figure 2A    
shows saturable binding of Bt-CuOxLDL and Bt-LDL to 
TGEPM from wt or scavenger receptor-AI/II knockout 
( Sra  � / �   ) mice. Maximal binding of CuOxLDL was reduced 
approximately 30% in the  Sra  � / �    macrophages compared 
with wt. Again, LDL showed minimal binding to wt or  Sra  � / �    
macrophages. 

 We next examined the binding of CuOxLDL to mac-
rophages that were devoid of SR-A and CD36.  Figure 2B  
shows specifi c binding of Bt-CuOxLDL and Bt-LDL to 
BMDM prepared from  Apoe   � / �   or  Cd36  � / �   / Sra  � / �  /Apoe  � / �    
triple ko mice. Maximal binding of CuOxLDL to the triple 
ko macrophages was reduced approximately 80% com-
pared with  Apoe   � / �  . There was minimal binding of native 
LDL to  Apoe   � / �   or triple ko macrophages. 

 We used a competitive binding assay to further exam-
ine the binding of native and modifi ed LDL to different 
cell types.  Figure 2C  shows competitive binding of Bt-
CuOxLDL (2  � g/ml) to BMDM prepared from  Apoe   � / �   
(wt) or  Cd36  � / �   / Sra  � / �  /Apoe  � / �    ko mice in the absence or 
presence of CuOxLDL or native LDL. At the dosage of Bt-
CuOxLDL used, the absolute binding of CuOxLDL to the 
triple ko macrophages was reduced approximately 80% 
compared with the  Apoe   � / �   macrophages. Unlabeled Cu-
OxLDL was able to compete nearly all of the binding of 
Bt-CuOxLDL in  Apoe   � / �   macrophages, as expected, but 
was also able to compete approximately 75% of the re-
sidual Bt-CuOxLDL binding (i.e., nonSRA/non-CD36) in 
the triple ko macrophages. Thus, the absolute binding of 
CuOxLDL to SR-A/CD36 ko macrophages is decreased by 
 � 80%, consistent with prior reports ( 19, 20 ). However, the 
residual CuOxLDL binding also appears to be specifi c and 
likely accounted for by small numbers of other scavenger 
receptors that have been described to bind OxLDL (as re-
viewed in Ref.  2 ). As expected, native unlabeled LDL was 
not able to compete out the binding of Bt-CuOxLDL in 
 Apoe   � / �   or triple ko macrophages. 

well, cultured them in 20% L929-conditioned media for 
72 h, and found  � 100% confl uent wells, which yielded 
 � 50% higher binding of Bt-CuOxLDL compared with 
J774 cells in Media A (without L929-conditioned media) 
(data not shown). Moreover, this improved binding ap-
plied to other biotinylated ligands, such as malondialde-
hyde-modifi ed LDL (data not shown). Because transfected 
COS-7 cells were harvested with trypsin-EDTA, they were 
given 48 h in Media A because additional growth factors 
were not needed to reform surface receptors, adhere to 
wells, and proliferate to near confl uency. 

 For each of these cell types, the conditions described re-
sulted in appropriate cell density and scavenger receptor 
expression at the time of assay to yield the best CuOxLDL 
binding curves, as judged by apparent  K d   and maximal 
binding determinations. In all assays, we added NeutrAvidin 
conjugated with alkaline phosphatase to detect the extent 
of binding of the Bt-CuOxLDL. For the macrophages tested 
(i.e., BMDM, TGEPM, and J774 cells), background chemi-
luminescence activity in the absence of added biotinylated 
ligands was low, showing little nonspecifi c signal in response 
to added NeutrAvidin-alkaline phosphatase. However, with 
COS-7 fi broblast cells there was considerable background 
activity, presumably refl ecting endogenous alkaline phos-
phatase activity. We therefore added Levamisole to the fi nal 
substrate solution, which inhibited endogenous alkaline 
phosphatase activity suffi ciently to adequately reduce back-
ground. Preliminary experiments had demonstrated that 
Levamisole did not inhibit the alkaline phosphatase activity 
of the added NeutrAvidin-alkaline phosphatase complex, 
which is of a different isotype. 

 In initial experiments, we corrected the extent of bind-
ing of ligand in each well by the cell count in that well. The 
latter was determined by measuring the content of DNA in 
each well using Hoechst solution, measurement of fl uores-
cence using SpectraMax Gemini EM (excitation 350 nm, 
emission 460 nm), and comparison to a simultaneously 
determined standard curve. The RLUs per well were di-
vided by the DNA content to yield a corrected binding/
cell value. An extensive set of preliminary studies indicated 
that for each cell type studied, when the reported condi-
tions were used, the numbers of cells per well for a given 
plate at the end of the experiment were highly reproducible, 
and the corrected values did not differ signifi cantly from un-
corrected values. Therefore, in the data shown below, we 
report only the extent of binding per well, in RLU/100 ms. 
In all experiments, each value was determined in triplicate. 
Below we present examples of the application of this bind-
ing assay. 

 Specifi c binding of OxLDL to macrophages 
   Figure 1A    shows binding curves of Bt-CuOxLDL and Bt-

LDL to J774 macrophages. Cells were cultured in 96-well 
microtiter plates for 24 h and then incubated with increas-
ing concentrations of biotinylated ligands for 2 h. After 
appropriate washings, the extent of binding was deter-
mined. CuOxLDL displayed a high level of saturable bind-
ing, whereas that of native LDL revealed low but saturable 
binding, probably refl ecting Bt-LDL recognition by the 
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phospholipids, could inhibit the binding of OxLDL to 
macrophages, and specifi cally to CD36 and SR-B1 ( 9 ). In 
  Fig. 4  ,  we performed a similar assay using the current 
chemiluminescent technique. A fi xed concentration of 
Bt-CuOxLDL was added to J774 cells in the absence or 
presence of increasing concentrations of E06 or indicated 
competitors. E06 exhibited high-affi nity competition for 
binding, as did CuOxLDL, whereas native LDL and BSA 
were unable to compete ( 9 ). 

 DISCUSSION 

 Brown and Goldstein ( 22, 23 ) made the seminal obser-
vation that native LDL could bind to specifi c receptors on 
the surface of fi broblasts, which led to the elucidation of 
the LDL receptor pathway, and how lipoprotein receptors 
regulated plasma and cellular lipid metabolism. Indeed, 
they extended this paradigm in another set of seminal 
studies by demonstrating that modifi ed LDLs bound to a 
different set of receptors on macrophages that they termed 
“scavenger receptors” ( 13 ). These studies led to extensive 
investigations that are ongoing to understand the mecha-
nisms by which native and modifi ed lipoproteins regulate 
metabolism in health and disease. 

 The measurement of binding of OxLDL to various macro-
phage scavenger receptors continues to be an important 

 To further demonstrate the ability of CD36 to specifi cally 
bind OxLDL, we examined Bt-CuOxLDL binding to COS-7 
fi broblast cells transfected with CD36.   Figure 3A    shows the 
specifi c binding of Bt-CuOxLDL to CD36 transfected or 
pSG5-mock-transfected COS-7 cells. Saturable and dose-
dependent binding of CuOxLDL was observed for both cell 
types, but the apparent  K d   for binding of CuOxLDL was 2.5 ± 
0.2  � g/ml for the CD36 transfected cells and 5.8 ± 2.1  � g/ml 
for the mock-transfected cells. The apparent maximal 
binding value for the CD36 cells was  � 60% higher than 
for the mock-transfected cells. We also assessed specifi city of 
CuOxLDL binding to the CD36 transfected cells.  Figure 3B  
demonstrates that the absolute binding of Bt-CuOxLDL to 
mock-transfected cells was decreased approximately 60–70% 
compared with binding to CD36 transfected cells. Unla-
beled CuOxLDL was able to fully compete out binding to 
CD36 transfected cells and could compete the low levels 
of binding to the pSG5 mock-transfected cells. Unlabeled 
LDL was able to compete to a minor degree the binding of 
OxLDL in these cells, possibly due to the presence of SR-B1, 
which is known to bind LDL and OxLDL ( 21 ). 

 Ability of monoclonal antibody E06 to block binding 
of CuOxLDL 

 We previously used radioiodinated OxLDL binding 
assays to demonstrate that monoclonal antibody E06, di-
rected to the phosphocholine head group of oxidized 

  Fig.   1.  Total and specifi c binding of OxLDL to murine macrophages. In each panel, data are expressed as 
RLU/100 ms, and each point represents the average of triplicate determinations. A: Saturation binding 
curves of Bt-CuOxLDL and Bt-LDL to J774 macrophages. A total of 2.5 × 10 4  J774 macrophages/well were 
plated in 96-well culture plates and cultured for 72 h (see Materials and Methods). Cells were then washed 
and arrested on ice, and the media was replaced with ice-cold 1% BSA-PBS containing indicated amounts of 
Bt-CuOxLDL and Bt-LDL for 2 h. After extensive washing, the amount of biotinylated ligands bound to the 
plated cells was determined with the use of NeutrAvidin-alkaline phosphatase and a chemiluminescent 
ELISA technique as described in Materials and Methods. Data shown are mean ± SD of triplicate determina-
tions from four independent experiments. B: Specifi c binding of CuOxLDL to J774 macrophages. Cells were 
plated and cultured in 96-well microtiter culture plates as in panel A. The cells were then washed and ar-
rested on ice, and the media was replaced with 1% BSA-PBS containing indicated amounts of Bt-CuOxLDL 
in the absence or presence of a 20-fold excess of unlabeled CuOxLDL for 2 h. After extensive washing, the 
amount of Bt-CuOxLDL bound to the plated cells was determined as described in panel A. Specifi c binding 
was determined as the difference between total binding and binding in the presence of excess unlabeled 
CuOxLDL. Shown is one representative experiment of four. C: Specifi c binding of CuOxLDL to BMDM 
from  Apoe  � / �    wt mice. After differentiation, 10 5  BMDM/well were plated in 96-well microtiter culture plates 
and incubated for 24 h (see Materials and Methods). Cells were washed and placed on ice, and then total 
and specifi c binding of OxLDL were determined as described in panel B. Data are from one representative 
experiment of two.     



Nonradioactive binding assay of OxLDL to macrophages 3211

iodination of LDL induces oxidation of LDL, which can 
continuously change the extent of LDL oxidation and 
change the binding characteristics of the “native” and oxi-
dized LDL preparations ( 24 ). In addition, these assays re-
quire the use of relatively large culture plates and large 
amounts of cells and reagents. For many purposes, mea-
surement of binding alone is suffi cient. In this report, we 
describe the development and application of a nonradio-
active binding assay of OxLDL to macrophage scavenger 
receptors that can be readily carried out in 96-well micro-
titer plates and that uses techniques originally developed 

component of studies elucidating mechanisms of infl am-
mation and atherogenesis. The original binding studies of 
Brown and Goldstein used radioiodinated lipoproteins to 
defi ne lipoprotein binding to cells. The protocols they de-
scribed have been widely used by many laboratories, in-
cluding our own ( 14, 15 ), and permit not only the ability 
to defi ne binding parameters but to defi ne rates of inter-
nalization and degradation of the lipoprotein. However, 
the use of radioactivity requires specialized training, a ded-
icated laboratory and equipment, and regulatory moni-
toring. Furthermore, we have previously shown that the 

  Fig.   2.  Binding of LDL and OxLDL to wt and scavenger receptor-defi cient macrophages. A: Binding of 
Bt-OxLDL and Bt-LDL to thioglycollate-elicited peritoneal macrophages isolated from wt or SR-A  � / �   mice. 
Binding for each ligand was determined as described in the legend for  Fig 1A . The apparent  K d   for binding 
of CuOxLDL to wt macrophages was 0.42 ± 0.37  � g/ml and for binding to SR-A  � / �   macrophages was 0.46 ± 
0.04  � g/ml. Maximal binding (Bmax) in ko macrophages was reduced  � 30% compared with wt. There was 
minimal binding of native LDL to wt or SR-A  � / �   macrophages. Data are representative of two experiments, 
with each point determined in triplicate. B: Specifi c binding of the same ligands to BMDM derived from 
 Apoe  � / �    (wt) mice and from  Cd36  � / �   / Sra  � / �  / Apoe   � / �   triple ko mice (SR-A  � / �  /CD36  � / �  ). Plating and cul-
ture of the BMDM and specifi c binding of CuOxLDL and LDL were performed as explained in the legend 
to  Fig 1A . The apparent  K d   for binding of CuOxLDL to  Apoe  � / �    macrophages was 1.2 ± 0.2  � g/ml and to the 
triple ko macrophages was 3.5 ± 0.8  � g/ml. The Bmax to triple ko macrophages was reduced  � 80% com-
pared with wt. Again, minimal binding of native LDL was noted to  Apoe  � / �    or triple ko macrophages. Data 
are representative of two experiments, with each point determined in triplicate. Data for BMDM from 
 Apoe  � / �    (wt) are the same as in  Fig 1C . C: Competitive binding assay of Bt-CuOxLDL (2  � g/ml) to BMDM 
from  Apoe  � / �    (wt) or  Cd36  � / �   / Sra  � / �  / Apoe   � / �   triple ko (SR-A  � / �  /CD36  � / �  ) mice in the absence or pres-
ence of CuOxLDL or native LDL. Shown are the absolute levels of binding (in RLU/100 ms) for each ligand 
in the absence or presence of the indicated concentrations of competitors. The absolute binding of CuOx-
LDL to the triple ko macrophages is reduced about 80% compared with  Apoe  � / �    macrophages. Unlabeled 
CuOxLDL was able to compete nearly all of the binding of Bt-CuOxLDL in  Apoe  � / �    macrophages. In triple 
ko macrophages, unlabeled CuOxLDL was able to compete  � 75% of the residual Bt-CuOxLDL binding, 
consistent with the presence of other scavenger receptors capable of specifi c binding of OxLDL aside from 
CD36 and SR-A. Data are representative of two experiments, with each point determined in triplicate.     
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detection of binding of OxLDL because during oxidation 
apoB is degraded ( 28 ) and results in multiple bands and 
even a smear on Western blotting with an apoB antibody 
( 29 ). The use of E06, which binds oxidized phospholipid 
adducts with apoB, would also not be applicable because 

for solid phase chemiluminescent immunoassays. The as-
say enables measurements of lipoprotein binding to cells 
of comparable sensitivity and specifi city as achieved with 
iodinated lipoproteins. We have used this assay in prior 
reports ( 4, 5, 25, 26 ), but in this report we provide a more 
comprehensive description of the experimental variables, 
the use of different cells, and suffi cient details whereby the 
assay could be duplicated in other laboratories. We pro-
vide the experimentally derived conditions to optimally 
conduct the assay with commonly used macrophage 
preparations, including TGEPM, BMDM, J774 macro-
phages, and COS-7 cells. We believe that the details pro-
vided should allow this assay to be readily adopted by most 
laboratories. 

 Previously, a nonradioactive “immunoreceptor” bind-
ing assay to study HDL binding to cells was described ( 27 ). 
An advantage of that assay is that it used an HDL ligand 
that was unlabeled. In that assay, HDL was incubated with 
cells in 0.7–1.0 ml of medium in 6-well plates for 48 h be-
fore the ligand incubation, after which the cells were 
washed, lysed, scraped, collected, and cleared by centrifu-
gation, followed by protein quantifi cation of the lysate. 
The lysate was then subjected to SDS-PAGE and Western 
blotting with an apoAI monoclonal antibody. Quantifi ca-
tion was based on band intensities, standardized by known 
standards run in parallel. Although this assay offers an al-
ternative technique, it appears to be more labor intensive 
and would be arduous to generate 96 determinations, 
whereas we routinely study three plates and thus 288 de-
terminations in a typical binding study. Furthermore, 
such an immunoreceptor assay would not be amenable to 

  Fig.   3.  OxLDL specifi cally binds to COS-7 cells transfected with CD36. A: Binding of Bt-CuOxLDL to 
CD36 transfected cells. COS-7 cells were transfected with a plasmid containing CD36 (CD36) or empty plas-
mid (pSG5) as described in Materials and Methods. A total of 20,000 cells/well were plated in 96-well micro-
titer culture plates and cultured 48 h as described in Materials and Methods. Cells were washed and specifi c 
binding of Bt-CuOxLDL was determined as described in the legend of  Fig 1A . B: Competitive binding assay 
of Bt-CuOxLDL (2  � g/ml) to mock-transfected COS-7 cells (pSG5) or to CD36 transfected cells (CD36) in  
 the absence or presence of CuOxLDL or native LDL. Shown are the absolute levels of binding (in RLU/100 ms) 
for each ligand in the absence or presence of the indicated concentrations of competitors. The absolute 
levels of binding of Bt-CuOxLDL to mock-transfected cells was decreased  � 60–70% compared with CD36-
transfected cells. Unlabeled CuOxLDL was able to fully compete binding to CD36-transfected cells and 
could compete the low level of binding to the mock-transfected cells, suggesting a low level of endogenous 
scavenger receptor activity in the COS-7 cells. In these experiments, there was a signifi cant level of back-
ground alkaline phosphatase activity, and, as explained in Materials and Methods, Levamisole was added to 
block this activity. In both panels, the data shown are representative of three experiments, with each point 
determined in triplicate.     

  Fig.   4.  Demonstration of the ability of monoclonal antibody E06 
to inhibit binding of OxLDL to J774 macrophages. J774 cells were 
added to 96-well microtiter plates as described in  Fig 1A . Bt-CuOx-
LDL (1  � g/ml) was added to each well in the absence or presence 
of the indicated concentrations of competitors: LDL, CuOxLDL, 
BSA, and E06 (a monoclonal IgM natural antibody that binds to 
the PC phosphocholine moiety of oxidized phospholipid). Only 
E06 affects the ability of CuOxLDL to bind to macrophage scaven-
ger receptors. The experiment shown is the composite of two ex-
periments, which were normalized by the use of B/B 0  to describe 
the amount of ligand bound in the presence (B) or absence (B 0 ) of 
competitor. Each value is the average of triplicate determinations.     
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 In summary, we have developed a nonradioactive bind-
ing assay of a ligand to plated cells. It uses techniques of 
solid phase chemiluminescent immunoassays and provides 
measurements of ligand binding and specifi city and should 
be readily adaptable to other ligand-receptor interactions 
and other cell types.  

 The authors thank the Leducq Fondation for their support. 
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