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1.  ABSTRACT 
 

In antiphospholipid syndrome (APS) patients, 
some antiphospholipid antibodies (APA) are directed 
against negatively-charged phospholipids, while other APA 
are specific for phospholipid-proteins such as β2-
glycoprotein I (β2GPI).  Increased levels of oxidized low 
density lipoproteins (oxLDL) are present in atherosclerosis 
patients and these patients develop anti-oxLDL antibodies.  
Several studies have reported cross-reactivities between 
APA and anti-oxLDL antibodies, and some authors have 
suggested that most APA are specific for oxidized forms of 
phospholipids.  In contrast, other studies report that APA 
react with both reduced and oxidized cardiolipin.  In this 
context, we have re-examined the literature surrounding 
antibodies found in atherosclerosis and the APS.  We have 
also included results from a panel of anti-phospholipid 
monoclonal antibodies from W/B mice, an APS model, 
which indicates that these antibodies do not display any 
preference for oxidized epitopes on lipid molecules. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 
 

The APS is characterized by an increased risk of 
thrombosis, thrombocytopenia, and recurrent fetal loss.  
The main serological manifestation is the presence of high 
titers of APA.  In APS patients, two main categories of 
APA have been identified:  APA that are directed against 
negatively-charged phospholipids such as cardiolipin, and 
APA that are specific for phospholipid-binding plasma 
proteins, most of which recognize β2GPI (1-3).  Several 
mouse models have been developed to study the pathogenic 
role of APA.  The New Zealand White x BXSB F1 hybrids 
(W/B F1) mice have been identified as an animal model of 
APS.  Beginning at 10 weeks of age, these mice develop a 
systemic autoimmune disease including autoantibodies to 
DNA, cardiolipin, and platelets, as well as progressive 
thrombocytopenia, lupus nephritis, and cardiovascular 
disease (4-6).  Most W/B F1 males develop a degenerative 
vascular disease affecting mostly the coronary artery 
system, often resulting in myocardial infarctions (4).  W/B 
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F1 mice produce IgG autoantibodies against cardiolipin 
that show increased binding in the presence of β2GPI (6; 
7).    

 
APA can also be detected in other autoimmune 

diseases, such as systemic lupus erythematosus, and in non-
autoimmune conditions.  APA are also remarkable for their 
propensity to react with other antigens.  For instance, APA 
can cross-react with oxLDL, suggesting that lipid oxidation 
may be important for autoantibody recognition.  Patients 
with atherosclerosis have increased levels of LDL 
oxidation, and spontaneously develop antibodies to 
oxidized LDL (8).  Furthermore, recent studies have shown 
that β2GPI interacts with oxLDL (9).  This interaction may 
form epitopes which resemble those formed from the 
interaction of β2GPI with cardiolipin, possibly providing 
the basis for this cross-recognition.  Further, several groups 
have argued that APA exclusively recognize oxidized 
forms of phospholipids and LDL, but not the native or 
reduced forms of these molecules (10; 11).  Many aspects 
about the role of APA remain undetermined.  Are the same 
autoantibodies indeed present in apparently disparate 
diseases such as APS and atherosclerosis?  Are 
phospholipids and phospholipid-binding proteins the true 
immunogens that elicit the production of APA?  Do APA 
play a pathogenic role or are they simply serological 
markers of disease? 
 
3.  IMMUNOLOGY OF ATHEROSCLEROSIS 
 

Atherosclerosis is a complex, multifactorial 
disease that leads to the narrowing and hardening of the 
arteries (12).  Atherosclerosis can lead to a variety of 
clinical manifestations, including peripheral vascular 
disease, coronary artery disease, and stroke.  Atherogenesis 
can be influenced by both genetic and environmental 
factors.  Some of the well-characterized risk factors include 
smoking, hypertension, diabetes, repeated injury of 
vascular tissues, and elevated levels of low density 
lipoprotein-associated cholesterol.  Yet these risk factors 
explain only a part of the epidemiological features of 
atherosclerosis, and in more recent studies, immunological 
mechanisms have been increasingly implicated in 
modulating atherogenesis.  Atherosclerosis is now 
considered a chronic inflammatory process and a growing 
body of evidence points toward the involvement of both the 
humoral and cellular immune system (13). 
 
3.1. Oxidative modification of LDL 

OxLDL have been implicated as the preeminent 
atherogenic lipoprotein in humans.  The oxidation process, 
which occurs as a continuum, modifies both the protein and 
lipid components of the LDL particle. This has made it 
quite difficult to define the exact structural changes that 
render the native LDL particle atherogenic.  Lipid 
peroxidation can result in the formation of a variety of 
biologically active products, including peroxides, 
malondialdehyde (MDA), and 4-hydoxynonenal.  
Oxidation of the fatty acids or chemical modification of the 
free lysine amino groups of apoB alters the LDL particle to 
the extent that it is no longer recognized by the LDL 
receptor (14).  In vitro, LDL can be oxidized using several 

techniques, with the copper sulfate method representing the 
most commonly utilized approach to generate oxLDL.  
Less severe modifications can be induced by ferrous 
oxidation, resulting in minimally modified (MM)-LDL (15; 
16). 

 
Although the physiologically relevant 

mechanisms of LDL oxidation have proven difficult to 
identify, a considerable amount of evidence shows that 
LDL are oxidatively-modified in vivo.  OxLDL have been 
isolated from atherosclerotic lesions (17) and antioxidants 
such as butylated hydroxytoluene (BHT) can inhibit the 
development of atherosclerosis (18).  To gain additional 
insight into the mechanisms of oxidative damage in the 
human artery wall, studies have focused on the detection of 
stable compounds in lesions that result from specific 
reaction pathways.  Catalytically active metal ions, iron and 
copper in particular, have been isolated from tissue 
homogenates of atherosclerotic lesions suggesting that 
complexes of metal ions may stimulate LDL oxidation in 
vivo (19; 20).  Lipoxygenases, which are cytosolic proteins 
that directly oxygenate polyunsaturated fatty acids, have 
also been suggested to play a role in the oxidative 
modification of LDL.  In support of this, 15-lipoxygenase 
(15-LO) mRNA and protein, which is secreted by activated 
phagocytes, have been detected in human atherosclerotic 
lesions (21; 21; 22; 22).  In addition, transfection of 
antisense 12-lipoxygenase, the murine equivalent to 15-LO, 
eliminated the 12-LO protein and inhibited LDL-induced 
monocyte chemotactic activity (23).  Moreover, Cyrus and 
colleagues reported that disruption of the 12/15-LO gene 
diminishes atherosclerosis in apoE-/- mice, a mouse model 
of atherosclerosis (24).  In addition, overexpression of 15-
LO in vascular endothelium accelerates early 
atherosclerosis in atherosclerosis-prone LDL receptor-
deficient mice (25). 

 
Activated phagocytes secrete the catalytically 

active heme protein myeloperoxidase, which colocalizes 
with foamy macrophages in the cellular-rich regions of 
lesions (26), suggesting that myeloperoxidase may promote 
LDL oxidation in vivo.  Nitric oxide, a relatively stable free 
radical that plays a role in a variety of biological events, 
may react with superoxide in vivo to form peroxynitrite, a 
reactive nitrogen species that promotes LDL oxidation (27).  
However, studies with hypercholesterolemic rabbits (28) 
and mice (29) have shown that nitric oxide itself can 
decrease fatty streak formation.  This anti-atherogenic 
effect may be due to the ability of nitric oxide to inhibit 
platelet aggregation or LDL oxidation, or to promote 
vascular relaxation (30; 31).  In addition, oxidative 
modifications of LDL can be mediated by a variety of cells 
that are involved in the development of atherosclerotic 
lesions.  More specifically, exposure to cultured endothelial 
cells (32), to smooth muscle cells (SMC) (33), or to 
monocytes and neutrophils (34) can induce oxidative 
modifications of LDL in vitro.  Although extensive 
modification of LDL usually occurs in the arterial intima, 
oxLDL have also been detected circulating in the 
bloodstream (35).  These oxLDL in the plasma may 
accumulate in the arterial intima, yet it remains to be 
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elucidated exactly how these particles enter into and are 
retained by the intimal areas. 

 
OxLDL bind with high affinity to several 

receptors, termed scavenger receptors, on the surface of 
macrophages.  Macrophages are a predominant cell type in 
atherosclerotic lesions (36; 37), and oxLDL have been 
identified as a potential cause of macrophage recruitment 
and retention in lesions (38).  Contrary to the regulation of 
the expression of the LDL receptor, this ingestion is not 
regulated by intracellular cholesterol levels, which allows 
the macrophages to become filled with lipids and to be 
converted into foam cells.  SR-A, the prototypic scavenger 
receptor, has a long, collagen-like domain that may enable 
it to bind to oxLDL.  In addition to SR-A, several other 
scavenger receptors including CD36, SR-B1, LOX-1, and 
SR-PSOX internalize oxLDL and may be important in 
atherosclerosis (39-42).  The roles of both SR-A and CD36 
in atherosclerosis have been studied more extensively using 
mouse models with genetic modifications.  In knockout 
experiments, the deletion of either one of these receptors 
results in a significant reduction of the severity of 
experimental atherosclerosis in apoE-deficient mice, a 
mouse model of atherosclerosis (43; 44).  These findings 
are consistent with the notion that the uptake of oxLDL by 
macrophages, leading to foam cell formation, is an 
important process in atherogenesis.   

 
In addition to their ability to promote the 

formation of foam cells, oxLDL are also involved in the 
stimulation of chemotaxis (45) of monocytes and T 
lymphocytes, the differentiation (46) of monocytes, the 
proliferation of macrophages (47), and the activation of 
endothelial cell adhesiveness (48).  OxLDL stimulate the 
expression of monocyte chemotactic protein-1 (MCP-1), 
macrophage colony stimulating factor, and granulocyte-
macrophage colony stimulating factor by endothelial cells. 
They also induce increased monocyte adhesion to and 
transmigration through the endothelial layer (49-51) by 
upregulating cellular adhesion molecules, including 
intracellular adhesion molecule-1, vascular cell adhesion 
molecule-1, and the selectins on the endothelial cell surface 
(52).  Once they cross the endothelial layer, monocytes 
become trapped in the sub-endothelial space where they 
can interact with LDL that have been subjected to oxidative 
modifications. 
 
3.2. Lesion development and composition 

During atherogenesis, the lumen of the blood 
vessels becomes narrowed and eventually obstructed; 
lesions tend to form at the branch points of arterial blood 
vessels and progress through a variety of stages.  
Interestingly, oxLDL can be found in aortic samples from 
human fetuses even before signs of inflammation (53).  The 
disease starts as a fatty streak lesion that is characterized 
predominantly by the presence of lipid-filled macrophages 
called foam cells.  This aggregation of foam cells, 
macrophages, and T cells occurs within the sub-endothelial 
space and the intima, the innermost layer of the artery wall, 
of the blood vessel.  Fatty streaks develop into intermediate 
lesions that are composed of layers of macrophages and 
SMC.  Intermediate lesions progress into the more 

advanced, complex, occlusive lesions called fibrous 
plaques.  Fibrous plaques consist of a central acellular area 
of lipid, derived from necrotic foam cells, covered by a 
fibrous cap, which contains SMC and collagen.   

In the early stages of atherosclerotic lesion 
development, foam cells appear to be the most prominent 
cell type, yet as the lesion progresses, a necrotic core of 
lipid, oxidized lipid, and other cell debris accumulates.  The 
formation of a fibrous cap that walls off the necrotic core 
from the endothelium results from inflammation-induced 
increases in extracellular matrix production (12).  Over 
time, increased lesion size and local proliferation of SMC 
can cause the plaque to protrude into the lumen.  Events, 
which may be linked to the local inflammatory response, 
can weaken the plaque resulting in plaque rupture, 
thrombosis, and the accompanying myocardial infarction or 
stroke (54).  The final stage, called the complex lesion, 
shows evidence of thrombus formation with fibrin and 
platelet deposition.  

 
   Atherosclerotic lesions contain large numbers 

of immune cells, particularly macrophages and T cells.  
Recent evidence has implicated macrophages in the 
evolution of advanced lesions, which are characterized by 
intimal proliferation of SMC, matrix deposition, and lipid-
rich necrotic cores.  Macrophages secrete growth factors 
and cytokines that can facilitate lesion progression by 
promoting vascular cell migration and by creating an 
environment that promotes LDL modification (55).  In 
addition, growth factors secreted by activated SMC, 
macrophages, and endothelial cells may stimulate SMC 
proliferation, another of the major factors responsible for 
the development of atherosclerotic lesions (56). 

 
3.3. Immune Mechanisms in Atherosclerosis 

Although it is well established that inflammation 
and the immune system play essential roles in 
atherogenesis, the exact mechanisms of pathogenesis 
remain to be elucidated.  The development of 
atherosclerosis seems to involve both innate and adaptive 
immune mechanisms.  In addition, recent evidence has 
demonstrated that both cell-mediated and humoral 
responses may modulate the development of 
atherosclerosis.   Importantly, many recent advances in 
mouse models of atherosclerosis have enabled more 
detailed studies of the individual factors that may affect 
atherogenesis. 

 
In an effort to more clearly define the immune 

mechanisms involved in the development of 
atherosclerosis, many studies have investigated the effects 
of both Th1 and Th2 responses on the process of 
atherogenesis.  Th1 cells are associated with a pro-
inflammatory, cell-mediated immune response because 
they result in the activation of T cells and macrophages.  
These T cells mainly produce the cytokines IL-2 and IFN-γ.  
IL-12, which is a growth factor for T cells produced mainly 
by activated monocytes, selectively biases T cells toward a 
Th1 response.  In contrast, Th2 cells, which primarily 
produce the cytokines IL-4 and IL-5, are T cells that are 
involved in the modulation of the humoral immune 
response and serve to limit the Th1 response.     
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Investigations using gene knockout animal 
models support a role for pro-inflammatory responses in 
the progression of atherosclerosis.  In general, a deficiency 
of the pro-inflammatory soluble factors that increase 
macrophage infiltration, adherence, and activation results in 
decreased development of atherosclerosis.  ApoE knockout 
mice that are deficient in IFN-γ receptor show reduced 
lesion formation despite having elevated plasma cholesterol 
levels (57).  MCP-1 is highly expressed in the macrophage-
rich area of atherosclerotic lesions in both human and 
animal models (58).  Furthermore, apoE-deficient mice 
with a genetic disruption in the gene for macrophage 
colony-stimulating factor (M-CSF) or MCP-1, both of 
which play key roles in proliferation of 
monocyte/macrophage cells, develop fewer atherosclerotic 
lesions (59; 60) than standard apoE-deficient mice.  In 
support of these findings, the local over-expression of 
MCP-1 in the vessel wall of rabbit carotid arteries induced 
the infiltration of macrophages and the formation of 
atherosclerotic lesions (61).  Additionally, MM-LDL can 
cause increased production of MCP-1 and M-CSF, which 
can lead to monocyte recruitment, proliferation, and 
differentiation (49; 60).  Other pro-inflammatory cytokines 
have been detected in atherosclerotic lesions, including 
tumor necrosis factor (TNF)-α, IL-1β, and IFN-γ (62), yet 
their exact roles in the regulation of atherogenesis remains 
unclear. 

 
     Additional studies have examined the role of 

the humoral immune system on the development of 
atherosclerosis.  In contrast to the effects of pro-
inflammatory cytokines, IL-10 may play a counter-
regulatory role in deactivating macrophages and T cells 
and, thus, in limiting atherogenesis.  In situ hybridization 
studies have identified IL-10 in early and advanced human 
atherosclerotic lesions (63).  In studies with IL-10 
transgenic mice, IL-10 significantly reduced atherosclerosis 
in mice without affecting total cholesterol levels (64).   

 
A few studies have focused on delineating the 

cross-regulatory roles of IL-10 and IL-12 in the 
development of atherosclerosis (65; 66).  Uyemura and 
colleagues found that oxLDL, but not MM-LDL, could 
induce in vitro the release of the pro-inflammatory Th1 
cytokine, IL-12 p70, from monocytes (65).  IL-12 and IFN-
γ were also detected in the atherosclerotic lesions.  In 
addition, Uyemura and colleagues also indicated a role for 
IL-10 in limiting the local immune response in 
atherosclerosis.  Their data show that IL-10 is present in 
some of the atherosclerotic lesions and that recombinant 
IL-10 could inhibit LDL-induced IL-12 production.  
Uyemura and colleagues concluded that the balance 
between IL-12 and IL-10 production contributes to the 
level of immune-mediated tissue injury, and thus, the 
severity of atherosclerosis (65).  Additionally, 
Varadhachary et al. demonstrated that native LDL, upon 
binding to the LDL receptor, induced macrophages to 
produce the anti-inflammatory, Th2 cytokine IL-10; 
however, oxLDL induced IL-12 production from 
macrophages, which biases T cells toward a pro-
inflammatory Th1 pathway (66). 

T cells also participate in both early and 
advanced atherosclerotic lesion development, yet their 
exact role in atherogenesis remains to be elucidated.  Most 
of the T cells in human plaques are CD4+ TCRαβ+ cells 
that express CD45RO and VLA-1, suggesting that these 
represent memory T cells in a state of chronic activation 
(67; 68).  The presence of activated T cells in plaques has 
led to the speculation that these cells may affect lesion 
development by the local secretion of Th1 cytokines, 
including IFN-γ, IL-2, and TNF-α and -β (69).  These Th1 
cytokines can result in macrophage activation, vascular 
activation, and inflammation.  Several conflicting studies 
provide evidence for and against the relevance of T 
lymphocytes in the development of atherosclerosis.  In 
support of a pro-atherogenic role for T cells, studies in 
atherosclerosis-prone mice lacking IFN-γ (70), the IFN-γ 
receptor (57), or the p55 component of the TNF receptor 
(71) had decreased atherosclerosis compared to control 
mice.  Contrary to these findings, cyclosporin treatment of 
hypercholesterolemic rabbits accelerated atherosclerosis 
suggesting a protective role for T lymphocytes (72).  In 
addition, MHC class I-deficient C57BL/6 mice, which lack 
cytotoxic T cells, developed increased arterial lesions on a 
high-fat diet as compared to control mice (73).  

 
4.  ANTIBODIES IN THE ANTIPHOSPHOLIPID 
SYNDROME AND IN ATHEROSCLEROSIS 
 

APA represent a heterogeneous group of 
circulating autoantibodies that can be detected in the sera of 
patients with autoimmune and infectious diseases, APS, 
and healthy individuals.  One of the main issues under 
investigation with respect to APS is whether the APA are 
themselves pathogenic, rather than simply an 
epiphenomenon of the syndrome.  The difficulty in 
understanding the role of APA is further compounded by 
the fact that APS patients often simultaneously express sets 
of APA with different binding specificities and that a 
combination of these specificities may be required for 
pathogenic outcomes.  Thus, the exact relationship between 
APA and the APS remains controversial.  APA have also 
been detected in the normal population, unassociated with 
autoimmune disease, but frequently following infections 
(74; 75).  A few years ago, several studies started to 
suggest that APA associated with autoimmune diseases 
may recognize lipoproteins (76; 77)or phospholipid-protein 
complexes (76-78), while the antibodies detected in non-
autoimmune individuals limit their specificity to 
phospholipids only.  It is unclear whether membrane 
phospholipids play a role in eliciting APA.  Anionic 
phospholipids are usually absent on the surface of most 
normal cells and the lack of reactivity of APA with intact 
cells suggest that disruption of the cell membrane, 
redistribution or modification of membrane phospholipids 
may be involved in triggering the production of APA.  
Indeed, some APA react with cells that have undergone 
alterations in the normal asymmetric distribution of 
membrane phospholipids and have exposed anionic 
phospholipids on their cell surface, such as activated 
platelets (79) and apoptotic cells (80).  In considering the 
heterogeneity of APA, it may be likely that different cell 
types may bind to these antibodies and each may interact
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Figure 1.  A (Top).  Anti-phospholipid monoclonal 
antibodies bind similarly to cardiolipin (CL) and 
hydrogenated CL (H-CL).  The ELISA was performed with 
20ug/ml CL and H-CL and 20 ug/ml IgG antiphospholipid 
monoclonal antibody.  B (Bottom).  Antiphospholipid 
monoclonal antibodies crossreact with LDL particles, but 
do not preferential bind oxidized epitopes of LDL particles.  
The ELISA was performed with 20µg/ml LDL, minimally 
modified LDL (MM-LDL), or oxidized LDL (ox-LDL).  
The monoclonal antibodies from NZW x BXSB/F1 mice 
were used at 20 µg/ml.  FC1 and FC2 are anti-β2GPI 
monoclonal antibodies.  
 
with an APA population of a different specificity. Thus, 
APA probably consist of a mixture of antibodies that are 
broadly cross-reactive and of antibodies that are more 
limited in their specificity.   

 
Elevated titers of APA may contribute 

significantly to cardiovascular disease in patients with 
systemic lupus erythematosus (81-84) and APS (85; 86).  
More specifically, accelerated atherosclerosis, 
myocardial infarction, and cerebral thrombosis occur 
with increased frequency in patients with systemic lupus 
erythematosus (85; 87).  Anti-cardiolipin antibodies may 
contribute to occlusive thrombosis and cardiovascular 
disease by inducing platelet activation and causing 
abnormal platelet aggregation (88; 89).  OxLDL can 
promote coagulation in the endothelial environment by 
inducing macrophages to release of tissue factor, a 
major pro-coagulant and trigger to thrombosis 
associated with plaque formation.  OxLDL also 
stimulate coagulation by modulating the tissue factor 
pathway inhibitor (90) and by reducing thrombomodulin 
transcription (91).  OxLDL can also stimulate platelet 
adhesion and aggregation by decreasing endothelial 
production of nitric oxide (92). 

In contrast, some recent studies have suggested 
that certain APA may be protective against the formation of 
atherosclerotic plaques.  In several animal models of 
atherosclerosis, immunization with LDL can protect against 
the progression of the disease.   In hyper-cholesterolemic 
rabbits, the immune response against administered LDL 
reduced the extent of plaque formation (93).  In 
atherosclerosis-prone LDL receptor-deficient or apoE-
deficient mice, immunization with malondialdehyde-
modified LDL (MDA-LDL) decreased disease 
development (94-96).  MDA results from in vivo lipid 
peroxidation and antibodies against this modified form of 
LDL can be detected in mice and humans (97).  In 
agreement with these studies, IgG antibody levels against 
MDA-LDL and oxidized cardiolipin inversely correlate 
with plaque formation in immunized apoE-/- mice (98).  It 
has also been reported that some IgM antibodies from 
atherosclerosis-prone mice cross-react with 
phosphorylcholine, a component of certain bacterial cell-
walls which is exposed on oxLDL, but not native LDL.  
Immunization with S. pneumoniae can elicit IgM and 
IgG3 antibodies that cross-react with oxLDL and 
decreases plaque formation in LDLR-/- mice (99).  We 
have observed that the passive administration of FB1, a 
monoclonal IgG APA from a W/B F1 mouse decreased 
plaque formation by 33 % in LDL receptor-deficient 
mice when compared to animals receiving a control 
monoclonal antibody (100).  Therefore, the humoral 
response to phospholipids and to LDL may represent a 
promising approach to the prevention or treatment of 
atherosclerosis.  One of the major challenges in the field 
will be to identify the subsets of APA that possess such 
beneficial properties.  

 
5.  ANTIBODIES RECOGNIZING Β2-
GLYCOPROTEIN I  

 
β2GPI, which has been implicated in the 

pathophysiology of APS and has been suggested to 
participate in the progression of atherosclerosis, may also 
be among the proteins that undergo oxidative modifications 
(101).  APA, and more specifically anti-β2GPI antibodies, 
may recognize oxLDL in complex with β2GPI (102).  
Patients with APS produce antibodies to β2GPI, a plasma 
phospholipid-binding protein. 

 
These antibodies usually react better in ELISA 

when $2GPI is associated with phospholipids (12). In a 
survey of a panel of monoclonal antibodies from W/B1 
mice, we observed that FC1 and FC2, two anti-β2GPI IgG 
monoclonal antibodies, do not cross-react with LDL, 
irrespective of its oxidation state (Figure 1).  Our data are 
in contrast with those of Mizutani et al.(103) who reported 
that two W/B F1 monoclonal antibodies to $2-GPI cross-
reacted with oxLDL, but not with native LDL.   These 
authors suggested that this cross-reactivity was due to the 
fact that oxLDL contains a single lipid-associated protein, 
apoB, that may be structurally similar to the CL-β2GPI 
complex (103).  This hypothesis seems unlikely.  β2GPI 
and apoB are not related proteins and are therefore unlikely 
to express common epitopes.  APS antibodies react better 
with β2GPI adsorbed to CL-coated plates than to β2GPI
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Figure 2.  Examples of dose effect binding of 
antiphospholipid antibodies to cardiolipin and low density 
lipoproteins at various stages of oxidation.  A (Top), The 
ELISA was performed using 20µg/ml of the antigen and 
varying amounts of the antiphospholipid monoclonal 
antibody FA3.  B (Bottom), The ELISA was performed 
using 20µg/ml of the antigen and varying amounts of the 
antiphospholipid monoclonal antibody FB3. 

alone because the binding of β2GPI to cardiolipin increases 
epitope density and not because of the formation of 
neoepitopes (104; 105).  Indeed, most anti-β2GPI 
antibodies recognize domain I whereas domain V of β2GPI 
interacts with cardiolipin (106).  It is therefore unlikely that 
the CL-binding region of β2GPI is directly involved in 
antibody recognition.  β2GPI can bind oxidized plasma 
lipoproteins, including oxLDL, but does not react with 
native LDL (9).  Since β2GPI is a very abundant plasma 
protein, a small amount of contaminating β2GPI in 
antibody or oxLDL preparations may be responsible for the 
reported cross-reactivities. 

Studies from the Koike group have shown that 
$2-GPI can directly interact with oxidized plasma 
lipoproteins, including oxLDL, but does not bind native 
LDL (102; 107).  These authors isolated an oxLDL-derived 
ligand (oxLig-1) specific for $2GPI (9).  This ligand was 
identified as 7-ketocholesteryl-9-carboxynonanoate, one of 

the oxidation products of cholesteryl linoleate which is 
itself a predominant polyunsaturated fatty acid in LDL.  
The authors suggest that the interaction between native 
LDL and $2-GPI may not expose epitopes recognized by 
anti-$2GPI autoantibodies.  In addition, they also isolated 
in APS patients with episodes of arterial thrombosis 
autoantibodies which recognized a complex of $2GPI and 
synthesized oxLig-1.  This finding suggests that these 
complexes may serve as atherogenic autoantigens.  Indeed, 
Lopez et al. demonstrated the presence of IgG antibodies to 
oxLDL/$2-GPI complexes in systemic lupus erythematosus 
patients with secondary APS and have shown a strong 
association with arterial thrombosis (108).  They showed 
that systemic lupus erythematosus patients, especially those 
with secondary APS, had significantly higher levels of IgG 
anti-oxLDL/ $2GPI antibodies (108). 
 
6.  ANTIBODIES RECOGNIZING OXIDIZED AND 
NATIVE EPITOPES 
 

Whether APA can recognize both native and 
oxidized lipid determinants is still an unresolved issue.  
One of the difficulties in assessing some earlier studies is 
that phospholipids, such as cardiolipin, oxidize quickly and 
spontaneously and that some studies performed with non-
modified antigens may in fact have been unwittingly 
conducted with oxidized phospholipids.   The preferential 
reactivity of APA with oxidized cardiolipin may stem from 
the fact that cardiolipin is the only phospholipid in 
mitochondria that undergoes early oxidation in 
mitochondria (16).  It is becoming increasingly apparent 
that systemic autoimmunity is often associated with defects 
in the clearance of apoptotic material, which may lead to 
prolonged exposure to oxidized cardiolipin and thereby 
increase its immunogenicity.  

 
 Several authors have reported that anti-

cardiolipin antibodies can cross-react with oxLDL (11; 
103; 109; 110).  This cross-reactivity may be related in part 
to the finding that cardiolipin is a component of LDL (111).  
Furthermore, the results of these studies suggest that APA 
bind to epitopes of oxidized phospholipids and lipoproteins, 
but not to the native, unmodified forms of these molecules 
(103; 112; 113).  In addition, Boyd and colleagues showed 
that their panel of monoclonal anti-oxLDL antibodies 
reacted with oxLDL, but did not react with native LDL 
(114).  These groups speculated that oxidation of these 
phospholipids and lipoproteins could result in the 
generation of modified phospholipid-protein or 
phospholipid-lipid adducts that are immunogenic.  Because 
oxidation occurs on a continuum, a variety of oxidatively-
modified phospholipids are generated when LDL 
undergoes even miminal amounts of oxidation.  Some of 
these oxidatively-modified species of LDL have been 
detected in vivo, including oxidized LDL, MDA-LDL, and 
MM-LDL (17; 115; 116). 

 
We screened a panel of monoclonal APA from 

W/B1 mice for binding to various forms of cardiolipin and 
low density lipoprotein (7).  In contrast to previous studies, 
our APA bound similarly to both reduced and oxidized 
cardiolipin (Figure 1A).  The reduced form of cardiolipin is 
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hydrogenated at all of the double bonds in its fatty acid 
chains, making this molecule extremely stable and resistant 
to oxidation.  In screening our APA against native, MM-, 
and ox-LDL, most of the antibodies reacted better with 
native and MM-LDL than with oxLDL (Figure 1B).  Figure 
1 shows that the level of binding to LDL is not necessarily 
proportional to CL reactivity.  For instance, FA3 binds CL 
better that FA2, but FA2 binds LDL better than FA3.  As 
examples, two different dose-effect patterns are displayed 
in Figures 2A and 2B.  FB3 prefers native LDL to both 
oxidized derivatives (Figure 2B).  Conversely, FA3 reacts 
similarly with all three forms of LDL (Figure 2A).  We also 
tested FC1 and FC2, two W/B monoclonal antibodies 
specific for β2GPI that do not bind CL (7).  As mentioned 
above, neither reacts with LDL in its various forms (Figure 
1B). Because oxidation is a continuous process, oxidation-
specific epitopes of LDL are continuously created and 
destroyed.  Our antibodies demonstrate higher levels of 
binding to the native and less oxidized species of LDL than 
to the fully oxidized LDL, suggesting that perhaps the 
antigenic epitopes that these antibodies originally 
recognized, in the native form of the molecule, are being 
destroyed or altered by the oxidation process. 

 
Using IgM monoclonal antibodies isolated 

from apoE-deficient mice, Hörkkö et al. have suggested 
that most APA react specifically with oxidation-derived 
epitopes (112).  They have reported that monoclonal 
antibodies to oxLDL derived from atherosclerosis-prone 
mice reacted with spontaneously oxidized cardiolipin, 
but not with reduced, hydrogenated cardiolipin.  The 
difference between our antibody binding results and 
those previously published may be due to differences in 
the origin of the autoantibodies.  These earlier studies 
were performed with IgM monoclonal generated from 
the apoE-/- mouse model of atherosclerosis whereas we 
examined a panel of IgG monoclonal antibodies from 
W/B F1 mice (an APS model).  Likewise, the consensus 
that APA recognize oxidized epitopes in human disease 
is not universal.  Schlame et al. have observed that 
oxidation of cardiolipin did not enhance its antigenicity.  
They reported that both monoclonal APA and APA from 
patients with APS react with both native and oxidized 
cardiolipin (117).  Aho et al. have found that antibodies 
to negatively charged PL and antibodies to oxLDL are 
found in systemic lupus erythematosus patients, but that 
these two populations are different since only APA are 
associated with the development of thrombosis (118).   

 
In addition to differences in autoantibody 

populations, it is also possible that variations in the 
assays may have caused the differences in the 
reactivities that we observed with our antibodies, as 
compared with those of the other groups.  The numerous 
reports in the literature concerning variations in results 
due to the lack of standardized reagents and tests used in 
the characterization of APA support this explanation 
(119-121).  Yet, the differences in the reactivities of the 
APA reported by each group may not simply be due to 
differences in experimental design, but may actually 
further confirm the heterogeneous binding 
characteristics of this group of antibodies.   

7.  PERSPECTIVES 
 

There are many unsolved issues concerning the 
role of APA in atherosclerosis.  A critical question is 
represented by the true specificity of these antibodies.  
Antibodies to negatively charged phospholipids are 
routinely detected in ELISA.  In these tests, the lipids are 
adsorbed by evaporation onto a plastic plate, but this 
antigenic substrate bears little resemblance with the true 
configuration of phospholipids in the plasma membrane.  
Therefore some antibodies that react with phospholipids by 
ELISA may in fact be directed against a cross-reactive 
antigen or they may be polyspecific in nature.  Antibodies 
to phospholipid-binding proteins are probably more 
restricted in their specificities, but antigenic cross-
reactivities have also been reported among β2GPI-binding 
antibodies (122).  This diversity of specificities is probably 
responsible for the various biological properties associated 
with APA, i.e. they can be pathogenic during APS and 
some APA are protective in atherosclerosis.  Therefore, one 
of the major challenges in the field will be to identify novel 
and unique antigenic specificities that are recognized by 
APA.  A more accurate mapping of the determinants bound 
by these autoantibodies could allow the differentiation 
between pathogenic and protective APA.  The 
identification of harmful epitopes in APS and beneficial 
ones in atherosclerosis may thus lead to new therapeutic 
approaches. 
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