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C-reactive protein (CRP) is an acute-phase protein that binds
specifically to phosphorylcholine (PC) as a component of microbial
capsular polysaccharide and participates in the innate immune
response against microorganisms. CRP elevation also is a major risk
factor for cardiovascular disease. We previously demonstrated that
EO6, an antioxidized LDL autoantibody, was a T15 clono-specific
anti-PC antibody and specifically binds to PC on oxidized phos-
phatidylcholine (PtC) but not on native PtC. Similarly, EO6 binds
apoptotic cells but not viable cells. In addition, such oxidized
phospholipids are recognized by macrophage scavenger receptors,
implying that these innate immune responses participate in the
clearance because of their proinflammatory properties. We now
report that CRP binds to oxidized LDL (OxLDL) and oxidized PtC
(OxPtC), but does not bind to native, nonoxidized LDL nor to
nonoxidized PtC, and its binding is mediated through the recog-
nition of a PC moiety. Reciprocally, CRP binds to PC, which can be
competed for by OxLDL and OxPtC but not by native LDL, nonoxi-
dized PtC, or by oxidized phospholipids without the PC headgroup.
CRP also binds to apoptotic cells, and this binding is competed for
by OxLDL, OxPtC, and PC. These data suggest that CRP binds OxLDL
and apoptotic cells by recognition of a PC moiety that becomes
accessible as a result of oxidation of PtC molecule. We propose
that, analogous to EO6 and scavenger receptors, CRP is a part of the
innate immune response to oxidized PC-bearing phospholipids
within OxLDL and on the plasma membranes of apoptotic cells.

atherosclerosis � innate immunity � scavenger receptors � autoantibody
EO6

C -reactive protein (CRP) is an acute-phase reactant, which
belongs to the highly conserved pentraxin family of plasma

proteins and serves as a pattern-recognition molecule in the
innate immune system (for review, see ref. 1). CRP typically
binds in a calcium-dependent manner to phosphorylcholine (PC)
as a component of capsular polysaccharide of many microor-
ganisms. In addition, CRP was reported to bind to apoptotic cells
and to enhance their clearance (2), although the ligand to which
CRP bound was not defined. CRP promotes the clearance of
CRP-opsonized particles by its direct binding to Fc� receptors
(3, 4). Moreover, CRP bound to multivalent ligands activates a
classical complement pathway, which in turn enhances phago-
cytosis via phagocytic complement receptors (5). Thus, the main
biological function of CRP is considered to be a first-line innate
host defense, mediating clearance of pathogens and apoptotic or
necrotic cells.

There is now much evidence that, once initiated, atheroscle-
rosis displays many of the characteristics of a chronic inflam-
matory state (6–8). Substantial evidence suggests that oxidized
low density lipoprotein (OxLDL) and oxidized phosphatidylcho-
lines (PtC, PC-containing phospholipids), prominent compo-
nents of OxLDL, have many proinflammatory and proathero-
genic properties (9, 10). One might expect, therefore, that there
would be host defenses against such products. We recently
cloned a panel of murine IgM anti-OxLDL autoantibodies from
the spleens of hypercholesterolemic apolipoprotein E-deficient

mice. These antibodies, as exemplified by EO6, bind OxLDL but
not native LDL (11). A subsequent characterization of EO6
revealed that it binds exclusively to oxidized PtC (OxPtC), such
as POVPC [1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phos-
phocholine] or to POVPC-protein adducts, but not to the native,
nonoxidized PtC (12). Recent studies demonstrate that the PC
headgroup is the obligatory moiety for EO6 binding (13). EO6
can block the binding and uptake of OxLDL by macrophage
scavenger receptors, such as CD36 and SR-B1, as can its model
epitope POVPC covalently linked to BSA (12, 14, 15). EO6 also
binds to the surface of apoptotic cells but not viable cells (16).
Similarly, EO6 and POVPC-BSA can effectively block the
uptake of apoptotic cells by macrophages (16). These data imply
that apoptotic cells also present OxPtC on their membranes, and
recent studies demonstrate an enrichment of OxPtC in such
apoptotic cells (ref. 17, and M.-K.C., C.J.B., Y. Miller, G.
Subbanagounder, J. A. Berliner, G. Silverman, and J.L.W.,
unpublished observations). Recently, the antigen recognition
domain of EO6 has been demonstrated to be identical to that of
the highly conserved T15 clono-specific natural antibody that
specifically recognizes PC (18, 19). EO6�T15 specifically bind to
oxidized PC-containing phospholipids, such as POVPC or
POVPC-protein adducts, but do not bind to the same nonoxi-
dized phospholipids, even though they contain the same PC
moiety. Thus, the PC headgroup is a cryptic epitope in native
LDL that is revealed after oxidation-induced conformational
changes in the PtC molecule, which in turn makes the PC moiety
accessible for EO6 binding. By analogy, when cells undergo
apoptosis, which is associated with oxidative events, the PC
headgroup of OxPtC on their membranes also becomes acces-
sible for EO6 binding. In contrast, EO6 always binds to PC when
present as a conjugate to a protein, such as KLH, or lipoteichoic
acid on capsular polysaccharide.

We hypothesized that, analogous to the studies with EO6,
CRP would recognize OxLDL and apoptotic cells but not native
LDL or viable cells, and that the binding moiety for CRP would
be PC, exposed by the oxidation of PtC. In the present study, we
report that CRP binds to OxLDL but not to native LDL in its
natural configuration, and that the binding of CRP to OxLDL is
mediated through recognition of PC. In addition, we show that
CRP binding to apoptotic cells is competed for by OxLDL and
OxPtC, but not by nonoxidized PtC. These data demonstrate that
PC exposed by oxidation of PtC on the surface of OxLDL or cells
undergoing apoptosis is the ligand for the binding of CRP. We
propose that, like EO6 and certain scavenger receptors of
macrophages, CRP is a part of an innate immune response to
oxidized PC-bearing phospholipids.

Abbreviations: CRP, C-reactive protein; PC, phosphorylcholine; OxLDL, oxidized low density
lipoprotein; PtC, phosphatidylcholine; OxPtC, oxidized phosphatidylcholine; PC-KLH, PC
conjugated with KLH; LPC, lysophosphatidylcholine.

See commentary on page 12515.
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Materials and Methods
Materials. Details on materials are published in supporting Text,
which is published as supporting information on the PNAS web
site, www.pnas.org.

Chemiluminescent Immunoassay for CRP Binding to Antigens. CRP
binding to antigens was determined by using a chemiluminescent
immunoassay (20). In brief, antigens in PBS containing 0.27 mM
EDTA were added to each well of a 96-well, white, round-
bottomed microtitration plate (Dynex Technologies, Chantilly,
VA) and incubated overnight at 4°C. For CRP binding to
phospholipid, phospholipid dissolved in 100% ethanol was
added into each well (200 �g�ml, 25 �l per well), dried under N2,
and then exposed to air for the indicated times at room tem-
perature to induce oxidation. In some experiments, LDL was
captured by anti-human apoB100 monoclonal antibody (MB47)
coated on microtiter wells (21). To determine the extent of CRP
binding, antigens in the wells were blocked with 2% BSA�PBS,
and then CRP diluted in 1% BSA�buffer A (10 mM TBS�2 mM
CaCl2�1 mM MgCl2, pH 7.4) was incubated with antigens for 1 h.
After washes, CRP binding was detected by incubation with
rabbit anti-human CRP antibody (IgG); binding of anti-human
CRP antibody was then detected by incubation with alkaline
phosphatase-labeled goat anti-rabbit IgG. These antibodies were
diluted according to manufacturer’s protocol. After further
washes, 25 �l of 50% solution of Lumi-Phos 530 was added to
each well and incubated for 1–2 h. Luminescence was deter-
mined by using a Dynatech luminometer (Dynex Technologies).
CRP binding was measured as relative light units measured over
100 ms.

The specificity of binding of CRP to various antigens was
determined by competition immunoassay in the absence or
presence of increasing concentrations of competitors (12, 13). In
the case of phospholipid, indicated phospholipid was diluted in
100% chloroform in glass tubes to a final volume of 100 �l, dried
under N2, and, in some cases, exposed to air to induce air-

oxidation. CRP diluted in 1% BSA�buffer A was incubated with
competitors for 1 h. After incubation, CRP-competitor com-
plexes were pelleted by centrifugation at 1,800 � g, and super-
natants were tested for remaining CRP-binding activity to
indicated antigens by using the chemiluminescent immunoassay
or to cells by using flow cytometry.

Induction of Apoptosis in Jurkat T Cells and Flow Cytometry Analysis
of CRP Binding. CRP binding to Jurkat T cells induced to undergo
apoptosis was determined as described in supporting Text, which
is published on the PNAS web site.

Immunhistochemisty of Coronary Artery Specimens. Human coro-
nary atherosclerotic lesions were used for immunohistochemical
staining for endogenous CRP and OxPtC epitopes by using
monoclonal CRP-8 and EO6, respectively, as described in detail
in supporting Text, which is published on the PNAS web site.

Results
CRP Binds to OxLDL but Not to Native LDL in Its Natural Configuration
in a Calcium-Dependent Manner. We demonstrated previously that
oxidative modification of LDL exposes PC on its surface, as
demonstrated by the binding of PC-specific T15 clono-specific
antibodies, such as EO6. Based on the known ability of CRP to
bind to PC in the presence of calcium (1), we hypothesized that,
analogous to EO6, CRP also would bind to OxLDL but not to
native LDL, and that this would occur through the recognition
of PC exposed by oxidation of PtC on the OxLDL.

To test CRP binding, native LDL or OxLDL was captured by
MB47, a monoclonal anti-human apoB100 antibody plated on
the well, and then CRP binding to the captured LDL was
evaluated in the presence of calcium. As shown in Fig. 1A, CRP
did not bind to native, isolated LDL or to the LDL captured
directly from human plasma. In contrast, there was a strong
binding of CRP to the captured OxLDL.

Next we tested CRP binding to LDL in parallel with PC, a

Fig. 1. Binding of CRP to LDL and competition immunoassay. Chemiluminescent immunoassays for CRP binding to captured or plated antigens were performed
as described in Materials and Methods. (A) CRP binding to captured LDL. Isolated LDL (nLDL), plasma (plasma LDL), or OxLDL was added to microtiter wells coated
with anti-apoB-100 monoclonal antibody MB47; CRP (0.5 �g�ml) then was incubated with the captured LDLs. The binding of CRP was determined as described
in Materials and Methods. In parallel wells, the extent of binding of biotin-labeled antibodies to human apoB-100 was measured to normalize the amount of
LDL captured in each well. The mean of triplicate determinations was taken, and data were expressed as the ratio of binding of CRP to binding of detecting
antibodies to captured LDL. (B) CRP binding to plated antigens of native LDL (nLDL), oxidized LDL (OxLDL), PC conjugated with keyhole limpet hemocyanin
(PC-KLH), and KLH. CRP (0.1 �g�ml) was incubated with indicated antigens in the presence of calcium or in the absence of calcium plus 10 mM EDTA. Each point
is the mean of triplicate determinations. For competition immunoassays, CRP was diluted at 0.5 �g�ml for binding to native LDL (C) and OxLDL (D), and at 0.1 �g�ml
for binding to PC-KLH (E). CRP was then incubated in the absence or presence of indicated concentrations of competitors for 1 h. After the incubation, CRP-competitor
complexes were pelleted by centrifugation, and supernatants were tested for CRP-binding activity to indicated plated antigens. Data are the mean of triplicate
determinations, expressed as a ratio of CRP binding to antigen in the presence of competitor to the binding in the absence of competitor (B�Bo).
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prototypic ligand of CRP, by plating antigens directly on the well.
As shown in Fig. 1B, CRP bound to OxLDL as well as to PC
conjugated with keyhole limpet hemocyanin (PC-KLH) but not
KLH; CRP binding to these antigens was calcium-dependent, as
binding could almost be abolished by the deletion of calcium and
the addition of EDTA. Unexpectedly, CRP also bound to native
LDL directly plated on the wells. We speculated that the plating
procedure, or the adherence of native LDL on the well itself,
might have initiated oxidation of the LDL or altered its structure
respectively, so as to expose PC, to which CRP bound. In
separate experiments, we demonstrated that, although plating
LDL in the presence of the antioxidant BHT slightly reduced the
binding of CRP, it did not eliminate it (data not shown). The
finding that CRP bound to native LDL plated in the presence of
antioxidants but that it did not bind to the same native LDL when
captured by MB47 suggested that structural changes induced
by adherence of LDL might have exposed PC for the binding
of CRP.

To characterize the specificity of CRP binding to these
antigens plated on the wells, a competition immunoassay was
performed in the presence of increasing concentrations of
competitors. Binding of CRP to OxLDL (Fig. 1D) or PC-KLH
(Fig. 1E) was competed for by both OxLDL and PC-KLH but not
by native LDL or KLH, implying that PC mediates CRP binding
to OxLDL. However, CRP binding to the native LDL plated on
the well was not competed for by native LDL itself, but was
competed for very efficiently by OxLDL and PC-KLH (Fig. 1C).

Taken together, these findings suggest that CRP binds OxLDL
or native LDL with altered structure, but not to native LDL in
its natural configuration, and that this binding is mediated by the
PC moiety, which is exposed either by oxidation or by other
structural changes of the LDL particle.

CRP Binds to Oxidized PtC but Not to Nonoxidized PtC or Other
Oxidized Phospholipids. To test directly whether the oxidation of
PtC is required for CRP binding, PtC containing all saturated
fatty acids, which cannot undergo oxidation, or PtC with unsat-
urated fatty acids were exposed to increasing degrees of oxida-
tion and then tested for CRP binding by using a chemilumines-
cent immunoassay. Fig. 2A shows that CRP bound only to
oxidized, unsaturated PtC in proportion to the duration of air
oxidation and the degree of unsaturation. In contrast, CRP did
not bind to PtC containing only saturated fatty acids (saturated-
AAPC, i.e., diC20:0-PC). CRP binding to oxidized PtC was
calcium-dependent, as CRP binding to oxidized PAPC was
abolished by the deletion of calcium and the addition of EDTA
(Fig. 2B). A competition immunoassay was performed to dem-
onstrate if the oxidation of unsaturated PtC rendered the PC
headgroup available for CRP binding, similar to the situation
with EO6. Thus, we tested if the ability of CRP to bind to
PC-KLH could be competed for by oxidized PtC, and if the PC
headgroup was obligatory for CRP binding. Fig. 2C shows that
CRP binding to PC-KLH was competed for almost completely
by oxidized PAPC. In contrast, saturated PtC (saturated-AAPC)
or other phospholipids that do not contain the PC headgroup
(PAPE and PAPS), but contain the same unsaturated carbon
chains as PAPC, did not compete for CRP binding to PC-KLH.

In summary, CRP binds to oxidized PtC but not to nonoxi-
dized PtC or to other phospholipids without a PC headgroup.
Thus, these data demonstrate that the PC headgroup is a
prerequisite for CRP binding, and that oxidation of PtC is
required for exposure of the PC.

CRP Binding to PC Is Reduced by Competition with Monoclonal
Antibody EO6, Which Is Specific for PC of Oxidized PtC. Because both
EO6 and CRP recognize PC, we tested whether they can
compete with each other for binding to PC-KLH or PC in the
context of OxLDL. As shown in Fig. 3, under the conditions used,
EO6 successfully competed for �60% of binding of CRP to
OxLDL (A) and all of the binding to PC-KLH (B). Reciprocal
competition also was observed in that CRP could compete for
�60% of EO6 binding to OxLDL (C) or �40% of binding to
PC-KLH (D). EO6 F(ab)2 fragments also were tested in this
assay instead of EO6 because of the possible hindering effect of

Fig. 2. Binding of CRP to PtCs and competition for the binding of CRP to PC
(PC-KLH) by various phospholipids. The extent of CRP binding was determined
by chemiluminescent immunoassay. (A) CRP binding to variously oxidized
PtCs. Unsaturated and saturated PtC were plated in microtiter wells and air
oxidized for the times indicated; CRP binding was then measured. Ox-
PAPC, oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine;
Ox-POPC, oxidized 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; Sat-
AAPC, saturated 1,2-arachidonyl-sn-glycero-3-phosphocholine (i.e., di20:0-
PC). (B) Effect of calcium on the binding of CRP to oxidized PAPC. PAPC was air-
oxidized in microtiter wells for 18 h, and the extent of CRP binding to oxidized
PAPC was determined in the presence of calcium or in the absence of calcium
and with the addition of 10 mM EDTA. (C) Competition immunoassays for
binding of CRP to PC-KLH. Various phospholipids were air-oxidized for 18 h
and used as competitors. Ox-PAPE, oxidized 1-palmitoyl-2-arachidonyl-sn-
glycero-3-phosphatidylethanolamine; Ox-PAPS, oxidized 1-palmitoyl-2-
arachidonyl-sn-glycero-3-phosphatidylserine. CRP (0.2 �g�ml in 1% BSA-TBS)
was incubated in the absence or presence of indicated concentrations of
phospholipids for 1 h. CRP-phospholipid complexes were pelleted by centrif-
ugation at 1,800 � g for 30 min, and supernatants were tested for CRP-binding
activity to PC-KLH. Each point is the mean of triplicate determinations.

Fig. 3. Competition immunoassay for binding of CRP or EO6 to antigens.
Fixed and limiting concentrations of EO6 (0.1 �g�ml) or CRP (0.2 �g�ml) were
incubated with plated antigens in the absence or presence of indicated
concentrations of CRP or EO6. Binding of CRP to OxLDL (A) or to PC-KLH (B).
Binding of EO6 to OxLDL (C) or to PC-KLH (D). Each point is the mean of
triplicate determinations.
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intact IgM molecule of EO6 (�950 kDa). EO6 F(ab�)2 frag-
ments, which have a similar molecular mass (�150 kDa) as CRP
in the usual pentamer form (�115 kDa), also gave almost the
same results as the intact EO6 molecule (data not shown).

CRP Binds to Apoptotic Cells via PC. We have shown that T15
anti-PC antibodies including EO6 and T15 recognize the mem-
brane of cells undergoing apoptosis (16, 18). Such apoptotic cells
have an increased content of oxidized PtC (ref. 17, and M.-K.C.,
C.J.B., Y. Miller, G. Subbanagounder, J. A. Berliner, G. Silver-
man, and J.L.W., unpublished observations). The binding of
EO6 suggests that apoptotic cells present PC, in analogy to what
happens when LDL is oxidized. Based on these findings, we
tested whether the binding of CRP to apoptotic cells occurs
through the recognition of PC moiety. Fig. 4 A and B demon-
strates that CRP displayed calcium-dependent binding to apo-
ptotic Jurkat T cells, at a later stage of apoptosis, as judged by
bright PI staining, which was gated and marked ‘‘R2.’’ CRP
binding to the cells in R2 was competed for by OxLDL, oxidized
PAPC, PC-KLH, or by PC-BSA in a dose-dependent manner
(Fig. 4 C and D). In contrast, native LDL, saturated AAPC,
KLH, or BSA did not compete at all. Taken together, these
findings imply PC exposed by oxidation of PtC on the cell
membrane serves as a ligand for binding of CRP to apoptotic
cells, which are known to be under increased oxidative stress.

CRP Frequently Colocalizes with the EO6 Epitope in Human Athero-
sclerotic Lesions. Because the ligands for both EO6 and CRP are
OxPtC, we examined the ability of CRP and EO6 to bind to
atherosclerotic lesions, which are known to contain such
epitopes in vivo (11). Indeed, there was colocalization of endog-
enous CRP and EO6 epitopes in the intima and extracellular
components of the lipid cores of lesions (for detailed description,

see Fig. 5 and supporting Text, which are published as supporting
information on the PNAS web site).

Discussion
Oxidation of LDL generates a variety of oxidatively modified
molecules, including oxidized phospholipids (9, 10, 22). Oxidized
phospholipids and other oxidation-specific epitopes are also
formed on the surface membranes of cells undergoing apoptosis
(refs. 16 and 17, and M.-K.C., C.J.B., Y. Miller, G. Subbana-
gounder, J. A. Berliner, G. Silverman, and J.L.W., unpublished
observations). There is now considerable evidence that such
oxidized phospholipids are proinflammmatory and proathero-
genic. For example, they induce monocyte–endothelial interac-
tions by stimulating endothelial cells to express monocyte-
specific adhesion molecules and chemokines such as MCP-1. In
addition, oxidized phospholipids are precursors of bioactive fatty
acids that have many reported effects on the vascular wall
(reviewed in refs. 9, 10, 22, and 23).

Adaptive immunity provides protection to the host by the
generation of a large number of specific, high-affinity receptors
against ‘‘pathogens’’ through somatic mutations. However, such
immunity is delayed in onset and is not transferable from one
generation to the next. In contrast, the innate immune system
provides a rapid immune response to pathogens without the
need for the somatic recombination of receptors that character-
izes adaptive immunity. Of necessity, such receptors are of far
more limited number and selected to be generalized rather than
highly specific. Our laboratory has recently shown that there are
both humoral and cellular innate immune responses to oxidized
phospholipids (12, 14, 15). As noted at the beginning of this
paper, we have shown that T15 clono-specific natural autoanti-
bodies, such as EO6, which bind specifically to the PC moiety as
a component of microbial capsular polysaccharide, also bind

Fig. 4. Binding of CRP to apoptotic Jurkat T cells and competition immunoassay. Jurkat T cells were treated with staurosporine to induce apoptosis, and then
stained with CRP and PI as described in Materials and Methods. Binding of CRP was measured by using flow cytometry. (A) Apoptosis-induced Jurkat T cells were
gated into two populations according to the intensity of PI staining. Region 1: normal, viable cells and�or cells at very early stages of apoptosis. Region 2: cells
at late stage of apoptosis with bright PI staining. (B) CRP-binding to cells in region 1 (R1) and region 2 (R2). (C and D) Aliquots of CRP (0.2 �g�ml in 1% BSA-TBS)
were incubated in the absence or presence of oxidized PtC and PC-KLH as competitors. After the incubations, CRP-competitor complexes were pelleted by
centrifugation at 1,800 � g for 30 min, and supernatants were tested for remaining CRP-binding activity to apoptotic Jurkat T cells by using flow cytometry. For
the competition by native and OxLDL, CRP was incubated with apoptotic cells in the absence or presence of increasing concentrations of the LDLs. Mean
fluorescence intensity (MFI) of CRP binding to the cells in region 2 was measured and expressed as the ratio of CRP binding to the cells in the presence of
competitor to the binding in the absence of competitor (B�Bo). Two additional experiments gave similar results.

13046 � www.pnas.org�cgi�doi�10.1073�pnas.192399699 Chang et al.



both OxLDL and apoptotic cells but not either native LDL or
viable cells. A subsequent characterization of EO6 revealed that
it specifically binds to the PC headgroup of PtC, but only when
PtC are subjected to oxidizing conditions (12, 18). We have
proposed that the PC headgroup is a cryptic epitope in PtC in
the context of LDL or cell membranes, but oxidation-induced
conformational changes in the PtC molecule itself, or in the
surrounding lipid environment in which PtC resides, ‘‘exposes’’
PC, rendering it accessible for EO6 binding. Thus, when LDL
undergoes oxidation, or when cells undergo apoptosis, which is
associated with oxidative events, oxidation of PtC would be one
mechanism that makes PC epitopes accessible for binding by
EO6. Because these germ-line antibodies are naturally selected
and are present within the first week of life even in mice grown
in germ-free conditions (24), we have postulated that they are
positively selected by apoptotic cells and�or oxidized phospho-
lipids present on cellular debris or oxidized lipoproteins (18).
Only later in life would such clones be expanded in response to
microbial PC. In addition, these oxidized phospholipids serve as
ligands mediating recognition of OxLDL and apoptotic cells by
macrophage scavenger receptors, such as CD36 and SR-B1 (12,
14–16). These scavenger receptors are typical of so-called ‘‘pat-
tern recognition receptors,’’ which are cellular receptors of the
innate immune system and mediate binding to common ligands,
termed ‘‘pathogen associated molecular patterns’’ (PAMP; refs.
25–27). Thus, the PC moiety is such a PAMP, whether present
on microbes, OxLDL, or apoptotic cells.

CRP is an acute-phase reactant that belongs to a highly
conserved pentraxin family of plasma proteins. It was initially
characterized by its binding to the PC moiety of microbial
capsular polysaccharide and has been demonstrated to play a
role in rapid innate host defenses against bacteria (1). We now
show that, analogous to certain natural antibodies and scavenger
receptors, CRP binds both OxLDL and apoptotic cells, but not
native LDL in its natural configuration or viable cells. This CRP
binding to OxLDL and apoptotic cells is mediated through the
recognition of PC moieties on their surface. Presumably, PC is
exposed by oxidation of PtC, as the CRP binding is competed for
by oxidized PtC but not by nonoxidized PtC, even though both
oxidized and native PtC contain the same PC headgroup. Thus,
CRP represents a third and even more primitive tier of innate
immunity against the pathogenic expression of the PC moiety by
OxLDL or apoptotic cells. We would speculate that, analogous
to the T15 clono-specific natural antibodies, the PC moieties
present on oxidized phospholipids of oxidized lipoproteins and
apoptotic cells also have exerted positive evolutionary pressure
to conserve this protein (18, 19).

CRP displays very similar binding characteristics, as does EO6.
CRP bound to OxLDL, and the specificity of this binding
through the recognition of PC exposed on its particle was
demonstrated by the ability of even the lowest doses of soluble
PC-KLH to fully compete. Soluble OxLDL also fully competed
for binding, although likely with lower affinity (Fig. 1D). In turn,
the binding of CRP to PC-KLH, which most likely occurs with
higher affinity, was fully competed for by PC-KLH and by nearly
60% by OxLDL (Fig. 1E). In addition, CRP only bound to
unsaturated PtC in proportion to their degree of oxidation and
unsaturation (Fig. 2 A) and did not bind to the saturated PtC
even if exposed to the same oxidizing conditions (Fig. 2 A).
Similarly, the binding of CRP to PC-KLH could be fully com-
peted for by oxidized PAPC but not by saturated AAPC that
could not undergo oxidation. The absolute requirement for the
presence of the PC headgroup for CRP binding was demon-
strated by the failure of oxidized phosphatidylserine or phos-
phatidylethanolamine to prevent binding of CRP to PC-KLH
(Fig. 2C). The finding that EO6 could substantially compete for
the binding of CRP to OxLDL and PC-KLH (Fig. 3 A and B)
strongly suggests that they share many common configurational

epitopes of PC on these two structures. However, there is not an
absolute immunological identity of all PC epitopes, as CRP only
competed for 40–60% of the binding of EO6 to PC-KLH and
OxLDL, respectively (Fig. 3 C and D). The latter results are
undoubtedly influenced by issues of affinity and valence of the
two binding proteins, EO6 and CRP.

It was reported that CRP displayed calcium-dependent bind-
ing to native LDL and VLDL (28). Indeed, we also observed
such calcium-dependent binding, but only when the LDL was
directly plated on microtiter wells (Fig. 1B). However, this
binding to the plated native LDL was not competed for by the
presence of a large excess of soluble native LDL, but was
competed for efficiently by OxLDL and with even higher affinity
by PC-KLH (Fig. 1C). We speculate that by adhering on the well,
the native configuration of LDL may have been altered so as to
subtly expose the PC moiety, thus mimicking PC exposure that
occurs in OxLDL, and�or a subtle degree of oxidation occurred
despite efforts to prevent this from happening. Indeed, when
LDL in solution was captured by an anti-apoB-100 monoclonal
antibody, CRP did not bind to the captured LDL, nor did it bind
to LDL directly captured from human plasma (Fig. 1 A). More-
over, we also observed a 2-fold greater binding of CRP to
aggregated, native LDL (generated by vortexing) than to mo-
nomeric native LDL (data not shown). Thus, we postulate that
the alteration to LDL caused by adherence on the well, or by
aggregation, exposed the PC moiety, mimicking the PC exposure
that occurs when LDL is oxidized. Indeed, other modifications
of LDL also could alter its normal configuration, leading to PC
exposure and CRP binding. For example, Bhakdi et al. (29) have
shown that CRP binds in vitro to enzymatically degraded LDL
via PC moiety, implying that such enzymatic degradation of LDL
is yet another mechanism by which PC exposure occurs, leading
to CRP binding. Thus, in addition to oxidation of PtC in OxLDL,
structural changes of LDL caused by adherence, aggregation, or
enzymatic modification might play a role in the exposure of PC.

The similarity of the binding properties of CRP to those of
EO6 also extends to apoptotic cells. We have previously shown
that EO6 binds the surface membrane of apoptotic cells but not
viable cells (16). We also demonstrated that there is an enhanced
content of oxidized PtC in such apoptotic cells (ref. 17, and
M.-K.C., C.J.B., Y. Miller, G. Subbanagounder, J. A. Berliner, G.
Silverman, and J.L.W., unpublished observations). We now show
that CRP binding to apoptotic cells is competed by OxLDL, but
not native LDL (Fig. 4C). Similarly, oxidized PAPC is an
effective competitor, but saturated AAPC, even though it con-
tains the same PC headgroup, is not (Fig. 4C). Further evidence
that this binding is mediated by PC comes from experiments
demonstrating that PC conjugated with KLH or BSA are high
affinity competitors for this binding (Fig. 4D). Thus, we propose
that the generation of oxidized PtC on the cell surface, and�or
an alteration in the lipid milieu of the membrane in which PtC
are found (as noted below) lead to exposure of PC moieties,
which could mediate CRP binding. CRP has been reported to
bind to cell membranes, as well as to intracellular components
such as chromatin-containing H1 and small nuclear ribonucle-
oprotein (30–32). Initial evidence for the binding specificity of
CRP to cells was provided by immunohistochemical studies
demonstrating that CRP was associated with cell membranes of
damaged and necrotic cells, but not normal cells, at sites of
inflammation and tissue necrosis (30). Recently, Gershov et al.
(2) reported that CRP binds to the surface membrane of
apoptotic cells and subsequently promotes clearance, but the
ligand mediating such binding was not characterized. Volanakis
et al. (33) proposed a potential mechanism by which CRP
recognizes cell membranes. They showed that a prerequisite for
the binding of CRP to artificial lipid membranes composed of
PtC was the prior incorporation of lysophosphatidylcholine
(LPC) into the membrane (33). Based on this finding, they
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postulated that a disturbance of surface molecular organization
by LPC would be necessary for CRP binding. In support of this
hypothesis, they demonstrated that CRP could bind to red blood
cells only after the addition of LPC to cells, or treatment of cells
with snake phosphospholipase A2 (PLA2) that hydrolyzes PtC
and provides LPC (34). They proposed that in humans, secretory
PLA2 may generate LPC, which in turn disturbs the molecular
organization of the cell membrane leading to CRP binding. This
proposal is of considerable interest in that oxidation of LDL
generates considerable amounts of LPC as a consequence of an
intrinsic PLA2 activity associated with LDL that preferentially
hydrolyzes the shortened sn2 fatty acid of phospholipids after
they have undergone oxidative-induced alterations in their com-
position (35). Similarly, we have recently shown that the content
of LPC is increased 3- to 4-fold in the lipid extracts from the
membranes of apoptotic cells (M.-K.C., C.J.B., Y. Miller, G.
Subbanagounder, J. A. Berliner, G. Silverman, and J.L.W.,
unpublished observation). Thus, disturbed molecular organiza-
tion of the cell membrane by an increased content of LPC or
oxidation of PtC on the cell membrane could lead to the
exposure of the PC moiety, which then mediates CRP binding.
Thus, the PC moiety is a cryptic epitope on viable cells that is
made accessible for CRP binding by enzymatic or oxidative
modification associated with programmed cell death.

CRP has been demonstrated to be an independent and
powerful risk factor for atherosclerotic events such as myocardial
infarction, stroke, and peripheral vascular disease (reviewed in
refs. 7 and 36). Several studies have been undertaken to elucidate
the role of CRP in atherogenesis. For example, CRP colocalized
with terminal complement complexes in early atherosclerotic
lesions, suggesting that CRP may promote atherosclerotic lesion
formation by activating the complement system (37). Recently,
Zwaka et al. (38) reported that CRP could opsonize native LDL
and enhance its uptake by macrophages, mediated via Fc�RII
(CD32), and thus, theoretically, contribute to foam cell forma-
tion. However, the ligand for CRP on native LDL was not

characterized. In light of our data, we speculate that Zwaka et al.,
who used LDL from a commercial source, might have studied
LDL that was mildly oxidized and�or altered in its physical state,
so as to make PC accessible for CRP binding. As noted in our
study, CRP did not bind to native LDL in its natural configu-
ration. However, CRP did bind to native LDL plated in micro-
titer wells through the recognition of PC. It would be interesting
to investigate whether a similar phenomenon of PC exposure
occurs when native LDL binds to the extracellular matrix in the
artery wall. Indeed, in this setting, LDL is also known to be
aggregated (39), enzymatically modified (40), and oxidized (11).
As noted in Fig. 5, we have now shown that there is substantial
colocalization in atherosclerotic lesions of CRP and oxidized
phospholipid epitopes of EO6. Furthermore, we have also
observed colocalization of EO6 immunoreactivity and that of
enzymatically degraded LDL (M.T., M.-K.C., C.J.B., E. Miller,
S. Tsimikas, G. Schmitz, and J.L.W., unpublished observation).

Our studies have not yet addressed the consequences of CRP
binding to OxLDL and apoptotic cells. CRP participates as a first
line, innate host defense against pathogens by promoting the
uptake and clearance of microorganisms through the recogni-
tion of PC. It will be of considerable interest to investigate
whether, analogous to exogenous pathogens, the binding of CRP
to endogenous ligands of OxLDL and apoptotic cells also can
exert such biological effects.
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18. Shaw, P. X., Hörkkö, S., Chang, M.-K., Curtiss, L. K., Palinski, W., Silverman,
G. J. & Witztum, J. L. (2000) J. Clin. Invest. 105, 1731–1740.

19. Kearney, J. F. (2000) J. Clin. Invest. 105, 1683–1685.
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