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One consequence of living in an aer-
obic environment is an inexorable
oxidative modification of molecular tar-
getsin vivo. At the cellular level the effects
of the oxidized lipid and lipoprotein by-
products can include leukocyte recruit-
ment, activation, and apoptosis. Accumu-
lating at sites of inflammation, these
oxidation products can have profound
pathological consequences, such as in the
case of developing arterial lesions (1-5).
Formation of oxidized
lipids and lipoproteins
in inflammation has
thus been linked to the
advancement of ath-
erosclerosis and other
degenerative diseases
of aging.

Evolution has pro-
vided us with various
means to cope with ox-
idative insults and
challenges. A growing body of evidence
suggests that distinct host defense mech-
anisms have evolved to dispose of dam-
aged molecular complexes and hopelessly
injured cells by means of recognition of
oxidized phosphatidylcholine (oxPC) spe-
cies. One such pathway involves recogni-
tion of modified lipoproteins and apopto-
tic or senescent cells by specific scavenger
receptors involved in innate immunity,
such as CD36 and SR-B1. An alternative
pathway involves recognition of oxPC
species and protein-oxPC adducts on
lipoproteins through autoantibodies
and subsequent Fc-y receptor-mediated
endocytosis. In this issue of PNAS, Chang
et al. (6) expand upon this theme. These
authors show evidence that modifications
to phosphatidylcholine, the principal
phospholipid present in low density li-
poprotein (LDL) and cell membranes,
render lipoprotein particles and apoptotic
cells recognizable by C-reactive protein
(CRP).

CRP is produced by the liver in large
quantities in response to varied stimuli,
especially those emanating from trauma,
infection, or other inflammatory diseases.
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A growing body of evidence
suggests that distinct host
defense mechanisms have

evolved to dispose of damaged
molecular complexes.

This primitive member of the innate im-
mune response serves as an acute-phase
reactant, binding to cell wall C-lipopoly-
saccharide of pathogens such as Strepto-
coccus pneumoniae, and facilitating
complement recognition and receptor-
mediated clearance. Although the func-
tional consequences of CRP recognition
were not directly examined by Chang et al.
(6), their findings with those of others (7,
8) suggest that, under certain conditions,
CRP binding may
mark or opsonize
LDL for macrophage
or smooth muscle cell
recognition. CRP-me-
diated enhancement
in the uptake of mod-
ified forms of LDL
could then lead to
cholesterol accumula-
tion and formation of
foam cells, the charac-
teristic cells of the early atherosclerotic
lesions termed “fatty streaks.”

The findings of Chang et al. (6) shed
light on probable targets for CRP recog-
nition of LDL and apoptotic cells—i.e.,
oxPC species. Opsonization of oxidized
LDL (oxLDL) through oxPC recognition
by autoantibodies has similarly been de-
scribed as a clearance pathway of aged or
modified lipoproteins and cells by this
group. Palinski and colleagues (9) initially
reported natural autoantibodies to oxLDL
in atherosclerosis-prone apolipoprotein E
(apoE)-deficient mice, and subsequent
studies have shown that they recognize
oxPC as their cognate epitope (10). De-
tection of such autoantibodies within the
first weeks of life, even in mice raised
under germ-free conditions, supports the
hypothesis that they serve as germ-line
antibodies selected during development
by production of oxidized phospholipids
present within cellular debris, apoptotic
cells, and/or oxLDL (10, 11). EOG6 is a
clonospecific IgM autoantibody isolated
from apoE-null mice that has been exten-
sively characterized and shown to bind
specifically to the phosphocholine moiety

of microbial capsular polysaccharide, as
well as oxPC, oxLLDL and apoptotic cells,
but not native LDL or viable cells (10, 11).
Initial studies aimed at characterizing the
specific oxPC recognized by EO6 sug-
gested that 1-palmitoyl-2-(5-oxovaleroyl)-
sn-glycero-3-phosphocholine (POV-PC),
both free and after reductive alkylation
to proteins, mimicked the endogenous
epitopes recognized by EO6 (12, 13). Sub-
sequent studies revealed that several
POV-PC-related structures are recog-
nized by EO6, including both the reduced
Schiff base adduct between POV-PC and
the g-amino group of lysine residues, and
the initial aldol condensation products
of POV-PC. The present studies by Chang
et al. (6) suggest that the structural pat-
terns formed by oxPC that are recognized
by CRP are similar to those recognized
by EOG6.

As Chang et al. (6) point out, informa-
tion published to date regarding CRP’s
binding to lipoproteins has been inconsis-
tent, and the impact of that binding on
function remains uncertain. Using either
immobilized CRP or immobilized lipopro-
teins, a number of investigators have
shown that native LDL or native very low
density lipoprotein (VLDL) binds CRP in
a calcium-dependent and phosphocho-
line-inhibitable manner (8, 14-16). These
findings would seem to be contradictory to
the concept that LDL must be modified
before CRP will bind. However, Chang et
al. (6) show that the process of immobili-
zation of native LDL enhances CRP bind-
ing. They speculate that this occurs by
means of structural changes accompany-
ing LDL immobilization that unveil “cryp-
tic” phosphocholine epitopes. They fur-
ther suggest that some accounts of native
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LDL binding to CRP may be the result of
undetected oxidation of LDL. Others
have shown that certain types of enzy-
matic treatment of LDL facilitates CRP
binding. Trypsin and cholesterol esterase
treatment of LDL enhanced CRP binding
that was inhibited by phosphocholine or
phospholipase C (17, 18). Chang et al. (6)
speculate that such enzymatic treatment
could unmask phosphocholine on the
LDL preparations. These inferences pro-
vide a beginning hypothesis to explain the
binding of CRP to lipoproteins by means
of a common ligand; however, not all of
the published data on lipoprotein—-CRP
associations can be readily reconciled. For
example, Taskinen et al. (18) recently re-
ported that CRP binding to LDL modified
by trypsin and cholesterol esterase was
dependent on unesterified cholesterol on
the lipoprotein’s surface, but neither oxi-
dation nor phospholipase-A2 treatment of
LDL enhanced CRP binding. These seem-
ing inconsistencies may be the result of
CRP’s recognition of multiple lipid li-
gands, but this needs further resolution.
The nature of the modifications of LDL
that pertain in vivo, the ligand on the li-
poprotein that binds CRP, and the Fc-y
receptors or other receptor systems that
recognize and ingest CRP-lipoprotein com-
plexes all need further elucidation. Chang et
al. (6) offer data on the second of these
three steps in a plausible in vitro system and
present a hypothesis that can be tested fur-
ther for the relevance of this process in vivo.

There are some published data on the third
step. For example, it has been reported that
macrophages can take up CRP-LDL com-
plexes via the “CRP receptor” (CD32, Fc-
v-IIR) (7, 8), but this uptake mechanism
may need to be revisited as the precise
nature of the CRP-lipoprotein complexes
that accumulate in vivo becomes known.

As noted above, oxidized phospholipids
also serve as ligands for members of the
scavenger receptor class B, such as CD36
(19-21). CD36, the prototypic member of
class B scavenger receptors, is a multi-
ligand receptor that participates in macro-
phage recognition of oxLDL and apoptotic
cells (20, 22-24). Studies with CD36-null
mice confirm a primary role for this
receptor in macrophage foam cell for-
mation and atherosclerosis progres-
sion (24). Through use of cross-competition
assays and antibody-based studies using
EO6, Witztum and colleagues (10, 21) pre-
viously attributed CD36 recognition of
oxLDL to oxPC such as POV-PC and its
protein adducts on apoB-100.

The studies of Chang et al. in this issue
(6) provide evidence for a critical role for
the phosphocholine moiety of oxidized
lipids in CRP-mediated recognition, sim-
ilar to prior conclusions by this group for
EO6 and CD36 recognition. While a
wealth of data clearly support the concept
that oxidized phospholipids play a major
role in the binding of oxLDL forms
by CRP, CD36, and autoantibodies to
oxLDL, the precise nature of the lipid
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ligands within oxLDL for these respective
protein binding partners have not yet been
definitively elucidated at the molecular
level. Identification of lipid ligands is dif-
ficult because of the large number and
complexity of products generated during
LDL oxidation and the daunting chal-
lenges of their isolation, structural and
biochemical characterization, and synthe-
sis. Moreover, the potential contributions
of alterations in lipid “presentation”
through changes in macromolecular struc-
tures of lipids (i.e., the mesomorphic form
of the lipid) are not easily investigated.
Recently, a systematic attempt has been
made to define at the structural level the
oxidized lipids of oxLLDL that serve as li-
gands for the scavenger receptor CD36 (25,
26). A highly conserved family of oxidized
choline glycerophospholipids that support
high-affinity recognition of CD36 was struc-
turally defined. These were shown to be
enriched in atherosclerotic lesions and to be
formed in various oxLDL preparations in
parallel with increased receptor recogni-
tion. The oxPC ligands identified for CD36
were shown to support CD36-specific rec-
ognition when incorporated into particles
even at trace levels (e.g., 0.3 mol %, equiv-
alent to only a few molecules per LDL
particle), and to promote CD36-specific
cholesterol deposition and foam cell forma-
tion (25, 26). Structures of the specific lipid
ligands were identified by using a combina-
tion of binding studies to recombinant ex-
pressed CD36, multiple distinct chromato-
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graphic and mass spectrometric methods in
conjunction with chemical derivatization
strategies, NMR, inference of plausible
structures based on known mechanisms of
lipid oxidation and fragmentation, and de
novo synthesis of each lipid (25, 26). Con-
sistent with the results of Chang et al. for
CRP (6), a critical role of the phosphocho-
line head group for CD36 binding to oxi-
dized lipids was observed. In addition, a
remarkably conserved structural motif was
required for high-affinity receptor recogni-
tion: a y-hydroxy (or oxo)-a,B-unsaturated
carbonyl (terminal aldehyde or carboxylic
acid) tethered to the sn-2 position of lyso-
phosphatidylcholine (26). Based on the par-
allel binding patterns noted between oxPC
and oxLDL vs. CRP, CD36, or EO6, the
insights gained into the molecular patterns
of oxidized lipids recognized by CD36 may
shed light on the potential oxPC structures
that bind with high affinity to CRP and
oxLDL autoantibodies.

In light of the cumulative results of Wit-
ztum’s group and the apparent parallel na-
ture of oxPC and oxLDL recognition by
members of three distinct arms of innate
host defenses (i.e., CRP, autoantibodies
such as EO6, and CD36) (6, 10-13, 21, 27,
28), it is tempting to speculate that the novel
family of oxPCs recently defined for CD36
(25, 26) may confer enhanced recognition of
modified lipoproteins and senescent or apo-
ptotic cells by CRP. It should be noted,
however, that glycerophospholipids can
adopt alternative polymorphic and meso-
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morphic forms (29). Even though CD36
recognition could be conferred by the ad-
dition of only trace levels of specific oxPCs
to a particle, one cannot exclude the possi-
bility that it is thermodynamically favorable
to form microdomains of oxPC molecules.
The “pattern recognition” for oxPC species
that has been exploited through evolution
for CRP, CD36, and anti-oxLDL recogni-
tion thus may not be a single (monomeric)
oxPCligand, but rather a motif or “patch” of
lipids presenting as a “raft” of oxPC species.

In recent years the plasma level of CRP
has become a clinical diagnostic for assess-
ing risk of atherosclerosis development,
progression, and cardiovascular events, be-
cause it provides additive predictive benefit
beyond that gleaned from conventional
lipoprotein-associated risk factors (30, 31).
Interest in CRP has catalyzed an awareness
of the prominent role of inflammation in
coronary artery disease pathogenesis (32—
35). The recent growing interest in CRP as
a marker for vascular disease risk has
sparked both research and speculation as to
CRP’s possible roles in disease processes. It
is imperative to understand the significance
of CRP celevations—i.e., whether CRP
(i) exacerbates the severity of inflammation
and the progression of arterial lesions, (i)
reflects attempts by the body to protect
itself, or (iif) accumulates as an inconse-
quential epiphenomenon. There are indica-
tions that CRP’s role is more than passive
(31, 32). Exogenous CRP, for example, en-
hanced complement activation and wors-
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ened myocardial damage in a rat coronary
artery ligation infarction model (36). While
there are dozens of papers confirming and
furthering the value of CRP as a predictor of
disease progression, there is less secure in-
formation about potential mechanistic links
to atherosclerosis risk or protection. The
findings of Chang et al. (6) provide insights
into potential pathways linking CRP to lipo-
protein and cholesterol handling by cells of
the artery wall.

The in vivo roles played by CRP, auto-
antibodies to oxPC, and scavenger recep-
tors, seemingly redundant protective path-
ways of the innate immune system, are
matters of considerable interest. An ap-
proach used to assess the importance of
the scavenger receptors has been to test
their role in the progression of atheroscle-
rosis in mice. Genetically engineered de-
ficiencies in CD36 have been shown to
reduce the progression of arterial disease
in mouse models of atherosclerosis (24).
The consequences of disrupting the
CRP-mediated clearance mechanism in-
ferred from the study by Chang et al. (6)
are largely unknown. It will be particu-
larly informative to assess directly the
role of CRP-lipoprotein complexes on
models of atherosclerosis and other in-
flammatory processes as more tools to
block specific pathways for CRP-
lipoprotein complex formation and up-
take become available.
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