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A monoclonal antibody to assess oxidized cholesteryl
esters associated with apoAl and apoB-100 lipoproteins

in human plasma'™

Ayelet Gonen,* Soo—Ho Choi,* Phuong Mlu,* Colin Agatisa-Boyle,* Daniel Acks,*
Angela M. Taylor, Coleen A. McNamara,' Sotirios Tsimikas,* Joseph L. Witztum,*

and Yury L. Miller™*

Department of Medicine,* University of California, San Diego, La Jolla, CA 92093; and Cardiovascular
Research Center,' Department of Medicine, University of Virginia, Charlottesville, VA 22908

Abstract Atherosclerosis is associated with increased lipid
peroxidation, leading to generation of multiple oxidation-
specific epitopes (OSEs), contributing to the pathogenesis
of atherosclerosis and its clinical manifestation. Oxidized
cholesteryl esters (OxCEs) are a major class of OSEs found
in human plasma and atherosclerotic tissue. To evaluate Ox-
CEs as a candidate biomarker, we generated a novel mouse
monoclonal Ab (mAb) specific to an OxCE modification of
proteins. The mAb AG23 (IgG1) was raised in C57BL6 mice
immunized with OxCE-modified keyhole limpet hemocya-
nin, and hybridomas were screened against OxCE-modified
BSA. This method ensures mAb specificity to the OxCE
modification, independent of a carrier protein. AG23 spe-
cifically stained human carotid artery atherosclerotic lesions.
An ELISA method, with AG23 as a capture and either anti-
apoAl or anti-apoB-100 as the detection Abs, was developed
to assay apoAl and apoB-100 lipoproteins that have one or
more OxCE epitopes. OxCE-apoA or OxCE-apoB did not
correlate with the well-established oxidized phospholipid-
apoB biomarker. In a cohort of subjects treated with atorvas-
tatin, OxCE-apoA was significantly lower than in the placebo
group, independent of the apoAl levels.Bll These results
suggest the potential diagnostic utility of a new biomarker
assay to measure OxCE-modified lipoproteins in patients
with CVD.—Gonen, A., S-H. Choi, P. Miu, C. Agatisa-Boyle,
D. Acks, A. M. Taylor, C. A. McNamara, S. Tsimikas, J. L.
Witztum, and Y. I. Miller. A monoclonal antibody to assess
oxidized cholesteryl esters associated with apoAl and
apoB-100 lipoproteins in human plasma. J. Lipid Res. 2019.
60: 436—445.
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The concept of sterile inflammation induced by host-
derived damage-associated molecular patterns (DAMPs)
helps to explain the inflammatory mechanisms of many
chronic diseases. It is now well-documented that DAMPs
share structural motifs with microbial pathogen-associated
molecular patterns and activate innate immune pattern-
recognition receptors (1). While these responses may pro-
vide initial benefits, the ensuing inflammatory responses
may be harmful if unconstrained and prolonged, such as
occurs in atherosclerosis, a life-long chronic inflammation
of medium/large arteries leading to CVD.

Oxidized cholesteryl esters (OxCEs) are the DAMPs
arising during the development of atherosclerosis (1-4).
We have demonstrated that cholesterol binds to MD-2 (5),
a ligand-binding coreceptor for the prototypic pattern-
recognition receptor, toll-like receptor-4 (TLLR4). MD-2 has
a hydrophobic pocket and, remarkably, shares a significant
structural homology with Niemann-Pick disease type C2, a
lysosomal cholesterol-binding protein (6). Further, choles-
terol esterified to an oxidized polyunsaturated fatty acyl
chain, i.e., OxCE, when bound to TLR4/MD-2, induces
TLR4 dimerization and activates inflammatory responses
in macrophages (2). Importantly, specific OxCE molecules
first identified in test-tube oxidation reactions are also
found in cellular systems, in vascular lesions of experimen-
tal animals, and in plasma and atherosclerotic plaques
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isolated from human CVD patients (3, 7-11). For example,
cholesteryl arachidonate and cholesteryl linoleate oxida-
tion products are detected in human plasma from CVD
patients and in human atherosclerotic lesions (2, 3, 11), as
well as in experimental studies with hypercholesterolemic
mice and zebrafish (12, 13). Human atherosclerotic lesions
contain OxCE not only in a free lipid form but also as cova-
lent adducts to proteins (14). Based on these findings, we
suggest that OxCE is a major DAMP arising in hypercholes-
terolemic animals and human subjects, which contributes
to vascular inflammation and atherogenesis (4, 15).

In this study, we examined whether immunological de-
tection of OxCE epitopes in plasma may have diagnostic
value and serve as a new biomarker. We developed the
monoclonal Ab (mAb) AG23 that recognizes OxCE cova-
lent adducts irrespective of the modified protein. AG23
specifically stained atherosclerotic lesions in human ca-
rotid endarterectomy specimens. AG23 was used in con-
junction with Abs targeting apoAl or apoB-100 to measure
OxCE associated with apoAl- or apoB-100-containing lipo-
proteins in human plasma. This OxCE assay demonstrated
that, in a cohort of subjects treated with atorvastatin, there
was a significant reduction in OxCE-containing apoAl lipo-
proteins, not associated with changes in apoAl levels.

MATERIALS AND METHODS

Human plasma and tissue samples

Human plasma, used for LDL isolation, was obtained from healthy
volunteers who provided written informed consent according to a
protocol approved by the University of California, San Diego Hu-
man Research Protection Program. Human blood samples were
also obtained from two previously published studies, the “UVA
cohort” (2) and the “PROXI cohort” (16). Human carotid endar-
terectomy specimens were obtained from patients undergoing
carotid endarterectomy with a protocol approved by the University
of California, San Diego Human Research Protection Program.

Animals

All animal experiments were conducted according to protocols
approved by the Institutional Animal Care and Use Committee of
the University of California, San Diego. Mice were housed up to 5 per
standard cage at room temperature and maintained on a 12:12 h
light:dark cycle, with lights on at 0700. Both food and water were
available ad libitum. Wild-type C57BL/6 mice were initially purchased
from Jackson Laboratory (Bar Harbor, ME) and bred in-house.

Antigen preparation

The procedures for preparing OxCE-modified keyhole limpet
hemocyanin (KLH) and BSA were identical. To prepare the
OxCE-BSA antigen, cholesteryl arachidonate (Nu-Check, Water-
ville, MN) was oxidized as previously described (2) to produce
OxCE. One milligram of OxCE dissolved in hexane was dried un-
der argon in a glass tube, solubilized with 2.5 ml of 2.5 mg/ml
BSA (Sigma) in PBS, and incubated for 1 h at 37°C with gentle
agitation. After 1 h, this reaction mixture was added to an addi-
tional 1 mg of oxidized cholesteryl arachidonate dried in a sepa-
rate glass tube, incubated, and the procedure was repeated one
more time. This step-wise modification of the BSA with OxCE was
used to prevent protein precipitation upon contact with a large

amount of lipid. At the end of the last incubation, 25 ul of freshly
prepared 30 mg/ml NaBH;CN in PBS were added to the tube and
incubated overnight at 37°C. The solution was filtered through a
0.45 pm filter, dialyzed against PBS to remove unreacted NaBH;CN,
and sterile filtered again. The OxCE-BSA was aliquoted and fro-
zen at —80°C. The peptide, biotin-GDGDGK (G6K; from Biomatik,
Wilmington, DE), was modified with OxCE at a 1:1 molar ratio,
using the same protocol as for OxCE-BSA. The biotin-GDGDGA
(G6A) peptide in which the C-terminal Lys was replaced with Ala,
served as a negative control. Modified LDL antigens were pre-
pared as described in detail previously (17).

Immunization, hybridoma, and screening

The protocol for generating OxCE-specific mAbs was modified
from an earlier work in our laboratory (18). Briefly, four male
C57BL/6 mice (age 8-10 weeks) were immunized three times with
OxCE-KLH emulsified 1:1 in incomplete Freund’s adjuvant for a
primary immunization and two boosts at 2 week intervals, as illus-
trated in Fig. 1A. A week after the second boost, mice were bled,
and IgG titers were measured by ELISA to assess direct binding to
the plated antigens, OxCE-KLH and OxCE-BSA, as described in
detail below. The two mice with the highest titers received an intra-
venous recall-boost with the antigen in PBS. Three days later, the
mice were euthanized, and splenocytes were collected and fused
with myeloma cells (X36Ag8.653) using a ClonaCell™-HY hybrid-
oma kit (Stemcell Technologies, Cambridge, MA). The fused cells
were resuspended in semi-solid hypoxanthine-aminopterin-
thymidine (HAT) hybridoma selection medium. Two weeks later,
visible colonies were transferred to ClonaCell®-HY growth me-
dium (DMEM, preselected serum, hypoxanthine-thymidine,
gentamycin, and supplements). To select OxCE-specific but not
KLH-specific colonies, media supernatants from hybridoma cells
were screened by ELISA against OxCE-BSA, using an anti-mouse
IgG detection Ab (Sigma-Aldrich, St. Louis, MO). Selected clones
were subcloned by limiting dilution in semi-solid gel, without
HAT, and retested by ELISA for binding to OxCE-BSA to ensure
monoclonality. The selected colony (AG23) was expanded by
BioXCell (West Lebanon, NH) in tissue culture in a stirred tank
fermentation with Hybridoma-SFM medium supplemented with
1% Fetal Clone 3 (Life Technologies, Carlsbad, CA) and purified
with chromatography over Protein A/G resin. The AG23 heavy
and light chains were sequenced by Creative Biolabs (Shirley, NY).

Mouse atherosclerosis study

Ldlr”’™ mice were initially purchased from Jackson Laboratory
and bred in-house for experiments. AloxI5 * mice (19) were a
gift from Dr. Colin Funk and were crossbred in-house with Labr’~
mice. Male mice, starting at age 8 weeks, were fed a high-choles-
terol normal-fat diet (Teklad TD 97131) containing 1% choles-
terol for 16 weeks. Plasma total cholesterol (TC) was measured
using automated enzymatic assays (Roche Diagnostics, Indianapo-
lis, IN). Atherosclerosis was assessed as previously described (20).
Briefly, aortic root atherosclerosis was quantified by cutting cross-
sections starting from the aortic origin until the last leaflet. Sec-
tions were stained with a modified Van Gieson stain and lesion
area was quantified via computer-assisted image analysis (Image-
Pro, Media-Cybernetics, Rockville, MD).

Western blot

BSA or OxCE-BSA (0.5 ng/well) was subjected to gel electro-
phoresis and immunoblot as described (21). Briefly, samples were
loaded and run on a 4-12% Bis-Tris gel (Life Technologies). Gels
were incubated with Coomassie Blue for 1 h or transferred to a
PVDF membrane (Life Technologies). The membranes were incu-
bated with primary Abs (1 pg/ml in 1% BSA-TBST) overnight at
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A Immunization protocol

Fig. 1. Generation of OxCE-specific mAb. A: Immu-
nization protocol. B: Following the second boost (day
40), mice were bled and 1:100 plasma samples were
tested by ELISA using OxCE-BSA as an antigen. The
graph represents the mean of duplicate measure-
ments from four immunized mice and four control
(nonimmunized) mice. C: Ninety-six hybridoma colo-
nies were collected, expanded, and screened in ELISA
against 5 pg/ml OxCE-BSA and BSA. The graph shows
a representative result of multiple screening rounds.
The positive colony #23 was retested 10 times and
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4°C, followed by incubation with secondary Abs conjugated with
HRP for 1 h at room temperature and by detection with a Super
Signal West Dura substrate (Thermo Fisher Scientific, Waltham,
MA) and an OptiChem HR imaging system (UVP, Upland, CA).

ELISA with direct antigen plating

mAb binding to an array of epitopes was measured by chemilu-
minescent ELISA as previously described (17). In brief, wells were
coated with antigens at 5 pg/ml in PBS overnight at 4°C. Follow-
ing blocking with 1% BSA-TBS, hybridoma supernatant (undi-
luted) or purified mAb was added and incubated for 90 min at
room temperature. Bound Abs were detected using an anti-
mouse IgG-alkaline phosphatase (AP) conjugate (Sigma-Aldrich),
a Lumi-Phos 530 substrate (Lumigen, Southfield, MI), and a
Dynex luminometer (Dynex Technologies, Chantilly, VA). Ab
binding was expressed as relative light units detected over 100 ms
(RLU/100 ms).

Peptide-based ELISA

Biotinylated short peptides, G6A-OH, G6K-OH (non-modified),
or G6K-OxCE (modified with OxCE), were immobilized to
streptavidin precoated plates (Eagle Biosciences, Amherst, NH)
at 10 pg/ml in PBS overnight at 4°C. After washing with PBS,
AG23 was added at 1 pg/ml in 1% BSA-TBS and incubated at
room temperature for 90 min. The remaining ELISA was com-
pleted as described above.

Competition ELISA

A fixed and limiting concentration of AG23 was preincubated
overnight in the absence or presence of increasing concentrations
of various competitors. Immune complexes were pelleted by a
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designated AG23. D: To ensure monoclonality, AG23
was subjected to single cell dilution using semi-solid
gel without HAT. Twenty-four colonies were collected
and expanded. The media were tested two times by
ELISA using 5 pg/ml OxCE-BSA and MDA-LDL. The
graph shows 12 representative colonies (in technical
triplicates).

45 min spin at 11,000 rpm, and supernatants were used in an ELISA
as described above. Concentration of plated antigens was 5 wg/ml.
Results were expressed as B/By as previously described (17).

Cholesterol esterase reaction

An ELISA plate was coated with OxCE-BSA (1.25 pg/well) in
PBS overnight at 4°C. After washing off unbound antigen, choles-
terol esterase (MP Biomedicals, Santa Ana, CA) was added at
10 u/well in PBS and incubated for 3 h at 37°C. The solution was
gently collected from the wells and analyzed for free cholesterol
using a kit from BioVision (Milpitas, CA). The wells were then
washed and used in the AG23 binding assay as described earlier.

Immunohistochemistry

Paraffin embedded tissue was cut into 7 pm thick sections and
mounted on charged slides. The sections were deparaffinized
with Histoclear, rehydrated through graded ethanol, and blocked
with 5% normal goat serum/1% BSA/TBS for 30 min at room
temperature. AG23 (0.1 wg/ml) was preincubated overnight at
4°C in the absence and presence of 5, 15, or 45 pg/ml of OxCE-
BSA. Immune complexes were pelleted as above, and the super-
natant was used to stain sections in a humidified chamber at 4°C
overnight. Sections were then incubated with an anti-mouse IgG-
AP (Sigma A3438) diluted with blocking buffer at 1:50 for 30 min
at room temperature, and then visualized with Vector Red sub-
strate (Vector SK-5100). Sections were counterstained with he-
matoxylin for 30 s, dehydrated through graded ethanol, cleared
with Histoclear, and coverslipped using Histomount. Immuno-
staining of consecutive sections in the absence of primary Abs was
used as a negative control. Images were captured with Hama-
matsu Nanozoomer 2.0HT slide scanner with a 20x lens.



Biomarker ELISA assays

To detect OXCE in human plasma, three sandwich ELISA pro-
tocols were tested. In protocol 1, plates were coated with 5 pg/ml
of MB47, a mouse monoclonal specific for human apoB-100 (22),
or with a sheep anti-human apoAl polyclonal Ab (Binding Site,
Birmingham, UK) overnight at 4°C, followed by blocking with 1%
BSA-TBS for 30 min at room temperature. Plasma samples (1:50)
were added and incubated at room temperature for 90 min, fol-
lowed by 0.1 pg/ml biotin-labeled anti-OxCE AG23 detection Ab,
streptavidin-AP, and Lumi-Phos 530. In protocol 2, plates were
coated with 5 pg/ml AG23, blocked, incubated with 1:50 plasma
samples, followed by 0.05 pwg/ml goat anti-human apoB-100 poly-
clonal Ab or 0.1 pg/ml goat anti-human apoAl polyclonal Ab
(both from Academy BioMed, Houston, TX), streptavidin-AP,
and Lumi-Phos 530. In protocol 3, plates were coated with 5 pg/ml
unconjugated AG23 and detected with 0.1 pg/ml biotinylated
AG23. We dubbed this assay as “total OxCE,” in quotation marks
because it detects OXCE irrespective of the lipoprotein or protein
carrier, but only if more than one AG23-accessible OxCE epitope
is present.

Statistics

Graphs represent mean + standard error as described in figure
legends. Results were analyzed using Spearman correlation analy-
sis, ttest (for two groups), or one-way ANOVA (for more than two
groups), as provided in GraphPad Prism (GraphPad Software,
San Diego, CA), and the differences with P< 0.05 were considered
statistically significant.

RESULTS

Generation and characterization of OxCE mAb

Four mice were immunized with OxCE-KLH and
screened for Ab production by binding to OxCE-BSA (Fig.
1B). Hybridomas were generated from the spleens of the
two mice with the highest IgG titers and supernatants
screened for IgG binding to OxCE-BSA. Clone 23 was se-
lected for its robust IgG binding to OxCE-BSA, but not BSA
(Fig. 1C). To ensure the monoclonality of the Ab, it was
subjected to a single cell dilution, and all daughter clones
were positive for OxCE-BSA binding (Fig. 1D). The Ab,
dubbed AG23, was sequenced (supplemental Fig. S1), ex-
panded, and purified by contract research organizations as
detailed in the Materials and Methods.

The AG23 Ab stained OxCE-BSA, but not BSA, on a
Western blot, while a control nonspecific IgGl1 stained
neither (Fig. 2A). AG23 binding to two other common
oxidation-specific epitopes (OSEs), malondialdehyde (MDA)-
modified LDL and oxidized phospholipid (OxPL) en-
riched in copper-oxidized LDL (CuOxLDL), was negligible
(Fig. 2B). OxCE-KLH, but not KLH, competed with OxCE-
BSA for AG23 binding (Fig. 2C), validating the specificity
of the Ab to the OxCE epitope irrespective of the carrier
protein. To further confirm the specificity of AG23 to the
OxCE covalent modification of a protein, we modified the
G6K peptide with OxCE, using the protocol utilized for the
OxCE-BSA and OxCE-KLH modifications, and observed a
robust AG23 binding to G6K-OxCE, but not unmodified
G6K-OH (Fig. 2D). The OxCE modification procedure for
the G6A peptide, in which alanine replaces the C-terminal

lysine, was not expected to result in a covalent bond be-
tween OxCE and the peptide, and indeed AG23 did not
bind to the G6A/OxCE reaction product (Fig. 2D). In a
cross-competition assay, both OxCE-BSA and G6K-OxCE
competed with each other for AG23 binding in a dose-
dependent manner (Fig. 2E, F).

Incubation of OxCE-BSA with cholesterol esterase re-
leased free cholesterol, confirming hydrolysis of the ester
bond in the OxCE epitope, and nullified AG23 binding to
the OxCE-BSA from which cholesteryl was cleaved off (Fig.
2G). This result suggests that the cholesterol moiety is part
of the epitope recognized by AG23 or that it was necessary
for the correct configuration of the AG23 epitope to be
recognized.

Because OxCE products were detected in human athero-
sclerotic lesions using lipid extraction and mass spectrom-
etry techniques (3, 8-11), we tested to determine whether
AG23 could detect OxCE in human lesions using immuno-
histochemistry. AG23 specifically stained sections of hu-
man carotid artery atherosclerotic lesions, and OxCE-BSA
preincubated with AG23 competed with the tissue immu-
nostaining in a dose-dependent manner (Fig. 3). These
results suggest that AG23 detects OxCE epitopes arising
during the development of human atherosclerosis.

In an animal study, we compared OxCE levels in plasma
from Ldlr”’~ and Alox15 /" Ldb™’" mice fed a high-
cholesterol diet. The enzyme 12/15-lipoxygenase (12/15L0O;
gene name Alox15) has been implicated as a major causative
factor in lipoprotein oxidation in vivo (23, 24), with CE being
a preferential substrate for the 12/15LO activity (25, 26). At
the end of high-cholesterol diet feeding, levels of TC were
not different (Fig. 4A), but the levels of OxCE were signifi-
cantly lower in the plasma of Alox15 /" Ldl™’~ mice com-
pared with that of Ldl~’~ mice (Fig. 4B). The lower plasma
levels of OxCE corresponded with reduced size of atheroscle-
rotic lesions in Alox15 '~ Ldlr’'~ mice (Fig. 4C), the latter in
agreement with earlier reports (27).

OxCE biomarker immunoassay

We next sought to determine whether we could detect
OxCE epitopes in human LDL captured on microtiter
wells using the apoB-100-specific Ab, MB-47. LDL was cap-
tured from human plasma samples on MB-47-coated wells,
and AG23 was added to detect OxCE epitopes on the LDL
[Fig. 5A (Al)]. However, detection levels were low for most
of the samples (Fig. 5B, empty bars), despite the efforts to
optimize antigen/Ab concentrations and conditions of as-
say. Then, we flipped the sandwich and used AG23 as a
capture Ab and a biotinylated anti-apoB-100 as the detec-
tion Ab [Fig. bA (A2)]. In this format, signal was robust,
with a wide range of levels detected in different human
plasma samples (Fig. 5B, blue bars). However, in this for-
mat, different amounts of LDL could be captured per well
depending on the LDL concentration, and/or captured
LDL particles may have one or more OxCE epitopes.

To detect OxCE associated with apoAl lipoproteins, we
kept the AG23 capture format, but replaced the biotinylated
apoB-100 Ab with a biotinylated anti-apoAl Ab. In this
formulation, we detected robust signal for OxCE-apoA,
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Fig. 2. AG23 specificity to OxCE epitope. A: OxCE-BSA (a) and unmodified BSA (b) were loaded on a
4-12% Bis-Tris SDS gel at 0.5 pg/well. The gel was stained with Coomassie Blue (CB) or blotted and probed
with OxCE-specific AG23 mAb or a mouse anti-KLH IgG1. Representative gel and blots from 20 repeats.
B: Representative results of AG23 (0.125 ng/ml) binding to BSA, OxCE-BSA, MDA-LDL, and CuOx-LDL
(5 pg/ml). Four different OxCE-BSA preparations were tested in 12 independent experiments with AG23 con-
centrations ranging from 0.125 to 1 mg/ml. The graph shows the mean of three repeats, each in three techni-
cal replicates. Mean + SD; one-way ANOVA with multiple comparisons; *###*P<(0.0001. C: Competition ELISA:
AG23 (0.01 pg/ml) was preincubated in the absence or presence of increasing concentrations of nonmodi-
fied KLH or OxCE-KLH. Immune complexes were spun down, and supernatants were tested for binding to
OxCE-BSA (5 pg/ml). Each data point is the mean of two independent assays in technical triplicates. D: AG23
(1 pg/ml) binding to 10 pg/ml of nonmodified G6K-OH and G6A-OH peptides, and the peptides subjected
to the OxCE covalent modification. G6K-OxCE designates covalent modification of Lys, and G6A/OxCE
designates the reaction that did not result in covalent modification of Ala. Mean + SD; n = 6 for G6Kand n = 2
for G6A, each in technical duplicates; one-way ANOVA with multiple comparisons; **P < 0.01. E, F: AG23
(0.15 wg/ml) was preincubated overnight with nonmodified (250 pg/ml) or OxCE-modified (10-250 pg/ml)
BSA or G6K-OH peptide. Following spin down of immune complexes, supernatants were tested for binding
with OxCE-BSA (E) or G6K-OxCE (F). Graphs show the results of a representative experiment performed in
triplicate (E) or duplicate (F). G: OxCE plated at 1.25 ug/well in a 96-well plate was incubated with or without
cholesterol esterase (10 u/well) for 3 h at 37°C. The solution was collected and pooled for free cholesterol
measurements. After washes, AG23 binding to the wells was measured. Mean + SD, n = 5; ¥¥¥%P< 0.0001 (Stu-
dent’s ttest) for AG23 assay. Free cholesterol assay, technical triplicates of samples pooled from five wells.

i.e., levels of apoAl lipoproteins with one or more OxCE
epitopes (Fig. 5C, red bars). As shown in an assay of
biotinylated G6K-OxCE (supplemental Fig. S2), capture
with AG23 allows for a 0.15-3.0 uM (0.01-0.2 pg/ml) linear
range detection of OxCE epitopes. In a 1:50 human plasma,
the upper limit of HDL particle concentration is 1.6 wM. If
the assay format was flipped, and the apoAl lipoproteins
were first captured on the plate and then AG23 added, the
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resulting binding of AG23 was very low, below the detec-
tion limit in the majority of samples (Fig. 5C, empty bars).
We did not detect OxCE associated with lipoprotein (a)
[Lp(a)] (not shown).

Next, we designed an assay in which AG23 was used as a
capture Ab and biotinylated AG23 was used for detection
[Fig. 5BA (A3)]. This format would work only if lipopro-
teins or other proteins carry two or more OxCE epitopes
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accessible to AG23. The observation that low levels of bind-
ing were detected in only a few plasma samples and levels
were undetectable in most (Fig. 5D) suggests that the ma-
jority of lipoproteins display only one or a few OxCE epit-
opes accessible to AG23.

For illustrative purposes, we combined the results of
OxCE-apoB, OxCE-apoA, and “total OxCE” measure-
ments in Fig. 5E. However, note that absolute values in
these three assays cannot be compared because they use
different detection Abs. Rather, Fig. bE illustrates the lim-
ited codependence between OxCE-apoB and OxCE-apoA
levels. To further analyze covariation of OxCE-apoB,
OxCE-apoA, and other common lipoprotein parameters
in the UVA cohort (n = 213) (2), we calculated Spearman
correlation coefficients. As shown in Table 1, r= 0.293 be-
tween OxCE-apoB and OxCE-apoA suggests their limited
covariation. OxCE-apoA did not correlate with HDL cho-
lesterol (HDL-C). Remarkably, there was no correlation
between OxPL-apoB [determined using the previously de-
scribed assay (28)] and OxCE-apoB or OxCE-apoA.
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Effect of statin therapy on OxCE-apoB and OxCE-apoA

Next, we measured OxCE-apoB and OxCE-apoA in
plasma samples from PROXI, a randomized parallel-arm
double-blind placebo-controlled trial in which human sub-
jects received placebo, 10 mg atorvastatin, 80 mg atorvas-
tatin, or 40 mg pravastatin daily; blood was collected at
baseline and after 16 weeks of treatment (16). The 40 mg
pravastatin group was not analyzed in our study. At baseline,
there was no difference in OxCE-apoB or OxCE-apoA levels
between placebo and atorvastatin groups (not shown).
After 16 weeks of treatment, OxCE-apoB levels were sig-
nificantly reduced in the 10 mg and 80 mg atorvastatin
groups compared with the placebo group (Fig. 6A). How-
ever, this covaried with the reductions in apoB-100 levels
(Fig. 6B).

In contrast to reducing apoB-100, statins do not signifi-
cantly change apoAl levels. Indeed, atorvastatin treatment-
mediated (both 10 and 80 mg) reductions in OxCE-apoA
levels (Fig. 6C) were not accompanied by changes in
apoAl (Fig. 6D).

Fig. 4. AG23-specific epitopes in mouse plasma of
Ldlr”’ " and Alox15/~ Ldlr '~ mice. A: Plasma TC
from mice fed a 1% cholesterol normal fat diet for 16
weeks. B: OxCE levels were measured in mouse plasma
in a sandwich ELISA using nonlabeled AG23 as a cap-
ture Ab and biotinylated AG23 as a detection Ab. C:
Sections of the aortic root were collected, and lesion
size was measured starting from the appearance of first
leaflet in 100 pm increments. Mean + SEM; n = 6
(Ldi™’7) and n = 5 (Alox15'~ Ldlr’7); *P < 0.05;
##P < 0.01. Unpaired ttest with Welch’s correction
(A, B) and two-way ANOVA with Bonferroni posttest (C).
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Further, we calculated individual changes in OxCE pa-
rameters for each subject before and after treatment. As
expected, atorvastatin reduced both OxCE-apoB and
apoB-100 in the majority of subjects (Fig. 7A, B). However,
in the absence of apoAl changes, OxCE-apoA was signifi-
cantly reduced following treatment in the 80 mg atorvastatin
group, but not the placebo group (Fig. 7C, D). Correla-
tion analysis of OxCE parameters in all samples used in
this study demonstrated little covariance with relevant
lipoprotein measurements and, remarkably, there was no

19 20 21 22

correlation between OxPL-apoB and OxCE-apoB or OxCE-
apoA (Table 2).

DISCUSSION

In this study, we have developed the mAb, AG23, that
recognizes a covalent modification of proteins and peptides
with OxCE. The Ab specifically stains human atherosclerotic

TABLE 1. Correlation matrix for OxCE-apoB and OxCE-apoA versus OxPL-apoB and common lipoprotein biomarkers in UVA cohort
OxCE- OxCE- OxPL-
apoB apoA TC LDL-C HDL-C TG apoB
OxCE-apoB . 0.293 0.357 0.231 0.031 0.460 —0.029
(<0.0001) (<0.0001) (<0.001) (n.s.) (<0.0001) (n.s.)
OXCE-apoA 0.293 . 0.445 0.422 —0.027 0.193 —0.043
(<0.0001) (<0.0001) (<0.0001) (n.s.) (<0.005) (n.s.)
TC 0.357 0.445 . 0.942 0.369 0.292 —0.054
(<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (n.s.)
LDL.C 0.231 0.422 0.942 . 0.276 0.166 —0.092
(<0.001) (<0.0001) (<0.0001) (<0.0001) (<0.05) (n.s.)
HDL.C 0.031 —0.027 0.369 0.276 . —0.443 —0.022
(n.s.) (n.s.) (<0.0001) (<0.0001) (<0.0001) (n.s.)
TG 0.460 0.193 0.292 0.166 —0.443 . 0.089
(<0.0001) (<0.005) (<0.0001) (<0.05) (<0.0001) (n.s.)
OxPL-apoB —0.029 —0.043 —0.054 —0.092 —0.022 0.089 .
) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.)

Correlation coefficient (P). Nonparametric Spearman test; n = 213. TG, triglycerides; n.s., nonsignificant.
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lesions and enables detection of OxCE epitopes in human
plasma. The ELISA assay that we have developed mea-
sures levels of lipoproteins that have one or more OxCE
epitopes, but it does not measure the levels of OxCE per
lipoprotein. However, results of a “total OxCE” immuno-
assay, with AG23 serving as both capture and detection Ab,
show detectable but low signals in only a few samples, sug-
gesting that lipoproteins and other components of plasma
rarely have more than one AG23-accessible OxCE epitope.
This is in contrast to the well-characterized OxPL-apoB
assay, demonstrating consistently robust signals across multi-
ple human cohorts (28-31). Among all apoB lipoproteins,
OxPL is predominantly found in Lp(a), and the levels of
OxPL-apoB and Lp(a) strongly correlate (32).

Another remarkable difference between OxPL and OxCE
biomarkers is that the levels of OxPL associated with apoAl
lipoproteins are low (33), whereas OxCE was readily de-
tected in apoAl lipoproteins in all the human plasma sam-
ples that we tested. These results suggest that OxCE-apoA can
be a useful independent biomarker, complementing the

information obtained with OxPL-apoB. Indeed, there was
no correlation between OxCE-apoA and OxPL-apoB or
apoAl or HDL-C levels. Atorvastatin treatment reduced
OxCE-apoA levels, and OxCE-apoA levels were indepen-
dent of the levels of apoAl. Future outcome studies will de-
termine whether OxCE-apoA and/or OxCE-apoB have any
prognostic value.

Oxidation of cholesteryl arachidonate with a lipophilic
free radical initiator, the reaction used in preparation of
OxCE, results in oxygenation of the CE acyl chain (2, 12,
34). The chemistry of this reaction is well-described; it
produces polyoxygenated OxCE, including formation of
bicyclic endoperoxide and hydroperoxide groups in the
acyl chain, and can be initiated by the presence of 15(S)-
hydroperoxyeicosatetraenoic acid (34-36). The latter is a
product of 12/15LO enzymatic activity, which is consid-
ered a major factor in LDL oxidation in vivo (15, 24).
Hypercholesterolemic Alox15~/" mice develop less ath-
erosclerosis than the mice with functional 12/15LO (387,
38) and, as we show in this work, have lower plasma levels
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TABLE 2. Correlation matrix for OxCE-apoB and OxCE-apoA versus OxPL-apoB and common lipoprotein biomarkers in PROXI cohorts
OxCE- OxCE- apoB- OxPL-
apoB apoA TC LDL-C HDL-C 100 apoAl TG apoB
OxCE-anoB o 0.426 0.379 0.413 —0.169 0.427 —0.085 0.179 0.003
p (<0.0001) (<0.0001) (<0.0001) (<0.05) (<0.0001) (n.s.) (<0.05) (n.s.)
OxCE-apoA 0.426 o 0.362 0.216 0.050 0.211 0.152 0.344 0.008
P (<0.0001) (<0.0001) (<0.01) (n.s.) (<0.01) (n.s.) (<0.0001) (n.s.)
TC 0.379 0.362 o 0.947 —0.051 0.830 0.068 0.454 -0.074
’ (<0.0001) (<0.0001) (<0.0001) (n.s.) (<0.0001) (n.s.) (<0.0001) (n.s.)
LDL-C 0.413 0.216 0.947 o —0.118 0.853 —0.047 0.272 —0.039
(<0.0001) (<0.01) (<0.0001) (n.s.) (<0.0001) (n.s.) (<0.001) (n.s.)
HDL-C —0.169 0.050 —0.051 —0.118 - —0.272 0.828 —0.448 0.060
(<0.05) (n.s.) (n.s.) (n.s.) (<0.001) (<0.0001) (<0.0001) (n.s.)
B-100 0.427 0.211 0.830 0.853 —0.272 o —0.097 0.447 —0.044
apo (<0.0001) (<0.01) (<0.0001) (<0.0001) (<0.001) (n.s.) (<0.0001) (n.s.)
anoAl —0.085 0.152 0.068 —0.047 0.828 —0.097 . —0.147 0.069
P (n.s.) (n.s.) (n.s.) (n.s.) (<0.0001) (n.s.) (n.s.) (n.s.)
TG 0.179 0.344 0.454 0.272 —0.448 0.447 —0.147 - —0.108
(<0.05) (<0.0001) (<0.0001) (<0.001) (<0.0001) (<0.0001) (n.s.) (n.s.)
OxPL-apoB 0.003 0.008 —0.074 —0.039 0.060 —0.044 0.07 —0.108 o
p (n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.)

Correlation coefficient (P). Both baseline and posttreatment samples (n = 160) were analyzed by nonparametric Spearman test. TG, triglyceride;

n.s., nonsignificant.

of AG23-reactive OxCE epitopes. Because the presence
of bicyclic endoperoxide and hydroperoxide products on
the acyl chain characterize early stages of LDL oxidation,
it was not surprising to detect low levels of AG23-reactive
epitopes in MDA-LDL, subjected during preparation to
prolonged incubation and dialysis steps, but not in
CuOxLDL in which Cu2+-mediated, extensive lipid oxidation
is characterized by formation of truncated fatty acyl alde-
hydes and oxysterols. Because OxCE contains bicyclic
endoperoxides (2), it can conjugate to NH, groups, such as
lysine. Under protic conditions, e.g., when accessible to pro-
tein nucleophiles, bicyclic endoperoxides open to form
highly reactive isolevuglandins (also known as isoketals),
which readily form covalent adducts with proteins (39—41).

Yet, the limitation of this study is in an incomplete
characterization of the OxCE epitope recognized by
AG23. We used an unseparated reaction product of cho-
lesteryl arachidonate oxidation with a lipophilic free rad-
ical initiator to modify BSA, KLH, and G6K. The result
that cholesterol esterase treatment abolishes AG23 bind-
ing to OxCE-BSA suggests the preservation of cholesteryl
(or its part) in the OxCE epitope recognized by AG23, or
that it is required for the correct configuration of the
AG23 epitope to be recognized. However, more detailed
characterization of the epitope is complicated by differ-
ences in the mass spectrometry strategies utilized to ana-
lyze proteins and lipids. We also do not know whether
oxidized cholesteryl linoleate covalent modification of a
protein would be recognized by AG23. An Ab to the oxi-
dized cholesteryl linoleate-protein conjugates has been
reported to detect epitopes in atherosclerotic lesions
(14), and oxidized cholesteryl linoleate is a predominant
OxCE found in human lesions (3, 11). AG23 is likely dif-
ferent from reported Abs to unesterified cholesterol, as
the majority of those were obtained by immunizing ani-
mals with cholesterol crystals or cholesterol-rich lipo-
somes (42). In addition to a different geometry of the
unesterified cholesterol molecule in crystals or in the

444 Journal of Lipid Research Volume 60, 2019

lipid bilayer from that of OxCE-protein conjugates, immu-
nogenicity of unesterified cholesterol was in large part de-
termined by the 3B-hydroxyl group (42), absent in CE.
Our findings that polyoxygenated cholesteryl arachidonate
hydroperoxides activate TLR4 and induce inflammatory
responses in macrophages (2) guided our strategy to de-
velop an Ab to biologically active proinflammatory adducts
of oxidized cholesteryl arachidonate to proteins.

In summary, we developed a new OSE Ab, which recog-
nizes OxCE epitopes on lipoproteins, and potential new
biomarker assays for measuring OxCE in apoB-100 and
apoAl lipoproteins. Future studies will determine whether
OxCE-related measures will predict CVD events and pro-
vide enhanced risk discrimination in addition to currently
measured clinical variables.
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