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Abstract A rapid sandwich enzyme-linked immunosorbent
assay (ELISA) for the quantitation of human apolipoprotein
(apo) A-I was developed. The assay uses a pair of noncompeting
purified monoclonal antibodies to detect apoA-I in plasma. The
antibodies used in this assay were selected because they bind
>90% of radioiodinated high density lipoprotein (HDL), they
identify “fresh” nondeamidated epitopes on apoA-I, and they
have comparable binding affinities for isolated HDL and HDL
in plasma. The assay was standardized with a plasma secondary
standard composed of lyophilized human serum. The assay was
used to measure the apoA-I levels in normal subjects, patients
with coronary artery disease, and patients with familial hyper-
cholesterolemia. The results indicate that certain monoclonal
antibodies can be used to reliably measure plasma levels of
apoA-I in diverse groups of subjects. — Hogle, D. M., R. S.
Smith, and L. K. Curtiss. Quantitation of plasma apolipo-
protein A-I using two monoclonal antibodies in an enzyme-
linked immunosorbent assay. J. Lipid Res. 1988. 29: 12211229,

Supplementary key words apoA-I « HDL

Recent studies have established the association between
elevated cholesterol levels and increased risk for pre-
mature atherosclerosis (1-5). Epidemiologic studies have
implied that elevated levels of plasma cholesterol spe-
cifically associated with low density lipoproteins (LDL)
are a risk factor for atherosclerosis. Furthermore, the
prevalence of coronary artery disease (CAD) was shown
to be inversely correlated with elevated levels of plasma
high density lipoprotein (HDL) (3, 6). More recently,
measurements of the predominant protein constituents of
HDL and L.LDL, apoprotein (apo) A-I and apoB, respec-
tively, were shown to provide additional information for

discriminating those at risk for ischemic heart disease
(7-11).

A number of immunoassay methods are used for the
determination of apoA-I in plasma. These include radio-
immunoassay (RIA) (12, 13), radial immunodiffusion
(RID) (14), enzyme immunosorbent assay (ELISA) (15,
16), and nephelometric procedures (17). However, prob-
lems associated with reproducibility, assay matrix, and
antibody specificity have hindered widespread acceptance
of these procedures (18). Moreover, quantitation of apoA-I
using monoclonal antibodies has been complicated by
reports of heterogeneity of HDL and apoA-I species (19),
and by the observation that the immunoreactivity of
apoA-I can be altered by chemical modifications or by
storage (20-22). Previously, we characterized the binding
of three apoA-I-specific monoclonal antibodies (19). These
antibodies bind both native HDL and isolated apoA-I,
but no single monoclonal antibody can bind and identify
100% of HDL. These antibodies were generated with iso-
lated and stored HDL as the immunogen, and in subse-
quent studies were shown to have enhanced binding for
alkaline-treated and/or deamidated HDL. Therefore, a
second set of antibodies was generated with fresh HDL as
the immunogen (22). Some of these antibodies bound
fresh HDL well and alkaline-treated HDL poorly, indicat-
ing that some epitopes on apoA-I are sensitive to the pro-
tein deamidation that can occur with alkaline treatment.

Abbreviations: CAD, coronary artery disease; ELISA, enzyme-linked
immunosorbent assay; HDL, high density lipoprotein; LDL, low density
lipoprotein; VLDL, very low density lipoprotein; apo, apolipoprotein;
RIA, radio immunoassay; RID, radial immunodiffusion; PBS, phosphate-
buffered saline; SDS, sodium dodecyl sulfate; d, density in g/ml relative
to water.
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Two of these second generation antibodies, AI-10 and
AlI-11, bound greater than 90% of radioiodinated HDL in
a fluid phase RIA (22).

Here we report the development and characterization
of a solid phase enzyme-linked immunoassay for the
measurement of apoA-I in human plasma utilizing these
monoclonal antibodies. The ELISA utilizes the apoA-I-
specific monoclonal antibodies, AI-10 and AI-11 (22), in a
“sandwich” format. The plasma samples do not require
pretreatment with lipid solubilizing agents to expose
apoA-I antigenic sites, and the total reaction time is 1 hr
at room temperature. Panels of plasma samples from nor-
mal subjects, patients with CAD, and patients with heter-
ozygous familial hypercholesterolemia were quantitated
and compared to the amounts of apoA-I measured with
commercially available RID and RIA assays. The results
indicate that the ELISA accurately measures apoA-I
levels in these specimens.

MATERIALS AND METHODS

Isolation and characterization of lipoproteins
and apolipoproteins

The lipoprotein fractions: VLDL (d < 1.006 g/ml),
IDL (d 1.006-1.019 g/ml), LDL (d 1.025-1.063 g/ml) and
HDL (d 1.063-1.21 g/ml) were isolated by standard
ultracentrifugation techniques from pooled, fresh normal
plasma that contained protease inhibitors and anti-
oxidants as described (23). After separation from plasma,
the HDL fraction was subjected to a clean-up spin at
d 1.063 g/ml to remove residual “heavy” LDL. All lipo-
proteins were dialyzed extensively against a lipoprotein
buffer containing 150 mmol NaCl, 300 mmol EDTA, and
0.005 ml of a-tocopherol per liter, pH 7.4. The lipo-
proteins were filter-sterilized and stored at 4°C. “Fresh”
HDL refers to HDL that was used within a week of iso-
lation.

The apoprotein composition of the isolated lipoproteins
was analyzed by polyacrylamide (75-200 g/l acrylamide
gradient) slab gel electrophoresis in the presence of 10 g/l
of SDS as described (19). The apoA-I isoforms were sepa-
rated by isoelectric focusing in polyacrylamide (60 g/l
acrylamide) slab gels containing 8 mol urea and 20 ml
ampholine (pH 4 ‘to 6) per liter as described (19, 22).
Lipoproteins were delipidated by boiling for 3 min in 10
g/1 SDS before electrophoresis, and the gels were stained
after electrophoresis with either Coomassie Brilliant Blue
(1 g/) R250 or silver nitrate. Gels containing radio-
iodinated lipoproteins were visualized by autoradiogra-
phy as described (19).

ApoA-1 was isolated from ether/ethanol-delipidated
HDL by high performance liquid chromatography with
G300SW TSK gel permeation columns as described by
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Kinoshita et al. (24). Fractions containing apoA-1 were
pooled and dialyzed against 1 mM ammonium bicar-
bonate and stored at —70°C. Purity of this apoA-1 was
verified by SDS-polyacrylamide gel electrophoresis and
silver staining. Purified apoA-I and apoA-II also were pur-
chased from Chemicon International, Inc. (El Segundo,
CA). Protein content of all lipoprotein and apolipoprotein
fractions was determined by a modified Lowry procedure
(25) with bovine serum albumin (BSA) as a standard.

Preparation and characterization of the monoclonal
antibodies

Monoclonal antibodies AI-10 and Al-11 were obtained
from two separate fusions of spleen cells from BALB/c
mice immunized as described (19, 22) with either fresh
glutaraldehyde-fixed HDL (AI-10) or fresh native HDL
(AI-11) using previously published protocols (19, 23). The
glutaraldehyde-cross-linked HDL was prepared by expos-
ing fresh HDL in phosphate-buffered saline at 20°C for
18 hr to glutaraldehyde at a final concentration of 0.04%
(22). Culture supernatants were screened for their capac-
ity to bind both immobilized HDL in a solid-phase RIA
and radiolabeled HDL in a fluid-phase RIA as previously
described (19). Positive hybridomas were cloned by limit-
ing dilution. Ascites fluids containing the antibodies were
obtained from BALB/c mice, which had been primed with
0.3 ml of mineral oil and injected intraperitoneally with
5 x 10° cloned hybridoma celis.

IgG subclasses of the ascites fluids were determined by
a commercial RID kit (Meloy Laboratories, Inc., Spring-
field, VA). Antibody AI-10 is an 1gG2, and AI-11 is an
IgG, subclass. The monoclonal antibodies were purified
from ascites fluid by passage through a Mono-Q column
(Pharmacia, Piscataway, NJ) on a Fast, High Performance
Liquid Chromatography (FPLC) System (Pharmacia)
with a 0-0.5 mol/l gradient of NaCl in 10 mmol/l Tris
buffer, pH 8.0. Purified AI-10 and AI-11 were conjugated
to horseradish peroxidase (HRPO) as described (26).

Immunoblot analysis of each of the apoA-I antibodies
was performed as described previously (19, 22). Electro-
phoretically separated lipoproteins were transferred to
nitrocellulose for reaction with dilutions of ascites fluids
specific for apoA-I. Monoclonal antibody binding was
detected by a second incubation with radioiodinated goat
anti-mouse IgG followed by autoradiography. Antibody
competition experiments (27) were performed to deter-
mine whether antibodies AI-10 and AI-11 recognized
identical or unrelated epitopes on HDL and apoA-I.
Twenty ng of purified AI-10 or AI-11 conjugated to HRPO
were incubated with 0-400 ng of unlabeled AI-10 or Al-11
for 30 min at 25°C in microtiter wells coated with 5 pg/ml
of purified HDL or apoA-I. After washing the plates, o-
phenylenediamine substrate was added and the assay was
completed as described below.
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The affinities of the antibodies for isolated HDL and
for plasma HDL were compared in competitive solid-
phase radioimmunoassays as described (19). The slopes of
the logit transformed lines were obtained by linear regres-
sion analysis and were subjected to tests of equality as
described (28).

Enzyme-linked immunosorbent assay (ELISA)

Polystyrene microtiter plates (Nunc-Immuno Plate I;
Irvine Scientific, Santa Ana, CA) were coated for 16 hr at
4°C with 0.15 mi of a 0.1 mol/l sodium bicarbonate buffer,
pH 9.0, containing 5.0 pg of purified AI-10 antibody per
ml. The plates were washed three times with 0.2-ml
volumes of phosphate-buffered saline (PBS), pH 7.3, con-
taining 0.136 mol of NaCl, 1.46 mmol of KH,PO,, 8.17
mmol of Na,HPQ,, and 2.68 mmol of KCI per liter, that
also contained 10 g/l of BSA and 5 ml/l of Tween 20.
Residual binding sites on the 96-well plates were blocked
by a 1-hr incubation at 37°C with 0.2 ml of PBS that con-
tained 100 g/l of BSA and 0.02 ml/1 of aprotinin. The wells
were washed three times with washing buffer, and the
plates were stored at 4°C in an airtight moist chamber for
up to 30 days.

A standard curve was prepared for each plate using
either HDL or purified apoA-I as a primary standard and
a lyophilized plasma or serum pool as a secondary stan-
dard. The secondary standard was prepared as pooled
plasma from 20 normal subjects. The pool contained 0.1
g/l sodium azide and was sterile-filtered. Aliquots of 0.5
ml were lyophilized in vials, sealed, and stored at 4°C for
up to 12 months. The apoA-I value of the secondary stan-
dard was determined by 20 repetitive assays in the sand-
wich ELISA using purified apoA-I as a primary standard.
The primary standards were diluted in PBS to concentra-
tions ranging from 1.0 to 0.031 pg/ml.

In each assay, five commercially available controls were
run in triplicate: q) Calbiochem Apolipoprotein A,
Human, Standard Serum (no. 178447; Behring Diagnos-
tics, La Jolla, Ca); ) Omega Lipid Fraction Control
Serum (no. 46106001A; Cooper Biomedical Diagnostic
Division, Freehold, NJ); ¢} Kontroll-Plasma (human) for
Partigen Immunodiffusion Plates (no. 512804; Behring
Diagnostics, La Jolla, CA), d) Isolab Lipotype Control
(no. 407020; Isolab Inc., Akron, OH), ¢) Lipotrol (no.
5069; Helena Laboratories, Beaumont, TX). Each con-
trol was prepared according to the manufacturer’s in-
structions.

Plasma or serum samples were diluted 5000-fold in
PBS. A volume of 0.05 ml of standards, controls, and
unknowns was added to the wells in triplicate, immedi-
ately followed by 0.05 ml of PBS containing a fixed con-
centration of antibody AI-11-HRPO conjugate. All plates
were set up within 4~5 min. The plates were incubated for
exactly 30 min at 25°C, then washed three times. A
volume (0.1 ml) of freshly prepared substrate (distilled

water containing 30 ml of 30% H,O; and 0.67 g of o-
phenylenediamine per liter) was added to each well and
color was allowed to develop at 25°C for 30 min. The
reaction was stopped by the addition of 0.05 ml of 4
mmo}/l H,80, and the absorbance of each well was deter-
mined at 490 nm using a 96-well plate reader (MR600;
Dynatech, Alexandria, VA).

Plasma collection and characterization

Matched plasma or serum samples were obtained from
20 patients (39-73 years of age) with coronary artery dis-
ease (CAD) as diagnosed in the cardiac catheterization
laboratory at the San Diego VA Hospital and from 20
patients with heterozygous familial hypercholesterolemia
(FH) from a clinic of the University of California, San
Diego. Protocols to obtain these samples were approved
by the Human Use Committee of the University of
California, San Diego. Blood was collected as well from 20
fasting subjects with normal cholesterol and triglyceride
levels. Samples were collected into tubes containing
EDTA (1.5 mg/ml of blood) and promptly separated by
centrifugation at 1500 g at 4°C. Total cholesterol and
triglycerides were measured in fresh plasma samples on
an ABA-200 bichromatic analyzer (Abbott Laboratories,
Irving, TX), with use of High Performance Cholesterol
Reagent (no. 236691; Boehringer-Mannheim Diagnostics,
Indianapolis, IN) and Triglycerides A-gent (no 6097,
Abbott Laboratories). LDL and HDL cholesterol were
measured using the Lipid Research Clinic procedures
(29). All plasmas were aliquoted and stored frozen at
-70°C. Plasma apoA-I concentration was determined by
use of two commercially available RID kits: “M-Partigen”
(Calbiochem-Behring, La Jolla, CA) RID #1 and “Diffu-
gen” (Tago, Ins., Burlingame, CA) RID #2. A radio-
immunoassay kit available from Iso-Tex Diagnostics
(Friendswood, TX) was also used. Each of the test kits
was performed according to the enclosed instructions
using the standards supplied by the manufacturer.

To test the effects of plasma storage on the measure-
ments of apoA-I, 0.5-ml aliquots of individual plasmas
from five normolipidemic subjects were obtained as
described above, placed into airtight polypropylene tubes,
and stored at 4°C, -20°C, and -70°C. At approxi-
mately weekly intervals the apoA-I in the samples was
quantitated.

RESULTS

Characterization of the monoclonal antibodies

In this assay, immobilized monoclonal antibody AI-10
was used as the capture antibody and soluble antibody
Al-11 conjugated with HRPO was used as the probe.
These antibodies were selected from a panel of 31 hybri-
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domas for their ability to bind to immobilized HDL and
apoA-I in a solid-phase RIA. Specificity of AI-10 and
Al-11 for apoA-I was demonstrated by protein staining
and immunoblotting of the electrophoretically separated
lipoproteins (22). In a fluid-phase RIA, these antibodies
bound 92.6% and 100% of freshly iodinated HDL, re-
spectively (22). Furthermore, it was shown previously that
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Fig. 1. Antibodies Al-10 and AI-11 bind separate epitopes on apoA-1.
Polyvinyl chloride, microtiter plates were coated with purified HDL (5
pg/ml in PBS) for 18 hr at 4°C. The plates were washed three times and
blocked with BSA in PBS (30 g/l) for 1 hr at 25°C. The plates were again
washed and 0.05 ml containing 20 ng of HRPO-labeled AI-10 (top) or
35 ng of HRPO-labeled Al-11 (bottom) was added to each well in the
presence of 0.05 ml of unlabeled purified AI-10 or AI-11 antibody. The
plates were incubated for 30 min at 25°C, washed three times, and 0.05
ml of substrate was added to all wells. Plates were incubated for an addi-
tional 30 min at 25°C, and the color development was stopped by the
addition of 0.05 ml of 4 N H,SO,. The absorbance was measured at
490 nm.
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Fig. 2. Antibodies AI-10 and AI-i1 bind isclated HDL and plasma
HDL with the same affinity. The affinities of the antibodies for isolated
HDL and HDL in plasma were compared in a solid-phase RIA employ-
ing HDL-coated plates. The capacity of plasma and HDL to compete
for a limiting amount of monoclonal antibody was measured as
described in Methods. The slopes of the logit transformed lines (shown
in parentheses) were obtained by linear regression analysis and subjected
to tests of equality. No differences between the slopes for HDL or plasma
were observed for either antibody at P > 0.1 using the two-tailed Stu-
dent’s £ test.

antibodies AI-10 and AI-11 bound separate and distinct
CNBr fragments of apoA-I (22).

Verification that these antibodies identified separate
and distinct epitopes on HDL was obtained in antibody
competition assays. A 20-fold excess of purified antibody
AI-11 did not compete with a limiting amount of HRPO-
labeled AI-10 for binding to immobilized HDL-coated
wells (Fig. 1, top). Similarly, a 12-fold excess of unlabeled
antibody AI-10 did not compete with peroxidase-labeled
Al-11 for binding to HDL (Fig. 1, bottom). Similar results
were obtained with apoA-I-coated plates (data not
shown).

To establish that both antibodies identified isolated
HDL and HDL in plasma with the same apparent affinity,
HDL and plasma were added as competitors to a solid-
phase RIA. Plates were coated with HDL and increasing
amounts of homologous HDL and plasma were added in
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Fig. 3. Detection with the ELISA of apoA-l in apoproteins,
lipoproteins, and plasma. AI-10-coated polystyrene microtiter plates
were prepared as described in Methods. Increasing amounts (0.05 ml)
of HDL, apoA-I, apoA-1I, LDL, VLDL, and the lyophilized secondary
plasma standard were assayed as described with HRPO-conjugated
Al-11 antibody. The apoA-I and apoA-II used in this assay were pur-
chased from Chemicon. The concentration of apoA-I in the secondary
standard (gg/ml) and in HDL was determined by separate immunoas-
say. The protein concentration of the other competitors was determined
by a modification of the Lowry procedure (25). Isolated HDL, apoA-I,
and the secondary standard exhibited essentially the same slope as as-
sessed by tests for equality of the slopes (28).

the presence of limiting amounts of antibody. No differ-
ences in affinity of either antibody for plasma or isolated
HDL were observed, as evidenced by the fact that there
were no differences in the slopes of the logit transformed
regression lines of either competitor (Fig. 2). Similar ana-
lyses performed on four different occasions with four
different sources of HDL and plasma gave similar results.

Validation of the ELISA

First, the abilities of antibodies AI-10 and AI-11 to react
with isolated lipoproteins, apoproteins, and human
plasma in the sandwich ELISA were compared. Increas-

ing concentrations of isolated VLDL, LDL, HDL, apoA-
I, apoA-II, and human plasma (secondary standard) were
added to the capture assay (Fig. 3). Results of binding
studies observed with the secondary standard and with
HDL were plotted on the basis of their apparent content
of apoA-I assessed by separate immunoassay. All others
were plotted on the basis of total protein added. As deter-
mined by slope analysis, HDL, apoA-I, and the secondary
standard were recognized with similar affinities in this
sandwich ELISA format. In this assay the apoA-II was
also recognized. However, a 40-fold increase in apoA-II
protein was required to achieve binding similar to that of
the apoA-I. This observation could be accounted for by
the presence of small amounts of apoA-1 in this commer-
cially prepared apoA-II fraction, because no binding of
apoA-II was observed by either of these antibodies with
Western blot analysis (22). ApoA-I was not detected in the
ELISA in isolated VLDL or LDL at protein concentra-
tions of <3 ug/ml (Fig. 3).

The intra-assay coefficient of variation (cv), which was
determined by assaying three different plasma samples at
least 23 times in a single assay, ranged from 5.2% to 8.6%
(Table 1). The interassay cv, which was determined by
testing three samples in numerous assays over a 3-month
period, ranged from 9.8% to 11.7% (Table 1). To assess
the accuracy of the assay, we performed spike and recov-
ery experiments in which known quantities of isolated
HDL or apoA-I were added to five separate plasma sam-
ples that were then assayed as unknowns. In these experi-
ments the observed recovery of HDL ranged from 97% to
109%, and the observed recovery of apoA-I was 106% to
112% (Table 2). The sensitivity of the apoA-I ELISA,
which was defined as the smallest concentration that
could be distinguished from zero, was 0.13 mg/dl of apoA-
I. An assessment of the linearity of the measurements
showed that apoA-I concentrations in three separate
plasmas could be measured accurately over an eightfold
range of plasma dilutions (Table 3).

Finally, to assess the effects of sample storage on mea-
surements of apoA-I with the ELISA, aliquots of five
normolipidemic samples were stored at 4° -20° and
-70°C and assayed over a period of 32 weeks. The results
demonstrate that samples stored at 4°C had dramatically
lower apoA-I values after 8 weeks of storage (Fig. 4, A).
However, the apoA-I values for the five plasma samples

TABLE 1. Intra- and interassay variability of the apoA-I ELISA

Intra-assay Interassay
Plasma 1 Plasma 2 Plasma 3 Plasma ¢ Plasma 5 Plasma &
No. of determinations 24 24 23 102 26 38
Mean apoA-1 + SD (mg/dl) 60 + 5 238 + 14 274 + 14 183 + 10 130 + 13 236 + 28
cv (%) 8.6 5.9 5.2 11.6 9.8 11.7
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TABLE 2. Accuracy of the apoA-I ELISA. Recovery of HDL or apoA-I added to normal human plasma

HDL ApoA-1
Plasma 1 Plasma 2 Plasma 3 Plasma 4 Plasma 5
Sample (mg/dl) 82 82 78 78 43
Spike (mg/dl) 50 100 200 10 50
Theoretical (mg/dl) 132 182 278 88 93
Observed (mg/dl) 144 180 270 94 104
Recovery (%) 109 98.9 97.3 106 112

stored at —20°C or -70°C appeared to be stable for up
to 32 weeks of storage (Fig. 4, B and C).

Application of the ELISA

To assess the capacity of the ELISA to accurately mea-
sure apoA-I over a broad range of plasma apoA-I concen-
trations, we measured the levels of apoA-I in 23 normal
subjects, 24 patients diagnosed as having coronary artery
disease, and 22 patients with untreated heterozygous
familial hypercholesterolemia. Among the 69 subjects a
significant correlation was observed between apoA-I
values obtained by the ELISA and the plasma levels of
HDL cholesterol (r = 0.7123, P = 0.001) (Fig. 5). To
compare the accuracy of the ELISA with other estimates
of plasma apoA-I, we measured apoA-I in the same sam-
ples with three other immunoassays including two sepa-
rate commercial RID assays and a commercial RIA. Each
assay was performed as described by the manufacturer
using the standards supplied with each assay. For each
separate assay a significant correlation was observed be-
tween apoA-I and HDL cholesterol. The correlations
were 0.42, 0.64, and 0.54 for RID #1, RID #2, and the
RIA, respectively. Thus, the correlation between HDL
cholesterol and apoA-I was the greatest with the ELISA.
Furthermore, although the correlations of the apoA-I
measurements obtained with the ELISA and the other
three assays were each significant (P = 0.001), the 7 values
were lower (Fig. 6). In fact, systematic biases were
observed with each of the assays that could be attributed
to differences in assay methodologies, standardization,

TABLE 3. Linearity of apoA-I measurement

ApoA-I
Dilution Plasma 1 Plasma 2 Plasma 3
mg/dl
1:2,000 167 171 146
1:4,000 181 206 148
1:8,000 141 173 126
1:16,000 162 206 147
Mean + SD 163 + 14 189 + 17 142 + 9
cv 8.8% 8.9% 6.4%
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Fig. 4. Effects of sample storage on apoA-I levels in plasma. Five nor-
molipidemic plasmas were filter-sterilized and stored in airtight poly-
propylene tubes at 4°, ~20° and -70°C. The aliquots were assayed at
the time intervals noted on the ordinate in the apoA-I ELISA. The inter-
assay coefficient of variation for these assays ranged from 9.8% to 11.7%.
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Fig. 5. Correlation between apoA-I of plasma measured with the
ELISA and HDL cholesterol. The plasmas of 69 subjects, including 23
normals, 24 patients with CAD, and 22 patients with heterozygous type
IT FH, were assayed with the apoA-1 ELISA. All plasmas were assayed
after storage at —-70°C.

and the characteristics of the antibodies used. Listed in
Table 4 are apoA-I values determined by each of the
assays in each subject group. In normal subjects, the
mean apoA-I value measured in the ELISA was 125 + 28
mg/dl. This apoA-I value is in agreement with published
values for apoA-I (18). No significant differences were ob-
served in plasma apoA-I levels from patients with heter-
ozygous familial hypercholesterolemia and normal sub-
jects. However, apoA-I levels in patients with coronary
artery disease were significantly lower than those of the
normal control group.

DISCUSSION

In this report, we have described a new ELISA to quan-
titate apoA-I in plasma. This assay is in a format that is
identical to our apoB ELISA including the use of a com-
mon secondary standard (27). Dilutions of untreated
human plasma or serum along with peroxidase-labeled
antibody AI-11 are incubated in microtiter wells coated
with antibody AI-10. The assay uses phosphate-buffered
saline as a diluent and a total incubation time of 1 hr at
room temperature. The common methodologies and
secondary standards should permit simultaneous mea-
surements of both apoA-I and apoB.

Our earlier attempts to quantitate apolipoprotein A-I
by immunochemical means using monoclonal antibodies
were hindered by the lack of immunologic reagents that
would bind greater than 60% of apoA-I or HDL. This
heterogeneity of apoA-I epitopes on purified HDL was
documented with our first generation of antibodies
specific for apoA-I (19). In these studies, none of the anti-
bodies, separately or in combination, could bind 100% of
HDL. Measurement of apoA-I has also been complicated
by problems due to protein/protein or protein/lipid inter-

actions that could mask antigenic sites (12). ApoA-I often
had to be exposed by detergent- or heat-treatment before
it could be accurately quantitated. Recently, it was
reported that apoA-I could be deamidated in vitro by
storage or by exposure to alkaline solutions (20-22). This
deamidation of apoA-I was shown to affect the immuno-
reactivity of apoA-I when some monoclonal reagents were
used (20-22). Therefore, careful choices of the
monoclonal antibodies, which are to be used for plasma
assays of total apoA-I, must be made. In this report, we
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Fig. 6. Correlation of apoA-I measured with the ELISA to apoA-I
values measured by three other commercial immunoassays. RID #1 (A)
was the Calbiochem-Behring “M-Partigen” assay; RID #2 (B) was the
Tago “Diffugen” assay, and the RIA (C) was from Iso-Tex Diagnostics.
Each assay was performed exactly as described by the manufacturers us-
ing the standards supplied with the kit.
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TABLE 4. Summary of apoA-I values for normal, coronary artery disease and familial hypercholesterolemia subjects’

ApoA-1I
RID #1° RID #2° RIA? ELISA’

Normal subjects

n 21 21 20 23

Mean + SD (mg/dl) 214 + 34 144 + 41 107 + 42 125 + 28
Coronary artery disease patients

n 23 24 24 24

Mean + SD (mg/dl) 186 + 26 107 & 46 75 + 12 99 + 23
Familial hypercholesterolemia patients

n 22 22 22 22

Mean + SD (mg/dl) 166 + 33 130 + 33 94 + 18 131 + 36

“Differences observed between the normal and CAD patients were significant at P = 0.01. No significant differences were observed between the

normal subjects and the FH patients.
*Behring-Calbiochem Radial Immunodiffusion Assay.
“Tago Radial Immunodiffusion Assay.
“Isotex Radioimmunoassay.
‘ApoA-I ELISA.

described the use of a new generation of monoclonal anti-
bodies to apoA-I in a sandwich type ELISA for the quan-
titation of apoA-I.

The binding characteristics of both antibodies have
been reported previously (22). The epitope on apoA-I
bound by antibody AI-10, the immobilized capture anti-
body, is not labile to alkaline treatment. The antibody
binds greater than 92% of total HDL in a fluid-phase
RIA and recognizes a spectrum of CNBr fragments that
includes CNBr fragments 2 and/or 3. The epitope on
apoA-I bouind by antibody AI-11, the antibody used as
the enzyme-conjugated detecting antibody, is expressed
preferentially on fresh HDL. The antibody binds 100% of
radiolabeled HDL and recognizes an epitope on CNBr
fragment 1 (22). Competition results reported here
confirm that these two antibodies recognize distinct epi-
topes on apoA-I, confirming that they would be ideally
suited for use in a sandwich enzyme immunoassay. More
importantly it was shown that these antibodies bind both
isolated HDL and HDL in plasma with the same appar-
ent affinity. The assay framework used here with AI-10 as
the immobilized capture antibody and AI-11 as the
labeled probe, consistently yielded optimal assay sensitiv-
ity, assay linearity, and accurate and reliable quantitation
of apoA-I in plasma.

The need for a stable apoA-I standard, exhibiting reli-
able reactivity upon long-term storage, is obvious.
Purified apoA-I or HDL standards do not fulfill the
criteria (18). Therefore, the choice was made to incor-
porate a pooled plasma secondary standard into the assay.
Purified apoA-I was then used to assign an apoA-I value
to this secondary standard. In fact, patient sample values
obtained in assays calibrated with a secondary standard
correlated very well with values obtained in assays cali-
brated with a primary standard (r = 0.933).

1228  Journal of Lipid Research Volume 29, 1988

This assay procedure is simple and rapid, and offers
numerous advantages over previously described apoA-I
assays. Either plasma or serum can be used for analysis
with no sample pretreatment to expose masked antigenic
sites. Also, samples can be assayed after short-term (days)
storage at 4°C or long-term storage (weeks) at —20° or
—70°C. Total incubation time is only 1 hr at room tem-
perature allowing completion of the assay within 2 hr.
Finally, the use of antibodies AI-10 and Al-11, which
recognize greater than 90% of iodinated HDL, as the
capture and conjugated antibodies, insures the accuracy
of apoA-I quantitation. B

This is Publication Number 5173-IMM from the Department of
Immunology of the Research Institute of Scripps Clinic, La
Jolla, CA 92037. This work was supported by a grant from
Ortho Diagnostics Systems, Inc., Raritan, NJ. We would like to
thank Drs. J. L. Witztum and S. A. Young of the University of
California, San Diego, Specialized Center for Research in
Atherosclerosis, for providing us with clinical samples and
documentation along with many helpful discussions. We would
also like to thank Kathy E. McDaniel, Peta-Maree Lamb,
Michele Bouffard, and Kathi Richards for expert technical as-
sistance and Joy Lozano for manuscript preparation.
Manuscript received 21 December 1987 and in revised form 28 March 1986.

REFERENCES

1. Lipid Research Clinics Program. 1984. The Lipid Research
Clinics Coronary Primary Prevention Trial Results. I
Reduction in incidence of coronary heart disease. /. Am.
Med. Assoc. 251: 351-364.

2. Newman, W. P,, D. C, Freedman, A. W, Voors, P. D. Gard,
S. R. Srinivasan, J. L. Cresanta, G. D. Williamson, L. S.
Webber, and G. S. Berenson. 1986. Relation of serum
lipoprotein levels and systolic blood pressure to early

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

10.

11.

12.

13.

14.

15.

16.

atherosclerosis. The Bogalusa heart study. N. Engl. J. Med.
314: 138-144.

Goldbourt, U., L. Cohen, and H. N. Neufeld. 1986. High
density lipoprotein cholesterol: prognosis after myocardial
infarction, The Israeli ischemic heart disease study. Int. J.
Epidemiol. 15: 51-55.

. Rifai, N. 1986. Lipoproteins and apolipoproteins. Compo-

sition, metabolism, and association with coronary heart
disease. Arch. Pathol Lab. Med. 110: 694-701.

Brown, M. S, P. T. Kovanen, and J. L. Goldstein. 1981.
Regulation of plasma cholesterol by lipoprotein receptors.
Science. 212: 628-635.

Gordon, T., W, P. Castelli, M. C. Hjortland, W. B. Kannel,
and T. R, Dawber. 1977. High density lipoprotein as a pro-
tective factor against heart disease. The Framingham
Study. Am. J. Med. 62: 707-714.

Sniderman, A., S. Shapiro, D. Marpole, B. Skinner,
B. Teng, and P. O. Kwiterovich, Jr. 1980. Association of
coronary atherosclerosis with hyperapobetalipoproteinemia
(increased protein but normal cholesterol levels in human
plasma low density (B) lipoproteins). Proc. Natl. Acad. Sci.
USA. 77: 604-608.

Van Stiphout, W. A. H. J.,, A. Hofman, H. A. C. M.
Kruijssen, R. Vermeeren, and P. H. E. Groot. 1986. Is the
ratio of apoB/apoA-I an early predictor of coronary athero-
sclerosis? Atherosclerosis. 62: 179-182.

Avogaro, P., G. Cazzolato, G. Bittolo Bon, and G. B.
Quinci. 1979. Are apolipoproteins better discriminators
than lipids for atherosclerosis? Lancet. I: 901-903.
Franzen, ]., and G. Fex. 1986. Low serum apolipoprotein
A-T in acute myocardial infarction survivors with normat
HDL cholesterol. Atherosclerosis. 59: 37-42.

Kottke, B. A, A. R. Zinsmeister, D. R. Holmes, R. W.
Kneller, B. J. Hallaway, and S. J. T. Mao. 1986. Apolipo-
proteins and coronary artery disease. Mayo Clin. Proc. 61:
313-320.

Maciejko, J. J., and 8. J. T. Mao. 1982. Radioimmunoassay
of apolipoprotein A-I. Application of a non-ionic detergent
(Tween-20) and solid phase staphylococcus. Clin. Chem. 28:
199-204.

Schonfeld, G., and B. Pfleger. 1974. The structure of
human high density lipoprotein and the levels of apolipo-
protein A-1 in plasma as determined by radioimmunoassay.
J. Clin. Invest. 54: 236-246.

Albers, J. J., P. W, Wahl, V. G. Cabana, W. R. Hazzard,
and J. J. Hoover. 1976. Quantitation of apolipoprotein A-I
of human plasma high density lipoprotein. Metabolism. 25:
633-644.

Bury, J., and M. Rosseneau. 1985. Quantification of human
serum apolipoprotein A-I by enzyme immunoassay. Clin.
Chem. 31: 247-251.

Koritnik, D. L., and L. L. Rudel. 1983. Measurement of
apolipoprotein A-I concentration in nonhuman primate

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hogle, Smith, and Curtiss

serum by enzyme-linked immunosorbent assay (ELISA).
J- Lipid Res. 24: 1639-1645.

Shapiro, D., F. C. Ballantyne, and J. Shepherd. 1980. Com-
parison of immunonephelometry and electroimmunoassay
for estimation of plasma apolipoprotein A-1. Clin. Chim.
Acta. 103: 7-13.

Steinberg, K. K., G. R. Cooper, S. R. Graiser, and M. Ros-
seneu. 1983. Some considerations of methodology and stan-
dardization of apolipoprotein A-I immunoassays. Clin.
Chem. 29: 415-426.

Curtiss, L. K., and T. S. Edgington. 1985. Immunochemi-
cal heterogeneity of human plasma high density lipo-
proteins. Identification with apolipoprotein A-1 and A-II
specific monoclonal antibodies. J. Biol. Chem. 260: 2982-
2993.

Milthorp, P, P. K. Weech, R. W. Milne, and Y. L. Marcel.
1986. Immunochemical characterization of apolipoprotein
A-I from normal human plasma. In vitro modification of
apoA-I antigens. Arteriosclerosis. 6: 285-296.

Marcel, Y. L., D. Jewer, C. Vézina, P. Milthorp, and P. K.
Weech. 1987. Expression of human apolipoprotein A-1 epi-
topes in high density lipoproteins and in serum. J Lipid
Res. 28: 768-777.

Curtiss, L. K., and R. S. Smith. 1987. Immunochemical
heterogeneity of HDL. Proceedings of the Workshop on
Lipoprotein Heterogeneity. NIH Publication 87-2646.
363-377.

Curtiss, L. K., and T. S. Edgington. 1982. Immunochemi-
cal heterogeneity of human plasma apolipoprotein B. 1.
Apolipoprotein B binding of mouse hybridoma antibodies.
J- Biol. Chem. 257: 15213-15221.

Kinoshita, M., M. Okazaki, H. Kato, T. Teramoto, T. Mat-
sushima, C. Naito, H. Oka, and 1. Hara. 1983. Simple
method for analysis of apolipoproteins in high density
lipoproteins by high performance liquid chromatography.
J. Biochem. 94: 615-617.

Markwell, M. A. K., S. M. Hass, L. L. Bieber, and N. E.
Tolbert. 1978. A modification of the Lowry procedure to
simplify protein determination in membrane and lipo-
protein samples. Anal. Biochem. 87: 206-210.

Nakane, P. K., and A. Kawaoi. 1974. Peroxidase-labeled
antibody. A new method of conjugation. J. Histochem.
Cytochem. 22: 1084-1089.

Young, S. G., R. S. Smith, D. M. Hogle, L. K. Curtiss, and
J. L. Witztum. 1986. Tivo new monoclonal antibody-based
enzyme-linked assays of apolipoprotein B. Clin. Chem. 32:
1484-1490.

Sokal, R. R., and F. J. Rohlf. 1981. Biometry. 2nd ed.
W. H. Freeman Co., San Francisco, CA. 561-616.

Lipid Research Clinics Program. 1974. Manual of Labora-
tory Operations, Vol. 1. Lipid and Lipoprotein Analysis.
DHEW Publication No. 75-628 (NIH). 2nd ed. Washing-
ton, DC, Govt. Printing Office.

An ELISA for plasma apoA-I 1229

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

