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Abstract

A MAb (TP-2) directed against human cholesteryl ester
transfer protein (CETP) has been applied to the development
of a competitive solid-phase RIA. Experiments with immobi-
lized CETPhave shown that upon incubation with plasma or
HDL in the presence of Tween (0.05%) apo A-I (but not apo
A-II) binds to CETPwhile TP-2 binding to CETPis concomi-
tantly decreased. With high detergent concentration (0.5%
Triton), the interference is eliminated and a specific RIA in
which all plasma CETPfractions have the same affinity can be
obtained. Plasma levels of CETP, apo A-I, lipids, and lipopro-
teins were measured in 50 normolipemic, healthy subjects of
both sexes. CETP levels varied nearly fourfold with a mean
value of 1.7 gg/ml. CETPwas positively correlated only with
apo A-I (r = 0.38) and HDL-triglyceride (r = 0.39). In 29 other
normolipemic subjects, where several apolipoproteins were
also measured, significant correlations of CETPwith apo A-I
(0.41), apo E (0.43), and HDL-cholesterol (0.41) were ob-
served, but there was no significant relationship between
CETP and either apo A-II, B, or D. In other experiments
CETPwas shown to be present mostly in HDL3and VHDL, to
display exclusively an a2-electrophoretic migration, and to
occur within discrete particles ranging in size from 129 to 154
kD. In conclusion, the association of CETPwith apo A-I-con-
taining lipoproteins probably explains the correlation between
CETPand apo A-I levels. The relationship between CETPand
apo E suggests either a commonmetabolism or a specific coop-
erative role in cholesterol ester transport for these proteins. (J.
Clin. Invest. 1990. 85:10-17.) cholesterol * cholesteryl ester
transfer protein- high-density lipoprotein- lipoprotein

Introduction

Plasma lipoproteins are continuously modified during intra-
vascular metabolism by the exchange and transfer of lipids and
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apolipoproteins (1). Transfer of cholesteryl esters, triglycer-
ides, and phospholipids is facilitated by a specific protein
identified as cholesteryl ester transfer protein (CETP).' Puri-
fied human CETP(2) was used recently to obtain MAbs that
were shown to inhibit or remove from plasma all transfer ac-
tivities for cholesteryl esters and triglycerides and some of the
phospholipid transfer activity (3). The remaining activity was
mediated by a distinct protein, identified as phospholipid
transfer protein, that does not transfer neutral lipids (4).

CETP is responsible for the net mass transfer of the cho-
lesteryl esters formed by lecithin:cholesterol acyltransferase
(LCAT) within HDLto the triglyceride-rich lipoproteins, chy-
lomicrons, and VLDL (5). Since the latter are simultaneously
transformed by lipolytic enzymes into remnants and interme-
diate density lipoproteins, which are subsequently removed by
the hepatic receptors or further processed into LDL (6, 7), it is
clear that CETP directly mediates an important alternate
pathway in the intravascular transport of cholesteryl esters.

The MAbsagainst CETPhave allowed the development of
an RIA for the determination of CETPlevels as reported in a
preliminary communication (8). A modified version of this
assay reported here has been applied to measure plasma CETP
levels in normolipemic subjects and to relate them to the lipid
and lipoprotein parameters that define normal healthy sub-
jects. Wealso define here the distribution of CETPin plasma
lipoprotein subfractions separated by density, size, and charge.

Methods

Blood samples. Blood was obtained from normolipemic healthy volun-
teers recruited from the personnel of the Clinical Research Institute of
Montreal and Toronto's St. Michael's Hospital after a 12-h fast unless
otherwise indicated. The study was approved by the local institutional
review boards. None of the subjects were taking any lipid-active medi-
cation. EDTAplasma was collected under standard conditions and a

serine protease inhibitor (diethyl paranitrophenyl phosphate, E600, 2
mM)was added to all samples. Lipoproteins were separated either by
sequential isopycnic ultracentrifugation (9) or by discontinuous gra-
dient ultracentrifugation (10). Plasma samples were stored at 4VC and
analyzed for CETPwithin I wk or stored at -80'C.

Tween-based RIA for CETP. Antibody 5C7, now called TP-2 (3),
was selected on the basis of its high immunoreactivity with native
plasma CETPfor the development of a solid-phase competitive RIA.
The primary antigen represented by the partially purified CETPob-
tained after carboxy-methyl (CM)-cellulose chromatography (2) was

diluted to 6 Atg protein/ml with 15 mMNa2CO3, 35 mMNaHCO3,
0.02% NaN3, pH 9.6, and added (200 Ad) to plastic wells (Removawells;
Dynatech Laboratories, Inc., Alexandria, VA). The wells were kept in a
moist chamber at 20°C for 18 h, then washed once with PBS and
saturated with 300 Ml PBS with 1% BSA, 0.02% NaN3, and 1 mM
EDTAat pH 7.2 for 60 min. The wells were washed once with PBSand
refilled with 200 M1 of a mixture of equal volumes of MAbTP-2 and
antigen, both diluted with the reaction buffer (PBS with 1% BSA,
0.02% NaN3, and 0.05% Tween-20). After 90 min at 20°C the wells
were washed three times with reaction buffer, blotted dry, and incu-
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bated another 90 min at 20'C with 200 ,d of '251-anti-mouse IgG (2
X 105 cpm/well representing 22 ng of labeled antibody) prepared as
described earlier (1 1). The wells were washed three times with reaction
buffer, blotted dry, and counted in a gammacounter.

Triton-based RIA for CETP. The coating and saturation steps were
identical to those in the Tween assay. The dilutions of competing
antigen were prepared in PBS with 1% BSA, 0.02% NaN3, 1 mM
EDTA at pH 7.2, and Triton X-100 (1% final concentration) and
incubated at 370C for 90 min or at 20'C for 18 h with the same results.
Equal volumes (100 gl) of the diluted and incubated antigen and
1251-labeled TP-2 (100,000 cpm, 9 nCi/ng IgG protein in PBSwith 1%
BSA, 0.02% NaN3, and 1 mMEDTAat pH 7.2) were mixed and added
to the wells. The competitive immunoreaction was carried out at 20'C
for 90 min with a final concentration of 0.5% Triton. The wells were
then washed three times with PBS, blotted dry, and counted.

The appropriate dilution of TP-2 was determined by antibody ti-
tration and the concentration used in the assay (diluted 1:150,000)
provided - 50%of maximum binding with plasma diluted - 1:32 or
1:64. The intra- and interassay coefficients of variation at - 1.6 Og
CETP/ml were 6.3 and 8.2%, respectively. The lower limit of detection
of the assay was - 20 ng CETP/ml. A secondary standard serum pool
was prepared from four normolipemic donors, diluted fourfold with
PBS containing I mMEDTA, I mMPMSF, I mME600, and 0.02%
NaN3, and kept at -80QC. This standard pool was calibrated with pure
CETP(based on electrophoretic criteria of charge and Mr) obtained by
triglyceride-emulsion binding and gel filtration (2) and treated with
either 0.1 SDSor 0.5% Triton for 30 min at 37°C (with similar results)
before dilution for RIA. The mass of CETPin the primary standard
was determined by amino acid analysis after delipidation with hexane.
Norleucine was added as an internal standard before the delipidation
step.

Immunoblotting of agarose gel and polyacrylamide gradient gel
electrophoresis. Plasma lipoproteins were electrophoresed on agarose
gels (Paragon Lipo Gels; Beckman Instruments, Inc., Palo Alto, CA)
according to the instructions of the manufacturer. After electrophore-
sis the lipoproteins were transferred to nitrocellulose paper (0.45 Mm;
Schleicher & Schuell, Inc., Keene, NH) by providing contact between
the gel and a sheet of wet nitrocellulose paper. As judged by Sudan
black staining of the gels, the transfer was completed in 5 min. The
nitrocellulose paper was saturated with 3% polyvinylpyrrolidone
(- 44,000 mol wt; BDHInc., Montreal, Que.) in Tris-buffered saline
(I h, 37°C) and further processed as described previously (12). Autora-
diography was performed on XAR-5 film (Eastman Kodak Co., Roch-
ester, NY) with an intensifier screen (Cronex; DuPont Instruments,
Wilmington, DE). Nondenaturing electrophoresis of plasma was per-
formed on polyacrylamide gradient gels (4-30%; Pharmacia, Uppsala,
Sweden) in 14 mMTris, 110 mMglycine, 0.0 1% NaN3, pH 8.3, as
described earlier ( 13), and after electrophoretic transfer on nitrocellu-
lose paper the immunoblots were carried as described (12).

Analyses. Plasma cholesterol and triglyceride, HDL-cholesterol
and triglyceride, and LDL-cholesterol were determined by the
methods of the Lipid Research Clinic protocol (14) at the Core Lipid
Laboratory, St. Michael's Hospital, with the assistance of Dr. Philip
Connelly. All RIA for immunoassays of apolipoproteins have been
described previously, including apo A-I (15), B (1 1), D(16), and E (17).
The RIA for apo A-II was carried out using a MAbthat was a generous
gift from Dr. Linda Curtiss (Scripps Institute, La Jolla, CA).

Statistical methods. Partial correlation analyses (Pearson correla-
tion coefficients) and stepwise multiple regression analyses were per-
formed using the SAS statistical package (18).

Results

Based on the capacity of this MAbto inhibit and remove all
CETPactivity from human plasma and on the strength of the
signal obtained, MAbTP-2 was chosen for the development of
a competitive solid-phase RIA for plasma CETP. In the pres-

ence of Tween and as described under Methods, complete
displacement of the antibody could be obtained with either
serum, plasma, or purified CETPpreparations.

When this assay was first applied to the determination of
CETP levels in a large group of normolipemic subjects (8),
CETPwas found to be significantly correlated with apo A-I
(0.63) and to a lesser extent with HDL-cholesterol (0.45), but
not with any other plasma lipid or lipoprotein parameters.
However, the presence of a factor interfering in the assay was
subsequently suspected when significant levels of CETPwere
measured in normal plasma immunodepleted of CETPas well
as in hyperalphalipoproteinemic plasma (19) in which we
could not detect CETP by immunoblotting techniques (not
illustrated) and in which neutral lipid transfer activity could
not be demonstrated.

Interference of apo A-I in the Tween-based
CETPimmunoassay
The above observations suggested some heterogeneity of the
CETPantigen. Wefirst postulated a difference in conforma-
tion of CETPwhen it is in solution, as in the RIA, and when it
is in solid phase, as in immunoblots. However, a second inter-
pretation was that the interference was due to another plasma
protein. Considering the unexpected correlation found be-
tween CETPand apo A-I (8) we postulated that the interfering
factor might be apo A-I itself, and to make the assay more
specific we tested a number of different detergents to be used
in a pretreatment of the competing antigen and during the
competitive immunoreaction. While some improvement was
noted with SDS at concentrations of 0.1 and 0.2%, the best
results were obtained with Triton when used at concentrations
of 1% during the preincubation of the competing antigen and
0.5% during the competitive immunoreaction. This is demon-
strated in an experiment where a native plasma and a corre-
sponding CETP-depleted plasma, prepared by double passage
over an immunoadsorber (TP-2-Sepharose) and shown to be
CETPnegative by immunoblot, were compared in RIA car-
ried out with either Tween or Triton (Fig. 1). In the Tween
assay the CETP-depleted plasma still displayed 42% of CETP
immunoreactivity in the initial plasma, whereas in the Triton
assay the same fraction had only 4% of the initial CETPcon-
centration.

To verify that this observed improvement in the specificity
of the assay with Triton was indeed due to an initial interfer-
ence by apo A-I or apo A-I-containing lipoproteins, the fol-
lowing experiment was carried out. Plastic wells were coated
with the CETPnormally used as solid-phase antigen (CM-cel-
lulose purified CETP), saturated with BSA, and incubated in
the presence of Tween or Triton with dilutions of either
plasma or BSA. The wells including controls lacking CETP
were then incubated with antibodies against different apolipo-
proteins, or with TP-2 in the presence of the appropriate de-
tergent, and the bound antibody quantified. Upon incubation
of plasma in the presence of Tween, a high level of apo A-I
bound to the immobilized CETP (i.e., 7,000-15,000 cpm of
125I-anti-apo A-I IgG over background) but was eliminated in

the presence of Triton. In contrast, there is no binding of apo
A-II with either detergents, a result that corroborates previous
observations on the association of CETPwith apo A-I but not
with apo A-II (20). In the same experiments we verified that
labeled TP-2 binding to the wells coated with CETPwas de-
creased (30%) when these wells were preincubated with plasma
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Figure 1. Effects of detergents on the competitive
.2 displacement of MAbTP-2 by plasma (solid line)

or plasma immunodepleted of CETPby double
-I -o 160 lomo passage on TP-2-Sepharose (open symbols). The

dilutions were calculated based on the starting
an plasma.

or HDLin the presence of Tween and washed, thus supporting
the notion of an interference by apo A-I lipoproteins.

Validation and standardization of the
Triton-based assay for CETP
The antigen present in serum was found to be stable for several
days at 40C and comparison of several sera stored at 4 and
-80'C up to 18 d indicated that sera stored at 40C were less
immunoreactive than frozen samples after 14 d. Therefore, in
all studies reported here CETPlevels were measured within a

week of obtaining blood samples or the sera were stored
frozen.

Normolipemic plasma samples were pretreated with var-

ious detergents and chaotropic agents or conditions to evaluate
if more immunoreactive epitopes could be obtained. Treat-
ment with urea (2, 4, or 8 M) or guanidine HCl (4 M) for 60
min at 370C decreased the expression of CETPepitope, as did
treatment with either 0.1% EDTAor 0.5 Mdivalent ions, but
repeated (three times) freezing and thawing had no effect.
Therefore, none of these disruptive conditions significantly
increased the immunoreactivity of serum with MAb TP-2,
indicating that all CETPmolecules of plasma express the epi-
tope for TP-2 under these conditions of assay.

A pool of normolipemic sera was prepared to serve as a

secondary standard for the RIA and calibrated with several
preparations of pure CETP. At each stage of CETPpurifica-
tion the affinity of TP-2 for the antigen was comparable (Fig.
2) and parallel displacement curves were obtained indicating

1.0 - Figure 2. Competitive

displacement of MAb
0.8 TP-2 by serial dilutions

of different fractions

0.6 - ', \\ t \ from CETPpurifica-
co 'W. Ad \ \ tion. Plasma (1.21 g/ml
mo '. \ \ \infranate) (1), phenyl-

0.4 Sepharose chromatogra-

phy (2), CM-cellulose
0.2 chromatography (3), or

~~~triglyceride emulsion-

0.001 0.01 0.1 1 10 100 nd ETP

PROTEIN (pqlwell) bound CETP(4) were
added to the wells. A

competition curve obtained with a representative serum is plotted
(dotted line) based on an arbitrary value and the serial dilutions used
to demonstrate its parallelism with the curves obtained with the dif-
ferent purified fractions.

that the different steps of the purification procedure did not
modify CETP conformation in the vicinity of the TP-2 epi-
tope. Under these conditions two preparations of pure CETP
(CETP bound to the lipid emulsion, then delipidated and pre-

treated with Triton) were assayed by RIA and their protein
concentration was measured by amino acid analysis. This
yielded values of 2.1 1 and 2.38 /Ag/ml for the standard serum

pool, which was ascribed a CETPconcentration of 2.24 ,ug/ml.

Distribution of CETPin normal plasma
The density distribution of CETPwas first evaluated by Tri-
ton-based RIA in fractions obtained by gradient ultracentrifu-
gation of plasma from fasting normolipemic subjects and
compared with the concentration of apo A-I (Fig. 3). Under
these conditions there was no detectable CETPin fractions of
d > 1.06 g/ml, and two discrete peaks of CETPwere observed
that were clearly different from those of apo A-I. The two main
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Figure 3. Distribution of CETPand apo A-I as a function of density
after gradient ultracentrifugation of a fasting normolipemic plasma
sample. Apo A-I (*) and CETP(x) concentrations are given in milli-

grams/milliliter and in micrograms/milliliter, respectively, using the
same scale on the y axis. The density of the fractions is given by the

dotted line.
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fractions of CETPcoincided with HDL3 and VHDLas seen
below with the pooled density subclasses. It should also be
noted that with this brief centrifugation all CETPis associated
with lipids and nearly all floats at d < 1.25 g/ml. Competitive
RIA between the pooled lipoprotein fractions and the immo-
bilized partially purified CETP gave parallel displacement
curves with serum, HDL2, HDL3, and VHDL(Fig. 4), indicat-
ing similar affinity of the antibody for CETP present in the
different density fractions. Under these conditions of assay, the
concentration of CETPwas always highest in either of HDL3
or VHDL, and that in HDL2 varied between subjects, ranging
from 1 to 10% of the total CETPconcentration in five fasting
normolipemic subjects.

The distribution of CETPwas also studied in plasma from
several fasting normal donors analyzed by agarose gel electro-
phoresis and by polyacrylamide gradient gel electrophoresis
(Fig. 5, A and B). In freshly collected plasma CETPcomigrated
with the slow migrating a2 apo A-I-containing lipoproteins
(Fig. 5 A), an electrophoretic migration that is distinctly faster
than that of VLDL or pre-f3-lipoproteins (not illustrated). A
certain microheterogeneity of this a2-migrating CETPbetween
donors is visible upon close examination (Fig. 5 A): the CETP
band of donors 1 and 2 has a slower migration, while that of
donor 4 is faster and those of donors 3 and 5 show both slow
and fast a2-subfractions. The same five plasmas analyzed by
nondenaturing gradient gel electrophoresis also exhibited het-
erogeneity in the size distribution of CETP, which is present in
three distinct bands with apparent Mr of 129, 133, and 154 kD
(Fig. 5 B). The concentration of these bands varies between
donors but there is no evidence that this size heterogeneity
corresponds to the charge heterogeneity noted in Fig. 5 A.
When plasma samples were kept at 4VC for a few days and
electrophoresed on gradient gel, a band of a smaller size (108
kD) appeared that corresponded to the size of the CM-cellu-
lose purified CETP fraction (Fig. 6). Given its small size, this
fraction that was shown by RIA to contain apo A-I and apo D
cannot accommodate both apolipoproteins in the same parti-
cle and is probably heterogeneous.

Effect of a fat meal on plasma CETPlevels
After a fat meal containing 80 g of fat in the form of 35%dairy
cream, plasma cholesterol levels remained constant in the five
subjects studied, while triglycerides increased after 2 or 2.5 and

1/.2 1.2

oi AXo

Dilution

5 h and returned toward baseline at 7 h. During this period,
and compared with a basal value of 100% at 0 h, CETPlevels
increased only slightly in the five subjects after the fat meal,
reaching levels of 111± 12, 112±13, and 109±13% at 2-2.5, 5,
and 7.5 h, respectively. This small increase in CETPmass after
the meal explains only part of the increase in CETPactivity
noted earlier by some of us (21). In the subsequent studies all
normolipemic blood samples were obtained after an overnight
fast.

Variation of CETPplasma levels in normolipemic
subjects, and relationship with lipid
and apolipoprotein levels
Study sample . 50 normal volunteers were studied. This popu-
lation consisted of 24 male and 26 female subjects ranging in
age from 24 to 57 yr. Plasma lipoprotein, apo A-I, and CETP
concentrations for this population are described in Table I. All
subjects had values for total cholesterol and triglyceride that
were less than the 90th percentile after adjustment for age and
sex using the Lipid Research Clinics population data for North
America. HDL-cholesterol concentrations ranged between 0.9
and 2.7 mM/liter. CETP levels varied nearly fourfold (1.04-
3.55 ,ug/ml) and were slightly higher in female as compared
with male subjects (1.92±0.52 vs. 1.50±0.26 ,g/ml).

Pearson correlation coefficients were calculated using the
SAS statistical program (18). The correlation matrix is illus-
trated in Table II.- Using CETP as the dependent variable,
significant correlations were found with apo A-I (r = 0.38) and
HDL-triglyceride (r = 0.31). Plasma triglyceride concentration
was positively associated with HDL-triglyceride and negatively
associated with the HDL-cholesterol to apo A-I ratio. No rela-
tionship was found between CETPand plasma triglyceride or
between CETP and the HDL-cholesterol/HDL triglyceride
ratio, or between CETP and the apo A-I/HDL-cholesterol
ratio. Stepwise multiple regression analyses were carried out
using CETPas the dependent variable. A-I and HDL-triglycer-
ide accounted for 24% of the observed variability in CETP
levels. No improvement in the model was obtained by addi-
tion of other variables.

Study sample I. A second population of 29 normal volun-
teers was studied at a later date to determine whether any
significant relationships were also demonstrable between
CETPand other apolipoprotein concentrations. Lipid, apoli-

//
Figure 4. Competitive displacement curves
of MAbTP-2 by pooled lipoprotein sub-
fractions isolated by gradient ultracentrifu-
gation of two representative fasting normo-
lipemic plasma (A and B). , Starting
plasma; , HDL2; -., HDL3;

oo0 1000 * VHDL. The dilutions refer to the
dilution of each fraction relative to the
starting plasma.
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Figure 5. A, Immunoblots of normal plasma electrophoresed on agarose gel. Lanes 1-5 represent the immunoblots with MAbTP-2 of plasma
from five different donors analyzed on the same day. Lane 6 represents the immunoblot with anti-apo A-I for one representative plasma. B,
Immunoblots of normal plasma electrophoresed on nondenaturing gradient gel. The identification of the lanes is the same as for A.

poprotein, and CETPlevels for this population of 21 male and
8 female subjects are described in Table III. Cholesterol and
triglyceride levels were below the 90th percentile adjusted for
age and sex. CETP levels were slightly lower than those ob-
tained for study sample I, reflecting the proportionately greater
number of male subjects in the second sample as well as other
more subtle differences, such as age and HDL-cholesterol to
apo A-I ratio. CETP levels ranged from 0.53 to 2.35 gg/ml,
and the means for male and female subjects were 1.12 ± 0.44
and 1.47 ± 0.43, respectively.

Pearson correlation coefficients were calculated as de-
scribed above. Using CETPas the dependent variable, again
significant correlations were found with apo A-I (r = 0.41) as

well as HDL-cholesterol (r = 0.41), but HDL-triglycerides were

not measured in this group. A new observation was noted with
the apparition of a positive correlation between CETPand apo
E levels (r = 0.43), which had not been observed in the same

group with the previous Tween-based assay for CETP (8).
There were, however, no significant relationships between

*- 0

(k D)

133
12 9--_
7081-_

f 2 3

Figure 6. Effect of storage on

the size heterogeneity of
plasma CETPelectrophoresed
on polyacrylamide gradient
gel. Lane 1, plasma from a

normolipemic donor analyzed
on the same day; lane 2,
plasma from the same donor

+) stored I wk at 40C; lane 3, pu-
rified CETPobtained after
CM-cellulose chromatography.

CETPand the level of any of apo A-II, D, or B. Nor was CETP
correlated in a significant degree with either apo A-I/apo A-IT
ratios or HDL-cholesterol/apo A-I ratios (Table IV). Stepwise
multiple regression showed that 35% of the variability in
CETPcould be accounted for by apo A-I (partial r2 = 17%)
and apo E (partial r2 = 18%). No improvement in the fit of the
model was provided by the addition of HDL-cholesterol.

Discussion

The antibody used in this study was obtained from mice im-
munized with highly purified CETPbound to a triglyceride
microemulsion (2). Several lines of evidence demonstrate the
specificity of the MAb TP-2, including its reactivity with a
single protein of Mr 74,000 in plasma, with the purified CETP
(3), and with the fusion protein obtained by expression of

Table I. Study Sample I: Plasma Lipoprotein, Apo A-I,
and CETPConcentrations in Normal Volunteers

Parameter Unit Mean+SD Range

Age yr 33.8±9.4* 24-57
Total cholesterol mM/liter 4.81±0.73 3.39-7.14
Triglyceride mM/liter 0.91±0.17 0.36-2.34
HDL-cholesterol mM/liter 1.54±0.13 0.96-2.74
HDL-triglyceride mM/liter 0.150±0.003 0.05-0.29
Apo A-I mg/ml 1.35±0.10 0.69-1.98
HDL-cholesterol/

Apo A-I mM/liter:mg/ml 1.17±0.06 0.56-1.75
CETP* ug/ml 1.73±0.25 1.04-3.55

* n = 50 (24 male, 26 female).
$CETP levels are measured by RIA in the presence of Triton.
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Table II. Study Sample I: Pearson Correlation Coefficients for Variables Determined in 50 Normolipemic Subjects

CETP Age Total cholesterol Triglyceride HDL-cholesterol HDL-triglyceride Apo A-I HDL-cholesterol/Apo A-I

CETP 1.0
Age 0.22 1.0
Total cholesterol 0.11 0.61* 1.0
Triglyceride -0.05 0.36* 0.45* 1.0
HDL-cholesterol 0.23 0.05 0.16 -0.29 1.0
HDL-tnglyceride 0.31* 0.15 0.17 0.44* 0.35* 1.0
Apo A-I 0.38* -0.01 0.24 0.12 0.56* 0.38* 1.0
HDL-cholesterol/Apo A-I -0.16 -0.02 -0.19 -0.45* 0.40* -0.06 -0.51* 1.0

*P<0.05.

the cDNA coding for CETP (22) in a bacterial system (23).
The specificity of TP-2 is further demonstrated by its capac-
ity to inhibit or remove all neutral lipid transfer activity in
plasma (3).

Wehave shown here that in the presence of a low concen-
tration of Tween (0.05%) there is a significant binding of apo
A-I but not of apo A-II to the immobilized CETP. These ob-
servations are in accord with the results of others showing an
association of CETPwith lipoproteins containing apo A-I, but
not with those containing apo A-Il (20). With a high concen-
tration of Triton (1%), the binding of apo A-I to the immobi-
lized CETP becomes undetectable and concurrently CETP-
depleted plasma does not compete anymore in the CETP
assay. No other interference is apparent as demonstrated by
the lack of effect of other dissociating or chaotropic agents. In
other work we have shown that the treatment of plasma or
HDLby Tween (0.05%) causes the dissociation of apo A-I-
containing lipoproteins and the appearance of free apo A-I and
HDL-lipid ghosts (Marcel, Y. L., X. Collet, and E. Raffai,
unpublished observations). Considering the effect of Tween,
we cannot conclude that the decreased TP-2 binding in the
presence of HDLor plasma is the result of a competition by
apo A-I alone since it could also be caused by the HDL-lipid
ghosts. In the presence of Triton, CETP present in VHDL,
HDL3, and HDL2 has a similar affinity for TP-2 (Fig. 4), al-

Table III. Study Sample II. Lipoprotein, Apolipoprotein,
and CETPConcentrations in Plasma Samples from Fasting
Normolipemic Volunteers

Parameter Unit Mean±SD Range

Age yr 39.1±13.1* 25-74
Total cholesterol mM/liter 4.76±0.64 3.36-6.05
LDL-cholesterol mM/liter 2.83±0.66 1.42-4.09
HDL-cholesterol mM/liter 1.48±0.34 0.85-2.14
Apo A-I mg/ml 1.37±0.30 0.92-2.27
Apo A-II mg/ml 0.30±0.08 0.18-0.47
Apo B mg/ml 75.5±19.3 31.5-106.0
Apo D '4g/ml 227.8±49.4 116.8-343.9
Apo E tg/ml 64.5±20.8 23.0-107.1
CETP tg/ml 1.21±0.47 0.53-2.35

* n = 29 (21 male, 8 female).

lowing the application of this immunoassay to the study of
CETPdistribution and concentration in plasma.

In the plasma of normal fasting subjects CETPwas most
concentrated in HDL3and VHDLand very low amounts were
found in the protein fraction (d > 1.25 g/ml), in general agree-
ment with earlier reports based on determination of CETP
activity (20, 21, 24). In the five normal subjects analyzed, the
greatest relative variation in CETPconcentration (1-10% of
total) was seen in the HDL2. While this variation could have
some physiological significance, it is more probably related to
the incomplete separation and/or collection of HDL2 and
HDL3. On the other hand, it is significant that under the con-
dition of minimum sheer force afforded by single spin gradient
ultracentrifugation, we observed no association of CETPwith
either VLDL or LDL in fasting normal subjects (Fig. 3). The
absence of CETPsignal in the region of LDL size upon gra-
dient gel electrophoresis (Fig. 5 B) supports the validity of the
above observations. Furthermore, these experiments also dem-
onstrated that CETPis present in small and dense particles of
limited and discrete size heterogeneity (129, 133, and 154 kD),
which are smaller than the bulk of apo A-I-containing lipo-
proteins. Likewise, we have shown that the electrophoretic
migration of plasma CETP is slower than that of the bulk of
apo A-I lipoproteins. The major apo A-I-containing fraction
has an a-migration, while the minor apo A-I fraction migrates
more slowly and as such has been initially designated pre-,-
apo A-I lipoprotein by others (25). Wehave chosen here to
designate the major fraction as a,-lipoproteins and the minor
as a2-lipoproteins based on the historical development of lipo-
protein nomenclature (26). Accordingly, we have demon-
strated here that all CETP-containing lipoproteins present in
plasma have an a2-migration (Fig. 5 A), in clear contradiction
with the recent results of others who found most of CETP
in a,-migration with only 28% in a2 (or pre-#) and the rest
in ,B (27).

Our results on the size distribution of plasma CETPare
also at odds with the same report (27), which indicated the
occurrence of CETP signals in particles with a size range as
wide as that of the apo A-I. Although these authors did not
present any additive or serial immunoblots of the same elec-
trophoretogram for a conclusive demonstration of the coinci-
dence of the antigenic signals, they concluded that nearly a
third of plasma CETP comigrated with a fraction also con-
taining apo A-I, apo D, and LCAT, identified as Lp A-I pre-#3
and of a size larger than the major apo A-I lipoproteins. The
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Table IV Study Sample HI: Pearson Correlation Coefficients for Variables Determined in 29 Normolipemic Subjects

Apo
Total LDL- HDL- HDL-cholesterol/

CETP Age cholesterol Triglyceride cholesterol cholesterol A-I A-II B D E Apo A-I

CETP 1.0
Age 0.24 1.0
Total cholesterol 0.28 0.09 1.0
Triglyceride -0.15 0.22 0.54* 1.0
LDL-cholesterol 0.09 0.11 0.83* 0.53* 1.0
HDL-cholesterol 0.4 1* -0.06 0.00 -0.49* -0.43* 1.0
Apo A-I 0.41* 0.00 0.09 -0.26 -0.32 0.75* 1.0
Apo A-II 0.03 0.26 0.23 0.13 0.24 0.04 -0.10 1.0
Apo B 0.06 -0.04 0.80 0.70* 0.88* -0.38 -0.08 0.16 1.0
Apo D 0.34 0.19 0.25 -0.22 0.22 0.27 -0.01 0.12 -0.04 1.0
Apo E 0.43* 0.03 0.51* 0.22 0.42* -0.07 0.01 -0.28 0.46* 0.20 1.0
HDL-cholesterol/Apo A-I 0.05 -0.10 -0.11 -0.38 0.20 -0.44* -0.25 0.20 -0.40 -0.41* -0.10 1.0

* P < 0.05.

minimum Mr of such a complex containing one molecule of
each of the above and including 10%of lipids to account for its
flotation in the VHDLwould be - 220 kD, which is signifi-
cantly greater than the largest size of the CETPsignal observed
here. Our results, therefore, argue against the existence of such
a complex. In effect, immunoblots with anti-LCAT of fresh
plasma electrophoresed on agarose gel demonstrate that LCAT
is most often found in al-fractions with minor signals in a2-
and a-fractions (Zawadzki, Z., R. W. Milne, A. R. Tall, and
Y. L. Marcel, unpublished observations). It is likely that the
discrepancy in the results of others is related to the specificity
of the antibodies and of the detection system that was used.

The two groups of normal subjects studied consisted of
volunteers, mostly Caucasian, selected on the basis of fasting
normal lipid levels, good health, and absence of lipid modify-
ing medication. In the two groups plasma levels of CETPvar-
ied over a wide range (3.4- and 4.4-fold), with a distribution
similar to that observed in the same groups for triglyceride,
HDL-cholesterol, apo A-I, A-II, D, and E (Tables I and III).

It is noteworthy that the correlation between CETP and
apo A-I, which was first noted with the Tween-based RIA (8),
does decrease when CETPlevels are measured with the Tri-
ton-based assay in the same plasma of normal subjects, but
remains significant (r = 0.53 and 0.38, respectively). This ob-
servation together with the demonstration of apo A-I binding
to solid-phase CETP indicates a partial competition in the
binding of MAbTP-2 and apo A-I to CETPat low concentra-
tions of Tween. Therefore, under these assay conditions the
domain which CETPbinds apo A-I-containing lipoproteins in
their Tween-dissociated form is close to or overlapping with
the TP-2 epitope that has been recently assigned to a hydro-
phobic 26 amino acid sequence on the COOHterminus of the
molecule (28). The significant correlation that is still observed
between CETPand apo A-I in the absence of any demonstra-
ble interference suggests that the concentration of circulating
CETPis a function of apo A-I availability for CETPbinding in
agreement with their documented affinity for each other.

On the other hand, the lack of correlation between CETP
and apo A-II indicates that CETPhas little affinity for binding
to apo A-Il-containing lipoproteins. This is in agreement with
Cheung et al., who observed that only 7% of plasma CETP

activity was present in lipoproteins containing both apo A-I
and A-Il, the remainder being associated with lipoproteins
containing apo A-I but no A-Il (20). Likewise, the lack of
correlation between CETPand apo D corroborates previous
observations that these two proteins are not associated in
plasma and represent distinct entities (29).

The correlation between CETP and HDL-triglyceride
(Table II) reflects the expected relationship between CETP
mass and activity. This relationship is probably dependent in
part on the availability of triglyceride-rich particles for choles-
teryl ester exchange and, indeed, increasing plasma triglyceride
concentrations were associated with triglyceride enrichment
and cholesterol depletion of HDL. There was not, however, a
negative association between CETP mass and HDL-choles-
terol concentration. Obviously, other parameters such as the
net flux and the clearance rate of intestinal and hepatic triglyc-
eride-rich lipoproteins need to be considered together with
CETP levels as the limiting factors for plasma HDL-choles-
terol in normolipemic subjects. Indeed, hypertriglyceridemia,
particularly in type IV patients, is associated with low HDL-
cholesterol and this correlation extends into the normal popu-
lation (30). However it remains to be established whether the
inverse correlation that has been repeatedly observed between
plasma triglyceride and HDL-cholesterol concentrations is
present because at a given CETP concentration cholesterol
ester transfer is dependent on the clearance rate of triglycer-
ide-rich lipoprotein (i.e., allowing more time for transfer), on
net flux of triglyceride-rich lipoproteins (i.e., more particles
allowing more transfer to each), or both.

Finally, our observation on the positive correlation be-
tween CETPand apo E levels (Table IV) is most unexpected
and deserves further study. No specific association between
CETPand apo E-containing lipoproteins has been reported
and the kinetics of transfer of apo E and cholesteryl esters
between HDLand chylomicrons have been shown to be inde-
pendent of one another (31). However, cholesteryl ester
transfer activity is increased in dysbetalipoproteinemia (32),
but the mechanism for this increase and its relationship to apo
E levels is unknown.

In conclusion, the present studies show that CETP levels
are positively correlated with both apo A-I and apo E levels.
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While the correlation of CETPand apo A-I appears to directly
reflect the association of CETPwith specific apo A-I-contain-
ing lipoproteins, the correlation between CETPand apo E is
difficult to interpret, but suggests the hypothesis that the
CETP-mediated pathway favors the return of cholesteryl esters
to the liver via apo E-containing lipoproteins. In addition, we
have shown that plasma CETP, which is mostly associated
with HDL3 and VHDL, displays an a2 electrophoretic migra-
tion and is present in discrete particles with M, ranging from
129 to 154 kD.
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