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Abstract Subnormal HDL-cholesterol (HDL-C) and apoli-
poprotein (apo)Al levels are characteristic of familial hyper-
cholesterolemia (FH), reflecting perturbed intravascular
metabolism with compositional anomalies in HDL particles,
including apoE enrichment. Does LDL-apheresis, which re-
duces HDL-cholesterol, apoAl, and apoE by adsorption,
induce selective changes in HDL subpopulations, with rele-
vance to atheroprotection? Five HDL subpopulations were
fractionated from pre- and post-LDL-apheresis plasmas of
normotriglyceridemic FH subjects (n = 11) on regular LDL-
apheresis (>2 years). Apheresis lowered both plasma apoE
(—62%) and apoAl (—16%) levels, with preferential, geno-
type-independent reduction in apoE. The mass ratio of
HDL2:HDL3 was lowered from ~1:1 to 0.72:1 by apheresis,
reflecting selective removal of HDL2 mass (80% of total
HDL adsorbed). Pre-LDL-apheresis, HDL2 subpopulations
were markedly enriched in apoE, consistent with ~1 copy of
apoE per 4 HDL particles. Large amounts (50-66 %) of apoE-
HDL were removed by apheresis, preferentially in the
HDL2b subfraction (—50%); minor absolute amounts of
apoE-HDL were removed from HDL3 subfractions. Fur-
thermore, pre-31-HDL particle levels were subnormal fol-
lowing removal (—53%) upon apheresis, suggesting that
cellular cholesterol efflux may be defective in the immedi-
ate postapheresis period il In LDL-receptor (LDL-R) defi-
ciency, LDL-apheresis may enhance flux through the reverse
cholesterol transport pathway and equally attenuate poten-
tial biglycan-mediated deposition of apoE-HDL in the
arterial matrix.—Orsoni, A., S. Saheb, J. H. M. Levels,
G. Dallinga-Thie, M. Atassi, R. Bittar, P. Robillard, E.
Bruckert, A. Kontush, A. Carrié, and M. ]J. Chapman. LDL-
apheresis depletes apoE-HDL and pre-B1-HDL in familial
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Until now, premature atherosclerosis and coronary
heart disease (CHD) typical of familial hypercholester-
olemia (FH) have been primarily equated with marked
elevation in circulating levels of atherogenic cholesterol-
rich LDL, resulting in attenuated LDL receptor activity
due to LDL receptor gene mutations (1). Accumulating
evidence suggests, however, that subnormal levels of
atheroprotective HDL may equally contribute to acceler-
ated atherogenesis in FH (2-7).

The large Emerging Risk Factor Collaboration study
firmly established that circulating HDL-cholesterol (HDL-
C) levels less than approximately 1.2 mmol/1 (50 mg/dl),
which typically correspond to the 50th percentile in popu-
lation studies, are independently and strongly associated
with elevated coronary risk (3). For a one standard devia-
tion decrement in HDL-C, CHD risk increased by 22%
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(3). Significantly, subnormal levels of both HDL-C and
apolipoprotein (apo)Al are characteristic of heterozygous
and homozygous FH (8-11); these abnormalities arise on
the one hand from cholesteryl ester transfer protein
(CETP)-mediated depletion of cholesteryl ester (CE) in
FH HDL (6), and on the other from a dual defect in apoAl
metabolism involving a decreased production rate con-
comitant with enhanced degradation (8, 11). Increased
catabolism of apoAl may originate from accelerated CETP
activity with triglyceride enrichment and renal clearance
and equally from the 2-fold-expanded pool size of apoE in
FH HDL relative to that in normolipidemic (NL) subjects
(8,12, 13). Under these conditions, apoE-HDL may be ef-
ficiently removed by an apoE-dependent receptor pathway
in the liver, such as that involving the LDL-receptor-related
protein (LRP), thereby enhancing apoAI-HDL catabolism
in FH (8, 14-17). ApoE-containing HDL may therefore
function to compensate for the defective role of LDL in
returning cholesterol to the liver in FH. This compensa-
tory mechanism is insufficient to avoid development of
atherosclerosis, as cholesterol-loaded macrophage foam
cells are typical of xanthomas and atherosclerotic plaques
in FH subjects.

Itis well established that HDL particles are heterogeneous
in physicochemical properties, structure, metabolism, and
atheroprotective function (18-22); indeed, HDL consists of
multiple spherical particle subpopulations differing in size
and lipid and protein composition (18, 20, 23). Interestingly,
apoE is a component of the proteome of all HDL particle
subpopulations in normolipidemic subjects, butitis enriched
in light, large CE-rich HDL2b and small, dense lipid-poor
HDL3c (18). Furthermore, lipid-poor, apoAl-containing,
pre-31-HDL accounts for <10% of total HDL (18, 20, 23).
Significantly, pre-31-HDL not only exhibits high affinity for
cellular cholesterol efflux via the ATP-binding cassette class
A member 1 (ABCAI)-mediated pathway but also equally ap-
pears to represent a marker of the efficiency of plasma HDL
formation and of particle remodeling (18, 20, 24).

TABLE 1.

LDL-apheresis is highly efficacious in acutely reducing
atherogenic lipoprotein levels (mainly LDL; up to —80%)
in severe FH patients with CHD in whom treatment with
diet and lipid-lowering agents fails to attain desirable LDL-
cholesterol (LDL-C) levels (25, 26). Such procedures are
based on the electrostatic binding and retention of posi-
tively charged lipoprotein particles containing apoB100 to
a polyanion matrix (27). Equally, however, variable
amounts of HDL particles may be removed by this proce-
dure (25, 28, 29); recent evidence suggests that HDL-apoE
content may constitute a major determinant of such re-
moval (30, 31). The impact of apheresis on pre-31-HDL
remains indeterminate. In view of the role of apoE-rich
HDL and of pre-31-HDL in the reverse cholesterol trans-
port pathway and of the binding of apoE-HDL to arterial
matrix biglycans (32-34), we evaluated the potential im-
pact of particle adsorption and perturbed metabolism
during LDL-apheresis on HDL heterogeneity and on po-
tential HDL-mediated atheroprotection on a background
of LDL-receptor (LDL-R) deficiency.

METHODS

FH patients, LDL-apheresis, control subjects,
and blood samples

Eleven patients (mean age: 35 + 5 years; body mass index
(BMI): 235 + 1.4 kg/mQ) displaying severe FH (seven men; four
women), who regularly underwent LDL-apheresis once every two
weeks in our Hemobiotherapy unit, were included in the study;
the minimum period of regular treatment by LDL-apheresis was
two years. Such prolonged treatment resulted in a high degree of
consistency in the systemic profile of lipid and inflammatory
biomarkers at the end of each interim period between apheresis
sessions (pre-LDL-apheresis time point) (see Table 1). It is note-
worthy that the majority of patients underwent apheresis during
the morning; their low plasma triglyceride levels are consistent
with a fasting state (Table 1). The rationale for treatment by LDL-
apheresis was established in accordance with the recommendations

Impact of LDL-apheresis on plasma lipid, lipoprotein, apolipoprotein, CRP, and LpPLAZ2 levels

in FH patients

P (pre- versus post-

Parameters (mg/dl) Controls Pre LDL-apheresis Post-LDL-apheresis LDL-apheresis)
Total cholesterol 162.5 + 8.7 278.6 + 24.8" 92.1 + 7.7 (—67%) <0.0001
Triglyceride 62.6 + 3.6 81.8+10.3 29.2 + 4.5 (—64%) <0.0001
LDL-C 96.5+ 7.9 223.3 + 25.6" 53.1 +8.9" (=76%) <0.0001
ApoB 76.0 + 7.3 142.8 + 12.4° 36.4 + 4.3 (—75%) <0.0001
HDL-C 56.6 + 3.3 39.0 + 3.0" 33.2+ 28" (—15%) <0.0001
ApoAl 142.4 £ 6.5 118.0 + 7.1 94.8 + 6.9 (—16%) <0.0001
Lp(a) 18 (10-45) 11 (10-49) 10 (10-15)" <0.05
TC/HDL-C ratio 29+0.2 8115 3.2+0.7 (—60%) <0.0002
ApoB/apoAl ratio 0.5+0.1 1.4+0.2" 0.4+0.1 (—68%) <0.0001
ApoE 4.1+0.7 3.79 + 0.31 1.45 +0.13° (—62%) <0.0001
LpPLA2 (ng/ml) 195.7 + 36.4 249.0 + 29.0 87.4+11.7° (—65%) <0.0001
hsCRP (mg/1) 0.4+0.2 0.53 £ 0.21 0.18 + 0.04 NS

Comparison of lipid profile in FH patients with lipid profile in NL control subjects. Values for lipid and
apolipoprotein levels are expressed as means + SEM (n = 11 for FH, n = 10 for NL). Percentage change on LDL-
apheresis is in parentheses. Due to its asymmetric distribution, Lp(a) levels are expressed as median (minimum-

maximum).
NS, nonsignificant.
“P<0.001 versus NL.
0.001 < P< 0.01 versus NL.
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of the HEART-UK LDIL-apheresis Working Group (35); despite
treatment at maximized tolerated doses of lipid-lowering agents,
all patients displayed LDL-C > 200 mg/dl. Diagnosis of FH was
validated by clinical and biological phenotyping, genetic analy-
ses, and familial histories. Ten patients displayed molecular de-
fects in the LDI-Rgene (Table 2). Two patients were homozygous
for distinct single-point mutations in the LDL-R gene, three were
heterozygous carriers, and six were compound heterozygotes for
two distinct (primarily missense) mutations. ApoE genotyping
revealed that eight patients were homozygous for apoE3, one for
apoE4/E4, one for poE2/apoE3, and one for apoE3/apoE4. All
patients were treated with lipid-lowering drugs in combination
(atorvastatin/ezetimibe, 80 mg/10 mg daily).

Three types of adsorption columns were used for LDL-apheresis:
the Kaneka” Whole Blood system (n = 4), the Kaneka” Plasma sys-
tem (Kaneka Corporation, Japan) (n = 1) and the Fresenius Direct
Adsorption of Lipoprotein (DALI®) system (n = 6) (Fresenius
Medical Care, Germany). To avoid blood coagulation in the
column, 3,000-1,1000 units of sodium heparin (PanPharma®
25,000 UI/5 ml) were added; heparin dose was dependent on
the long term anticoagulant therapy used in each patient. The
blood volume to be treated was a function of the patient’s body
weight, total blood volume, and LDL-C level preapheresis (26).
In our Apheresis Center, the plasma LDL-C target postapheresis
is 50 mg/dl or less; consequently, it was necessary to apherese
larger plasma volumes in homozygous compared with heterozy-
gous patients. The duration of each LDL-apheresis session de-
pended upon the blood flow rate (50-80 ml/min), the blood
volume to treat and attainment of the LDL-C target. To obtain a
high level of compliance with satisfactory tolerance, each LDL-
apheresis session was <3 h duration. Our apheresis methodology
involved expansion of plasma volume by <5%; such minor dilu-
tion did not significantly modify our experimental findings and,
therefore, a correction factor was not applied.

Ten normolipidemic subjects (lipid profile; Table 1) consti-
tuted the control group (one woman and nine men without med-
ication and without chronic disease); mean age was 39 + 5 years,
and mean BMI = 22.1 + 0.4 kg/m".

Blood samples were obtained by venipuncture ¢) before cou-
pling the instrument to the cephalic vein of the patient (pre-
LDL-apheresis) and ) immediately after uncoupling the

TABLE 2. Mutations in the LDL-R gene in FH patients undergoing

LDL-apheresis
Patients (n = 10) Nucleotide change Codon change Type
1 c.2043 C>A p-Cys681X Nonsense
2 c2177 C>T p-Thr7261le Missense
c.910 G>T p-Asp304Tyr Missense
3 c.681 C>G p-Asp227Glu  Missense
c.1268 T>C p-1le423Thr Missense
c.829 G>A p-Glu277Lys Missense
4 c.1705 G>T p-Aspb69Thr  Missense
c.2101 GG p-Leu401Val Missense
5 ¢.1975 A>C p-Thr659Pro Missense
c.259 T>G p-Trp87Gly Missense
6 c.1069 G>A p-Glu357Lys Missense
c.530 C>T p-Serl56Leu Missense
7 c.1019 GC>TG p-Cys340Leu Missense
8 c.(?_191)_(940_?)dup Frameshift
9 c.(?_1846)_(2541_?)del Frameshift
10 c.1359-1 G>A Splice Site Frameshift

The nucleotide change represents the numbering of the mutation
in the DNA sequence. The numbering of the codon change includes
the 21 amino acids of the signal peptide. For one patient, no searched
mutation was found in the LDL-R gene or in the apoB gene. Description
of DNA sequence variants is according to nomenclature of Human
Genome Variation Society (52).

2306 Journal of Lipid Research Volume 52, 2011

instrument (post-LDIL-apheresis). The samples were collected
into sterile EDTA-containing tubes (final concentration 1 mg/ml).
Blood samples were equally obtained from healthy, age and sex-
matched normolipidemic control subjects after overnight fasting
(n = 10; for plasma lipid phenotype, see Table 1). Plasma was
immediately separated from blood cells by low-speed centrifuga-
tion at 2,500 rpm for 20 min at 4°C and frozen at —80°C for up
to one month until analysis. It is noteworthy that no deleterious
effects of frozen storage on the physicochemical properties or
apokE content of HDL were detected. The study was performed in
accordance with the ethical principles set forth in the Declara-
tion of Helsinki. Written informed consent was obtained from all
subjects.

Isolation of plasma lipoprotein subfractions

Plasma lipoproteins were isolated by single-step, isopycnic
nondenaturing density gradient ultracentrifugation in a Beck-
man SW41 Ti rotor at 40,000 rpm for 44 h in a Beckman XL70
ultracentrifuge at 15°C by a slight modification of the method of
Chapman et al. (36) as previously described (37). After centrifu-
gation, each gradient was fractionated into predefined volumes
from the meniscus downwards with an Eppendorf precision pi-
pette into 11 fractions corresponding to VLDL + intermediate
density lipoproteins (IDL) (d < 1.019 g/ml); five LDL subfrac-
tions (LDL-1, d = 1.019-1.023 g/ml; LDL-2, d = 1.023-1.029 g/ml ;
LDL-3, d = 1.029-1.039 g/ml; LDL-4, d = 1.039-1.050 g/ml; and
LDL-5,d =1.050-1.063 g/ml; and five HDL subfractions (HDL2b,
d =1.063-1.091 g/ml; HDL2a, d = 1.091-1.110 g/ml; HDL3a, d =
1.110-1.133 g/ml; HDL3b, d = 1.133-1.156 g/ml, and HDL3c, d =
1.156-1.179 g/ml). Gradient fractions were dialyzed at 4°C in the
dark to remove salts as described earlier (37).

Plasma lipid and apolipoprotein profile and chemical
analyses of lipoproteins

Plasma levels of total cholesterol (TC), triglycerides (TG),
HDL-C, LDL-C, apoAl, apoB, apoE, and lipoprotein(a) [Lp(a)]),
and the lipid (phospholipid, triglyceride, free cholesterol, and
cholesteryl ester) and protein contents of isolated lipoprotein
fractions were quantified as described earlier (19, 36, 38) and
expressed as total mass of lipoprotein lipid and protein. Plasma
lipoprotein concentration was calculated as the sum of the mass
of the individual lipid and protein components for each lipo-
protein fraction. Plasma apoE concentrations were determined
using an immunoturbidimetric assay (Diasys reagents, calibra-
tors, and controls). HDL-apoE concentrations were deter-
mined on supernatants from plasma aliquots after precipitation
of apoB-containing lipoproteins with manganese-phosphotungstic
acid (39).

Determination of plasma pre-1-HDL by ELISA

Pre-B1-HDL concentrations in FH plasma pre- and post-LDL-
apheresis were determined using the pre-31-HDL ELISA kit from
Sekisui Medical Co. (Tokyo, Japan) as described by Miyazaki
et al. (40).

Proteomic profiling of lipoprotein particle subfractions
by SELDI-TOF MS

Sample preparation and HDL capture. Surface-enhanced laser
desorption/ionization time-of-flight mass spectrometry) (SELDI-
TOF MS) analysis of pre- and postapheresis plasma samples from
FH patients (n = 10) was performed as described previously (41).
In brief, plasma aliquots were applied onto separate spots of PS20
chips in duplicate. HDL was captured by addition of 100 pl of a
1:2 diluted aliquot with Tris-buffered saline, pH 7.4, onto single
SELDI spots on which anti-apoAl was coupled; samples were then



allowed to bind for 2 h at room temperature on a horizontal
shaker (600 rpm). The chips were washed three times with TBS
for 10 min, followed by rinsing with TBS-Tween (0.005%) for 5 min,
with a final wash step with HEPES solution (5 mM). All spots were
allowed to dry; subsequently, 1.2 pl sinapinic acid (10 mg/ml) in
a solvent containing a mixture of acetonitrile/HyO/trifluoro-
acetic acid (50/49.9/0.1%) was applied to each spot for solubili-
sation of bound proteins.

SELDI-TOF analysis and data preprocessing. Spectra were
recorded at a laser intensity of 210 relative units, and the focus
mass was set to 28 kDa. Measurement of spectra was performed
with approximately 100 shots at 13 positions per SELDI spot.
Analysis was carried out with a PBS Ilc protein chip reader (Ci-
phergen Biosystems, Fremont, CA) and an automated data col-
lection protocol (Protein-Chip Software, version 3.1.1.). Data
were collected to an upper limit of protein mass of 100,000 kDa.
Calibration was performed using a protein calibration chip (Bio-
Rad). All spectra were automatically corrected for baseline values
and spot-to-spot correction was performed with Ciphergen pro-
tein chip software.

Bioinformatics and statistics. Prior to statistical analysis, all
generated spectra were preprocessed as described before (42).
In brief, each individual mass-to-charge ratio spectrum was di-
vided into nonoverlapping intervals whose sizes increased pro-
portionately with mass-to-charge ratio values. The size of an
interval starting at m/z 3,000 was computed as m-r, with r fixed at
0.5%. The intensity associated with each interval was taken as the
sum of the intensities over the interval.

Systemic biomarkers of inflammation

Systemic inflammation was assessed as high-sensitivity C reac-
tive protein (hsCRP) concentration in pre- and postapheresis
plasma samples using an immunoturbidimetric test (CRP U-hs,
Diasys). In addition, mass concentrations of lipoprotein-associ-
ated phospholipase A2 (LpPLA2) were assayed using the immu-
noturbidimetric PLAC test (43), the kind gift of DiaDexus. A
high-sensitivity, biochip ELISA array assay was used for determi-
nation of plasma vascular endothelial growth Factor (VEGF) lev-
els (Randox Laboratories, Northern Ireland).

Statistical analysis

The effect of LDL-apheresis on each parameter was deter-
mined by comparison of baseline values with those after LDL-
apheresis by ANOVA. For comparison of control subjects with
FH patients pre- or postapheresis, the nonpaired Student ttest
was used. The Bonferroni correction was applied to correct for
multiple comparisons when such analyses were performed for
HDL-apoE content and apoE:apoAl ratio in the five HDL sub-
fractions. All results are expressed as means + SEM for normally
distributed variables and as median (minimum-maximum) for
asymmetrically distributed parameters; distribution normality
was assessed using the Kolmogorov-Smirnov test.

RESULTS

Comparison of plasma lipid, apolipoprotein, and
inflammatory biomarker levels in FH patients pre-LDL-
apheresis with those in NL control subjects

At the end of the interim period of ~14 days between
LDL-apheresis sessions, plasma levels of TC, LDL-C, and
apoB were markedly higher (up to 2.3-fold) in our FH pa-
tient group relative to control subjects (Table 1). In contrast

to the markedly elevated levels of atherogenic particles in
FH patients, concentrations of HDL-C and apoAl were
subnormal (—32%, P< 0.001 and —21%, P< 0.01, respec-
tively) (Table 1). Consequently, both the TC/HDL-C and
apoB/apoAl ratios were significantly higher (2-fold or
more) in the FH group. Plasma levels of TG and Lp(a)
were similar in the two groups. The level of chronic sys-
temic inflammation in the FH group, measured as plasma
concentrations of hsCRP and LpPLA2, did not differ sig-
nificantly from that in the control group.

The major impact of apheresis on reduction of plasma
lipid and apoprotein biomarkers in our FH subjects is en-
tirely consistent with that previously reported by others,
and itis largely independent of the nature of the apheresis
procedure (25, 28). Despite the interval of ~14 days be-
tween sessions, which is equivalent to 3-4 half-lives of HDL
apoAl (8, 11), these observations do not allow us to infer
that a steady state was attained either in HDL-C metabo-
lism or in the structure and function of HDL particles at
the initiation of each apheresis procedure.

HDL particle profile and apoE distribution in FH patients
pre-LDL-apheresis and in control subjects

Subnormal levels of HDL-C in FH subjects were princi-
pally accounted for by lower abundance of HDL2b, HDIL.2a,
and HDL3a (range, —26 to —29%) relative to control sub-
jects; HDL3b and HDL3c levels were, however, indistin-
guishable between the two groups (data not shown).

Plasma apoE levels pre-LDL-apheresis (mean, 3.8 +
0.3 mg/dl) were indistinguishable from those in control
subjects; 20% of total plasma apoE was associated with
HDL in the FH (pre-LDL-apheresis) group (Fig. 1A), of
which ~70% was present in large, CE-rich HDL2 subfrac-
tions (Fig. 1B). The density profile of apoE across HDL
subfractions in control subjects was indistinguishable from
that in FH patients preapheresis (Fig. 1B). The HDL2b
subfraction in the FH group preapheresis was distinguished
by marked enrichment in apoE, displaying an apoE:apoAl
molar ratio of 0.075 and indicative of the presence of 1
copy of apoE per 13 copies of apoAl. This ratio is consis-
tent with the findings of Gibson et al. (12) (fraction III
HDL), which observed marked apoE enrichment in the
HDL of nontreated FH subjects, with apoE/apoAl molar
ratios of 0.11 and 0.03 in FH and control subjects, respec-
tively. In contrast to HDL2b, apoE/apoAl molar ratios
were <(0.01 in HDL2a, HDL3a, HDL3b, and HDL3c sub-
fractions preapheresis.

Impact of LDL-apheresis on plasma lipid, apolipoprotein,
and inflammatory biomarker levels in FH patients
Consistent with earlier reports (25, 28, 44), LDL-aphere-
sis significantly lowered total plasma triglyceride, cholesterol,
LDL-C, apoB, and Lp(a) levels (—54 to —76%; Table 1).
Equally, significant reductions were observed in HDL-C
and apoAllevels (—15and —16%, respectively; P<0.0001).
Finally, the TC:HDL-C ratio was reduced some 2-fold to
values less than 5 (range, 1.8-2.9) in 9 of the 11 patients
with a 3-fold reduction in apoB:apoAl ratio. By contrast,
apheresis effected marked reduction in apoE abundance

LDL-apheresis and apoE-HDL in FH 2307
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Fig. 1. Bar graphs showing (A) apoE concentration in total HDL
(n = 11), (B) apoE concentration in each density gradient HDL
subfraction (n=8), and (C) apoE:apoAl ratio in each density gradient
HDL subfraction (n = 8) in normolipidemic subjects (dashed bar,
n = 6), in FH patients before (open bar) and after (closed bar) LDL-
apheresis. Values are means + SEM. *¥*P < (.001, *¥0.001 < P< 0.01,
and *0.01 < P< 0.05 versus before LDL-apheresis.

(—=62%; P < 0.0001; Table 1); indeed, removal of HDL-C
during apheresis was strongly correlated with baseline
(pre-apheresis) apoE content in total HDL (r= —0.71; P<
0.015). Column retention of HDL-C, apoAl, and apoE
during apheresis was confirmed by their detection in the
regeneration solution following washing of the matrices
postapheresis.

Although plasma hsCRP levels pre-LDL-apheresis were
within the normal range, LDL-apheresis induced up to a
50% reduction in this biomarker, which is most feasibly
explained by retention of CRP on the apheresis column (45).
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Moreover, whereas baseline levels of LpPLA2 mass in FH
patients were at the upper limit of the normal range,
apheresis dramatically reduced (up to 3-fold) LpPLA2
(Table 1); this finding is consistent with marked decrease
in LDL, the major transport particle for this potentially
proinflammatory phospholipase. Finally, apheresis in-
duced reduction (—29%; P < 0.0005) in plasma levels of
VEGF, a biomarker of endothelial activation; it is notable
that preapheresis levels were similar in FH patients and
controls (data not shown).

LDL-apheresis modifies plasma HDL profile and apoE
particle abundance in FH patients

LDL-apheresis induced significant decrease in total mass
of HDL (—22%; P< 0.0001; pre, 259.7 + 13.2 mg/dl versus
post, 202.1 + 10.8 mg/dl, respectively) and to a greater de-
gree than that indicated by HDL-C estimation alone
(—15%); reductions of 35% and 9% in levels of both HDL2
(P<0.0001) and HDL3 mass (P = 0.0001), respectively, ac-
counted for the overall fall in HDL mass. Within HDL2
and HDL3 subpopulations, marked reductions were ob-
served in HDL2b (—37%; P< 0.0001) and HDL2a (—33%;
P<0.001), but only minor decrements occurred in HDL3b
(—11%; P<0.001) and HDL3c (—19%; P=0.00012) (Fig. 2).
Thus, apheresis induced major and preferential reduction
in the mass of HDL2b (—23.4 + 1.7 mg/dl) and HDL2a
(—22.6 + 4.6 mg/dl) in comparison with that of HDL3a to
HDL3c (range, —2.7 to —4.6 mg/dl) (Fig. 2, insert).

On a quantitative basis, the dramatic reduction in total
apoE content in total HDL (55%; P< 0.001) (Fig. 1A) pri-
marily reflected removal of apoE-rich HDL2b and HDL2a
(~45%, respectively; Fig. 1B); even greater proportions of
each of the denser, apoE-containing HDL subfractions,
HDL3a, HDL3b, and HDL3c, were removed by apheresis
(range, —50 to 66%), although the absolute concentra-
tions of HDL3 particles adsorbed on the column (~10
mg/dl lipoprotein mass) were substantially less than those
of HDL2 (~45 mg/dl). These apheresis-induced changes
inapoE-HDLwere equallyreflectedin the HDL-apoE:apoAl
ratio, which diminished by ~50% to <0.01; such ratios are
indicative of one apoE copy per 100 apoAl (Fig. 1C).

In our study, FH patients have a pre-LDL-apheresis plasma
apoE concentration and a pre-LDL-apheresis distribution of
apoE in HDL subfractions similar to normolipidemic sub-
jects (Table 1 and Fig. 1B), despite a HDL-C concentration
lower in FH than in controls (Table 1). Post-LDIL-apheresis,
HDL subfractions were depleted in apoE compared with
normolipidemic HDL subfractions (except for HDL2b)
from —50% to —71% (Fig. 1B). This observation is consis-
tent with a specific retention of apoE-HDL on the apheresis
column. In addition, we observed that the apoE:apoAl ratio
(Fig. 1C) was significantly different only for HDL2a and
HDL3a between normolipidemic subjects and post-LDL-
apheresis subjects (—86% and —82%, respectively).

Effect of LDL-apheresis on pre-$1-HDL concentrations
in FH patients

Concentrations of pre-31-HDL in pre-LDL-apheresis
plasma of FH patients who had undergone LDL-apheresis
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Fig. 2. Bar graph showing the plasma concentrations of HDL subspecies in FH patients (n = 11) before
(open bar) and after (closed bar) LDL-apheresis. HDL2b (d = 1.063-1.091 g/ml); HDL2a (d = 1.091-1.110
g/ml); HDL3a (d = 1.110-1.133 g/ml); HDL3b (d = 1.133-1.156 g/ml); HDL3c (d = 1.156-1.179 g/ml).
Insert: Bar graph showing the reduction in absolute mass concentration HDL subspecies after LDL-aphere-
sis in FH patients (n = 11). Values are means + SEM. ***P < (0.001, ¥*0.001 < P< 0.01 and *0.01 < P< 0.05

versus before LDL-apheresis.

over a period of at least two years were within the normal
range (16.99 + 2.24 pg/ml versus 22.50 + 1.50 pg/ml, re-
spectively (40)) (Fig. 3). However, LDL-apheresis induced
amarked decrease (—53%) in pre-B1-HDL concentrations
in FH (16.99 + 2.24 pg/ml preapheresis versus 8.04 + 1.52
pg/ml post-LDL-apheresis); indeed, pre-31-HDL levels be-
came subnormal, some 64% lower than those in normo-
lipidemic controls (Fig. 3). When expressed as percentage
total apoAl, LDL-apheresis was found to induce a decrease
of —44% in the apoAl content of pre-f particles (1.6 +
0.2% versus 0.9 + 0.2% of total apoAl; P< 0.05).

Impact of LDL-apheresis on the HDL proteome in FH

The effects of LDL-apheresis on the HDL proteome in
FH, as revealed by HDL protein profiling using the SELDI-
TOF MS approach, are summarized in Fig. 4.

The apheresis procedure (Fig. 4A) induced marked
modification in the components of the HDL proteome in
FH subjects; such changes were detected in both the lower
and upper mass ranges. In the lower mass range (up to 20
kDa) of the protein size spectrum, three specific protein
mass species were up to 25% more abundant following
apheresis (Fig. 4A, red bars) (P < 0.05 for protein species
of 6,459, 9,176, and 9,466 kDa); these proteins were closely
related in size to apoClI, apoCllI, and apoCIII. Few changes
were seen in the spectrum of protein components larger
than 20 kDa in size. However, a major reduction was ob-
served in the 34,586 m/z component postapheresis, whose
size is compatible with that of apoE (Fig. 4B); this finding
is consistent with our immunoassay data above.

DISCUSSION

Resolution of HDL particle heterogeneity in FH pa-
tients based on physicochemical properties has allowed
us to reveal for the first time that ¢) all five major HDL
particle subpopulations contained apoE at baseline
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Fig. 3. Bar graph showing the plasma concentrations of pre-1-
HDL in normolipidemic subjects (dashed bar; n = 25), in FH
patients (n = 10) before (open bar) and after (closed bar)
LDL-apheresis. Values are means + SEM. **¥P < 0.001, *0.01 < P<
0.05.
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preapheresis; ) the predominant light, large cholesteryl
ester-rich HDL2a and HDL2b subfractions contained
~70% of total HDL apoE, HDL2b displaying both the
highest apoE enrichment (apoE:apoAl wt ratio: 0.075:1)
and greatest absolute amount of apoL; i) variable
amounts of absolute lipoprotein mass (5-37%) were re-
moved from each HDL subfraction by apheresis, with
maximal removal in HDL2b and HDL2a (~35%), consis-
tent with their degree of apoE enrichment; ) the per-
centage of apoE removed from each subfraction was
greater than the percentage reduction in absolute lipo-
protein mass of the same subfraction; thus, 50-65% of
apoE was removed from HDL3a, HDL3b, and HDL3c,
whereas absolute reduction in lipoprotein mass by
apheresis was <20%; and v) more than 50% of pre-p1-
HDL was removed by apheresis, despite small particle
size and apparent absence of apoE (unpublished data).
Considered together, these data indicate not only that
apoE-rich HDL are preferentially removed from all HDL
subfractions by apheresis, with the highest selectivity in
small, dense HDL3b and HDL3c, but also that pre-g1-
HDL is significantly depleted. The mechanism of adsorp-
tion of apoE-HDL particles to the column apparently
occurs primarily via electrostatic interaction of positively
charged clusters of amino acid residues in apoE (46) with
negative charges on the polyanionic matrix (25). The
mechanisms underlying removal of pre-31-HDL remain
to be defined, however.
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Fig. 4. Bar graphs demonstrating the changes in
HDL proteome upon apheresis. A: Relative changes
in the HDL proteome FH patients (n = 10) after
apheresis. Bars in red reached a statistical signifi-
cance change (P < 0.05). B: Absolute levels (peak
areas) preapheresis (open bars) and postapheresis
(black bars) of the statistically significant changes
(Bonferroni corrected). *P< 0.05, **P< 0.001.

It is relevant to points i and ¢ above that we have ap-
plied a single-step, nondenaturing density gradient ultra-
centrifugation technology to subfractionate plasma HDL
(36); therefore, the question arises whether this technol-
ogy or any other fractionation method might affect apoli-
poprotein-defined HDL Recently, the
distribution of apoE across HDL subfractions isolated
from normolipidemic plasmas by high-resolution size-
exclusion chromatography was documented (47). By this
method, apoE predominated in large- and medium-sized
HDL2-like fractions (fractions 19-22; see Ref. 47, Fig. 7
and Table 8), with trace amounts in HDL fractions of
smaller size (fractions 23-29). Such an apoE distribution is
very similar to that shown in our control subjects in Fig.
1B, in which ~70% of total apoE in HDL was detected in
HDL2 subfractions, and to that which we reported earlier
in DGUC-isolated HDL subfractions from control subjects
(18). A similar overall profile, in which apoE was primarily
associated with large HDL2, was found in the FH patients
pre- and postapheresis. We interpret these data to suggest
that our DGUC procedure for HDL subfractionation in-
duces only minor alterations in HDL-apoE profile, with
the presence of ~30% of apoE in small, dense HDL3 sub-
fractions. Interestingly, our immunological assay for apoE
is significantly more sensitive for detection of low-abun-
dance proteins in HDL than MS/MS technology; there-
fore, quantitative data in Gordon et al. (see Ref. 47, Fig. 7

subfractions.



and Table 8) may represent an underestimate of the apoE
content in small HDL subfractions.

It is relevant to consider that, because of the dramatic
reduction in plasma LDL concentration during the
apheresis procedure, the relative distribution of apoE
among apoB-containing particles may have been per-
turbed, with the possibility that part of HDL-associated
apoE may have redistributed to apoB-containing particles.
No evidence for such redistribution was found, as the pre-
and postapheresis ratios of apoE:apoB100 in LDL re-
mained low (<0.01:1 wt/wt).

If it is assumed that the major HDL subpopulations con-
tain 3-4 copies of apoAl per particle (19, 48), then on a
molar basis, 1 in 4 or fewer HDL2b particles would contain
1 apoE copy preapheresis. Equally, however, a single HDL
particle may contain more than 1 apoE copy; in a particle
containing 3 copies of apoE, for example, particle fre-
quency in HDL2b would then be 1 per 12. The present
studies do not allow us to differentiate between these pos-
sibilities or to exclude the possibility that some apoE-HDL
may be devoid of apoAl. Nonetheless, the number of apoE
copies per HDL particle may be of singular relevance to
their binding affinity - and thus degree of retention - by the
negatively charged apheresis column (16). Postapheresis,
the abundance of apoE in HDL2b was reduced to fewer
than 1 in 8 particles. In contrast to HDL2, apoE abundance
in HDL3 particle species was <1 per 33 particles; nonethe-
less, the efficacy of column adsorption of apoE-HDL3 par-
ticles was elevated (>50% of total apoE-HDL3 particles).

ApoE is a major determinant of the reduction in HDL-C
typical of LDL-apheresis in FH subjects (12, 30, 31). In-
deed, apheresis-mediated reduction of baseline apoE lev-
els in FH carriers of the apoE4 allele attained —39% (31),
a proportion inferior to that in our patients (—62%) who
were primarily E3 homozygotes but in whom baseline
plasma apoF levels were some 16-fold lower. The origin of
the discrepancy in baseline plasma apoE levels between
the studies of Moriarty et al. (31) (62 mg/dl) compared
with those of Gibson et al. (12) (nonapheresed FH
heterozygotes, 6.9 mg/dl) and our own (Table 2, 3.8 mg/
dl) is indeterminate. However, variation in the efficacy of
apoE removal by apheresis may be at least partly explained
by differences in the procedures used, which primarily in-
volved heparin precipitation in the heparin extracorpo-
real LDL precipitation (HELP) procedure used by Moriarty
etal. (31) in contrast to the polyanion columns used here.
Whether differences in the net positive charge of specific
apoE isoforms might contribute to differences in the effi-
cacy of apoE removal requires head-to-head comparison
of the impact of the different apheresis procedures in the
same individuals selected for similar baseline lipid pheno-
type and apoE genotype.

It is noteworthy that apoE levels in nonapheresed, non-
statin-treated, homozygous or heterozygous FH subjects
(13.8 and 6.9 mg/dl respectively; Ref. 12) were superior to
those in our apheresed FH group, suggestive of apoE
accumulation in the former group. Interestingly, apoE levels
in control subjects in the studies of Gibson et al. (12) are
similar to those in our apheresed FH group (4.6 versus

3.8 mg/dl, respectively), thereby attesting to the efficacy
of regular apheresis.

What are the implications of the apheresis-mediated se-
lective removal of apoE-HDL from all HDL subpopula-
tions in FH, among which large, CE-rich HDL2b particles
predominated on a quantitative basis? By allowing increase
in the cholesterol load of HDL, apoE can facilitate expan-
sion of the neutral lipid core (primarily CE), favoring a
shift in the profile toward larger HDL2-like particles (16).
The total flux of cholesterol through HDL in the direct
reverse cholesterol transport pathway may, therefore, po-
tentially be increased in FH, compensating at least par-
tially for the deficient removal of LDL-cholesterol. Indeed,
uptake of FC and CE in apoE-HDL may occur through
both the SR-B1 and LRP receptors in the liver (16). Thus,
apheresis may be seen to act concomitantly with these re-
ceptor pathways in amplifying removal of cell-derived cho-
lesterol in the form of large apoE-HDL2.

The origin of apoE in the HDL subpopulations of our
FH patients is conjectural. Nonetheless, evidence is accu-
mulating to suggest that arterial monocyte-derived mac-
rophage foam cells represent an abundant source of apoE
(49); thus, apoE binding of macrophage-derived choles-
terol effluxed through the ABCAI1 transporter appears to
facilitate formation of apoE- and apoAl-containing HDL
particles of large size in the microenvironment of the ath-
erosclerotic plaque (49). The entry of such particles into
plasma cannot be excluded. Equally, macrophage-derived
apoE may leak from plaque tissue into plasma, whereupon
it may bind HDL. In addition, apoE associated with TG-
rich lipoproteins may be transferred to HDL during lipoly-
sis. Multiple mechanisms may therefore underlie formation
of circulating apoE-HDL.

ApoE-HDL is specifically bound and retained in the
arterial matrix via high affinity electrostatic binding to ex-
tracellular proteoglycans, notably biglycan (32-34). Fur-
thermore, apoE-HDL2 binds more avidly to vascular
biglycan than HDL3 in vitro (33, 34). These findings indi-
cate that apoE-HDL may exacerbate cholesterol deposi-
tion in the atherosclerotic plaque through binding to
biglycan; in this case, selective removal of apoE-HDL2 by
apheresis in FH subjects may be atheroprotective.

What are the implications of levels of pre-31-HDL par-
ticles within the normal range preapheresis and their
marked reduction by apheresis? In vitro studies have
shown that pre-B1-HDL is the primary acceptor of choles-
terol in ABCAl-mediated efflux from cultured human
macrophages (24, 50). Equally, their circulating concen-
trations appear to be indicative of the efficiency of the in-
travascular formation of mature spherical HDL particles
via remodeling processes (24, 50). Clearly then, normal
preapheresis levels of these particles suggest that choles-
terol efflux capacity in FH patients at the end of the inter-
mediate period between apheresis procedures is not
markedly defective. By contrast, the dramatic reduction of
pre-B1-HDL particles by apheresis suggests that cellular
cholesterol efflux may be defective in the period immedi-
ately following apheresis and indicative of a partial loss of
HDIL-mediated atheroprotection.

LDL-apheresis and apoE-HDL in FH 2311



In conclusion, the bulk of HDL-C loss during LDL-
apheresis occurs primarily because of reduction in the CE-
rich HDL2b subpopulation (~45%), from which some
50% of apoE-HDL are removed. By contrast, despite re-
moval of small amounts of HDL3 (<20%), selective re-
moval of apoE-containing particles (up to 66%) occurred.
LDL-apheresis clearly removes HDL subpopulations in FH
subjects in a differential manner that depends in part on
apoE content. We interpret the action of apheresis on
apoE-HDL in FH to be primarily atheroprotective in na-
ture, given 7) the propensity for apoE-HDL2 (whose plasma
residence time may be prolonged as a result of both ge-
netic deficiency in hepatic LDL receptors, and of plasma
LDL accumulation) to be bound and retained by arterial
matrix biglycans, and ) the apheresis-mediated reduction
in cholesterol load in these large CE-rich particles. By con-
trast, apheresis-mediated depletion of pre-B1-HDL may
induce a transient depletion in cholesterol efflux capacity,
an HDL function of immediate clinical relevance (51) .00

The authors are indebted to all patients and nursing staff, and
to Dr. ]. Lamont (Randox Laboratories) for generously providing
biochip arrays for assays of inflammatory biomarkers.
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