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Abstract We measured oxidized phospholipids (OxPL),
lipoprotein (a) [Lp(a)], and lipoprotein-associated phospho-
lipase A, (Lp-PLA,) pre- and postapheresis in 18 patients with
familial hypercholesterolemia (FH) and with low(~10 mg/dl;
range 10-11 mg/dl), intermediate (~50 mg/dl; range
30-61 mg/dl), or high (>100 mg/dl; range 78-128 mg/dl)
Lp(a) levels. By using enzymatic and immunoassays, the
content of OxPL and Lp-PLA, mass and activity were quan-
titated in lipoprotein density fractions plated in microtiter
wells, as well as directly on apoB-100, Lp(a), and apoA-I im-
munocaptured within each fraction (i.e., OxPL/apoB and
Lp-PLA,/apoB). In whole fractions, OxPL was primarily de-
tected in the Lp(a)-containing fractions, whereas Lp-PLA,
was primarily detected in the small, dense LDL and light
Lp(a) range. In lipoprotein capture assays, OxPL/apoB and
OxPL/apo(a) increased proportionally with increasing
Lp(a) levels. Lp-PLA,/apoB and Lp-PLA,/apoA-I levels
were highest in the low Lp(a) group but decreased propor-
tionally with increasing Lp(a) levels. Lp-PLA,/apo(a) was
lowest in patients with low Lp(a) levels and increased pro-
portionally with increasing Lp(a) levels. Apheresis signifi-
cantly reduced levels of OxPL and Lp-PLA, on apoB and
Lp(a) (50-75%), particularly in patients with intermediate
and high Lp(a) levels. In contrast, apheresis increased Lp-
PLA,-specific activity (activity/mass ratio) in buoyant LDL
fractions.Eli The impact of apheresis on Lp(a), OxPL, and
Lp-PLA, provides insights into its therapeutic benefits be-
yond lowering apoB-containing lipoproteins.—Arai, K., A.
Orsoni, Z. Mallat, A. Tedgui, J. L. Witztum, E. Bruckert, A.
D. Tselepis, M. J. Chapman, and S. Tsimikas. Acute impact of
apheresis on oxidized phospholipids in patients with famil-
ial hypercholesterolemia. J. Lipid Res. 2012. 53: 1670-1678.
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Lipoprotein (a) [Lp(a)] is now generally accepted as a
causal, independent, genetic risk factor for cardiovascular
disease (CVD). Consensus documents by the European
Atherosclerosis Society (1) and the National Lipid Associa-
tion (2) have recommended screening patients for elevated
Lp(a) levels at moderate to high risk for CVD and also
suggested an ideal Lp(a) level is <50 mg/dl. Lp(a) is en-
riched in proinflammatory oxidized phospholipids (OxPL)
and lipoprotein-associated phospholipase Ay (Lp-PLAy) (3).
Epidemiological outcome studies have shown that the OxPL,
Lp(a), and Lp-PLAy collectively mediate additive risk for
CVD (4-6).

We have proposed that a physiological role of Lp[a] may
be to bind and transport proinflammatory oxidized phos-
pholipids (OxPL) (4, 7, 8). OxPL mediate direct proinflam-
matory effects on macrophages, endothelial, and smooth
muscle cells, and upregulate inflammatory gene responses
and expression of inflammatory cytokines. Plasma levels of
OxPL on apoB-100 (OxPL/apoB), detected by monoclo-
nal antibody E06, are elevated in subjects with coronary
artery disease (CAD) and predict the presence and pro-
gression of carotid and femoral atherosclerosis and higher
risk of future death, myocardial infarction, and stroke (re-
viewed in Ref. 3). Furthermore, they enhance the predic-
tive value of the Framingham Risk Score and increase the
area under the curve using c-index statistics, reflecting its
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clinical utility (3, 5, 6). Lp(a) is potentially more athero-
genic than native LDL because it binds with increased af-
finity to arterial intimal proteoglycans, resulting in delivery
of both atherogenic LDL and proinflammatory OxPL.
OxPL, oxidized LDL, and Lp(a) trigger apoptosis in endo-
plasmic reticulum (ER)-stressed macrophages through
CD36 and Toll-like receptor 2, suggesting a mechanism
through which OxPL/Lp(a) may destabilize atheroscle-
rotic plaques (9).

OxPL on Lp(a) may be modulated through Lp-PLA,,
which cleaves OxPL into lysophosphatidylcholine (lysoPC)
and a free oxidized fatty acid (10, 11). In normolipidemic
individuals, Lp-PLA, is mainly associated with LDL and is
preferentially associated with atherogenic small dense LDL
(12). In primary hypercholesterolemia, the LDL-associated
Lp-PLA, is increased in parallel with the severity of hyper-
cholesterolemia, the highest levels being present in homozy-
gous familial hypercholesterolemia (FH) (11). Interestingly,
in individuals with elevated Lp(a) levels, Lp-PLA, activity is
higher on Lp(a) than on equimolar amounts of LDL
(13, 14). Lp-PLA, is present in vulnerable plaques, and
increased Lp-PLA, levels are associated with increased
CVD risk in both primary and secondary populations (15).

Patients with FH generally have significantly higher
Lp(a) levels than patients without FH (16), despite the
fact that the LDL receptor is not thought to be involved in
its clearance. Lp(a) and its associated proinflammatory
OxPL and Lp-PLA, may be particularly atherogenic and
lead to increased CV events. In view of the pathophysiolog-
ical relationship of OxPL, Lp(a), and Lp-PLAy, we assessed
the acute changes and distribution of apheresis on these
atherogenic moieties in patients with FH as a potential
mechanism of clinical benefit.

METHODS

Study subjects with varying Lp(a) levels
and blood sampling

Eighteen patients with Type IIa FH (10 men and 8 women)
from the Haemobiotherapy Unit at Pitie-Salpetriere University
Hospital in Paris undergoing LDL-apheresis every 2 or 3 weeks

were selected for this study (17). For the purpose of this study,
patients were a priori recruited into three groups according to
their Lp(a) levels: (low 10 mg/dl; range, 10-11 mg/dl), interme-
diate (~50 mg/dl; range 30-61 mg/dl), and high (>100 mg/dl;
range, 78-128 mg/dl). The diagnosis of FH was validated by DNA
analysis in all patients, except for two in which no mutation was
found. DNA sequencing was extended to LDLR, APOB, and
PCSK9 but not to ARH genes. However, all patients had pheno-
typic FH by family history. Four patients were homozygous for
the LDL-R gene mutation, 6 were heterozygous, and 5 were
compound heterozygotes with two mutations of the LDLR gene.
One patient was a double heterozygote (mutations in LDLR gene
and APOB3500). All patients were treated once daily by lipid-
lowering drugs in combination therapy: atorvastatin/ezetimibe
(80 mg/10 mg; n = 16), simvastatin/ezetimibe (80 mg/10 mg;
n = 1), or rosuvastatin/ezetimibe (20 mg/10 mg; n = 1).

Blood samples were obtained pre-LDL apheresis before cou-
pling the instrument to the cephalic vein and immediately post-
LDL apheresis, and were collected into sterile EDTA-containing
tubes (final concentration 1 mg/ml). Plasma was immediately
separated from blood cells by low-speed centrifugation at 2,500 rpm
for 20 min at 4°C and frozen at —80°C until analysis. The study
was performed in accordance with the ethical principles set forth
in the Declaration of Helsinki. Written informed consent was
obtained from all subjects.

LDL-apheresis

Three types of columns were used for LDL-apheresis (see
Table 1). To avoid blood coagulation in the column, 3,000-
13,000 units of unfractionated heparin were added during pre-
liminary rinsing of the column and prior to coupling the machine
to the patient. Some patients (n = 4) received a heparin bolus
(1,000-2,000 U) at the beginning of the procedure and a supple-
mental heparin infusion during the procedure (500 U/h for
three of the four patients and 2000 U/h for one). The duration
of each LDL-apheresis session was >2 h.

Isolation of lipoprotein density fractions

Lipoproteins were isolated from plasma by a single-step, non-
denaturing density gradient ultracentrifugation in a Beckman
SW 41 Ti rotor at 40,000 rpm for 44 h in a Beckman L80 at 15°C
by method of Chapman et al., with a slight modification as previ-
ously described (8, 17). Fractions 1-25 correspond to the follow-
ing densities: <1.015, 1.015-1.016, 1.016-1.017, 1.017-1.019,
1.019-1.022, 1.022-1.025, 1.025-1.029, 1.029-1.033, 1.033-1.038,
1.038-1.044, 1.044-1.051, 1.051-1.059, 1.059-1.067, 1.067-1.075,

TABLE 1. Baseline characteristics of the familial hypercholesterolemia study group
Characteristic Low Lp(a) Group (n = 6) Intermediate Lp(a) Group (n = 6) High Lp(a)Group (n = 6) P
Lipoprotein(a), mg/dl 10.7 £ 4.0 54.5+22.5 102.5 £ 42.4 <0.001
(range, 7-15) (range, 29-81) (range, 52-138)

Number of KIV repeats (major isoform) 19.8+29 22.8 +4.7 18.2+3.3 0.15
Sum of both KIV isoforms 45.5+9.5 46.6 + 9.4 40.5+7.2 0.51
Age, yr 37+15 35+ 16 49 + 16 0.28
Age at the beginning of LDL-apheresis, yr 26 +16.2 20 +18.9 4123 0.001
Male/female 3/3 1/5 4/2 0.19
Column type (DALI/KAN WB/KAN PL) 3/2/1 3/2/1 3/2/1 N/A
Body mass index 24+5 23 + 4 24+5 0.91
Number of LDL-apheresis sessions 182 + 124 369 + 137 180 =230 0.12
Lipid parameters, mg/dl

Total cholesterol 494.0 £ 146.5 645.8 = 214.8 331.8+71.9 <0.001

Triglyceride 88.0 £42.9 154.8 + 47.8 169.6 + 125.0 0.004

LDL-cholesterol 423.0 + 156.7 598.8 + 226.0 267.4 +87.1 <0.001

HDI-cholesterol 47.8 +21.9 29.6 + 6.5 49.8 £ 11.5 <0.001

DALI, direct adsorption of lipoproteins (Fresenius HemoCare Adsorber Technology, St. Wendel, Germany); KAN PL, Kaneka plasma
(Liposorber LA, Kaneka Corp., Osaka, Japan); KAN WB, Kaneka whole blood (Liposorber D, Kaneka Corp., Osaka, Japan.
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1.075-1.084, 1.084-1.094, 1.094-1.105, 1.105-1.116, 1.116-1.128,
1.128-1.139, 1.139-1.150, 1.150-1.163, 1.163-1.176, 1.176-1.189,
>1.189 g/ml, respectively.

Lipid and protein analysis

Plasma, total cholesterol, triglycerides, LDI-cholesterol
(LDL-C), HDL-cholesterol (HDL-C), apolipoprotein A-I (apoA-I),
apolipoprotein B-100, high-sensitivity C-reactive protein (hsCRP),
and Lp(a) were quantified by methods described earlier (18).
Apo(a) isoform sizes were determined by immunoblot analysis
with an apo(a)-specific antibody (19).

Determination of Lp-PLA, mass and activity in plasma
and density fractions and sPLA, mass and activity
in plasma

Plasma Lp-PLA, mass in plasma and density gradients were
measured in a blinded fashion as previously described (PLAC®
Test, diaDexus, Inc.) (20, 21). The assay has a lower detection
limit of 2 ng/ml and an interassay coefficient of variation (CV) of
6-7%. A threshold of >200 ng/ml is considered elevated (22).
Lp-PLA, activity was measured in a 96-well microplate with a colo-
rimetric substrate that is converted on hydrolysis by the phospho-
lipase enzyme (CAM™ assay, diaDexus, Inc.). The specific activity
of Lp-PLA, as the Lp-PLA, activity/mass ratio was determined by
dividing the Lp-PLA, activity by the Lp-PLLAy mass. Serum sPLA,
type IIA mass and activity levels were measured only in plasma at
the Paris Cardiovascular Research Center, as previously described
(20, 21).

Determination of the distribution of apoB-100, apo(a),
OxPL, and Lp-PLA, mass in density gradient fractions by
direct plating of fractions on microtiter well plates

To determine the distribution of apoB, apo(a), OxPL, and
Lp-PLA, mass in each density fraction directly on microtiter well
plates, we incubated an aliquot containing a saturating amount
of each fraction (1:200 dilution for apoB, 1:100 for apo(a) and
OxPL, and 1:20 for Lp-PLA,) on microtiter wells overnight at
4°C. The content of apoB-100, apo(a), OxPL, and Lp-PLA, were
determined with the biotinylated secondary antibodies goat anti-
human apoB-100 (Pierce), LPA4, E06, and 4B4, respectively, us-
ing ELISA (3), asillustrated in Fig. 1A. Determination of Lp-PLA,
mass by direct plating was used as a second complementary tech-
nique to the diaDexus method. Each sample was assayed in trip-
licate, and data are expressed as relative light units (RLU) per
100 milliseconds.

Determination of the presence of OxPL and Lp-PLA,
mass directly on isolated apoB, apo(a), and apoA-I

The content of OxPL (Fig. 1B) or Lp-PLA, mass (Fig. 1C) on
isolated apoB-100, apo(a) and apoA-I captured on microtiter
well plates with specific antibodies were determined by chemilu-
minescent sandwich ELISA in a similar format as above. For this
set of assays, the antibodies MB47, LPA4, and guinea pig anti-human
apoA-I were plated on microtiter well plates (5 mg/ml) to cap-
ture apoB-100, Lp(a), and apoA-l, respectively. A fraction (1:25
dilution) of each aliquot was added, the unbound plasma was
washed off, and the amount of OxPL or Lp-PLA, was determined
with biotinylated E06 or 4B4, respectively. The assays for OxPL or
Lp-PLA, present on apoB-100 are reported as OxPL/apoB and
Lp-PLAy/apoB, on Lp(a) as OxPL/apo(a) and Lp-PLA,/apo(a),
and on apoA-I as OxPL/apoA-I and Lp-PLA,/apoA-I to denote
the detection of OxPL or Lp-PLA; on the captured lipoproteins.
In this format, the amount of apoB-100, Lp(a), and apoA-I cap-
tured generally reflects their content in each aliquot (i.e., non-
saturating). The only exception to this is that because apoB is at
a large excess compared with Lp(a) and apoA-], it was generally
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saturating the plates (Fig. 2, top panels). The assays were set up
in this manner to be able to consistently observe changes in all
measurements pre- and postapheresis.

RESULTS

Baseline demographic and biochemical characteristics of
the study groups

Baseline characteristics of the three study groups on first
presentation and segregated a priori into low (~10 mg/dl,
range 7-15 mg/dl), intermediate (~50 mg/dl, range
29-81 mg/dl) or high (>100 mg/dl, range 52-138 mg/dl)
Lp(a) levels are shown in Table 1. These subjects are rela-
tively young-to-middle-aged adults, have very high baseline
LDL-C levels, and have been on chronic apheresis for at
least two years with a large number of sessions. The efficacy
on the lipid profile achieved by these apheresis techniques
is consistent with findings in the literature (17, 18).

Plasma lipids, lipoproteins, hsCRP, Lp-PLA,, sPLA,, and
OxPL on lipoproteins pre- and postapheresis

Table 2 reports the biochemical variables on blood sam-
ples of patients on chronic apheresis that were recruited at
the same time for this study. As expected, apheresis led to
significant reduction in total cholesterol and LDL-C, apoB,
triglycerides, and hsCRP in all Lp(a) groups (Table 2).
HDL-C and ApoA-I were decreased by ~15% in each Lp(a)
group. Lp(a) levels were significantly reduced in the inter-
mediate and high Lp(a) groups but not in the low Lp(a)

group.
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Fig. 1. Methodology of various ELISA. (A) Detection of lipopro-

teins, OxPL, and Lp-PLAy on density gradient fractions that were
directly plated on microtiter well plates. (B) Detection of OxPL on
apoB-100, apo(a), and apoA-I. (C) Detection of Lp-PLA, on apoB-
100, apo(a), and apoA-L.
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Fig. 2. An aliquot of each density gradient fraction was directly plated onto microtiter well plates and assessed for the presence of apoB,
apo(a), OxPL, or Lp-PLA, pre- and postapheresis in the low Lp(a), intermediate Lp(a), and high Lp(a) groups. Due to lower values, the
scale is different for Lp-PLA,. Each of the 25 individual data points pre- and postapheresis represents the mean of six patients.

Lp-PLAy mass and activity were significantly reduced in
all three groups following apheresis (Table 2). As a compari-
son, sSPLA, mass, which is not known to circulate significantly
with apoB-containing lipoproteins, was only significantly re-
duced in the high Lp(a) group. There were no significant
differences in sPLA, activity pre- and postapheresis. When all
three Lp(a) groups were combined, there was a reduction in
sPLA, mass (4.1 + 7.7 versus 3.1 + 8.4, P < 0.001) but not
sPLA, activity (57.6 + 30.1 versus 62.7 + 33.7, P=0.12).

Plasma OxPL/apoB was not reduced in the low Lp(a)
group, but the levels were very low and near the level of
detection of this assay. There was a strong trend for re-
duction (48%) in OxPL/apoB in the intermediate Lp(a)
group, and there was a significant decline (62%) in the
high Lp(a) group (Table 2). When all three Lp(a) groups
were combined, there was a reduction in OxPL/apoB
(8,259 7,299 versus 3,913 + 2,424 RLU, P=0.003). OxPL/
apo(a) was significantly reduced in all groups, and OxPL/

TABLE 2. Changes in plasma lipids, lipoproteins, Lp-PLA,, and OxPL on lipoproteins and hsCRP pre- and postapheresis

Low Lp(a) Group (n = 6)

Intermediate Lp(a) Group (n = 6) High Lp(a) Group (n = 6)

Pre Post P Pre Post P Pre Post P
Total cholesterol, mg/dl 269 + 64 88+27  <0.001 312+110 100+26  <0.005 243 +28 94+20  <0.001
Triglyceride, mg/dl 77+ 36 24+14  <0.005 10145 65 + 75 0.12 159 + 79 95 + 44 0.07
HDL-C, mg/dl 39+12 33+12 <0.05 37+9 31+8 <0.001 40+ 12 34+11  <0.001
LDL-C, mg/dl 215 + 66 50 = 32 <0.001 255+ 112 57+27  <0.005 171 +23 41+27  <0.001
ApoA-I, mg/dl 113 + 32 97 + 31 <0.001 108 +16 90+11  <0.005 122+ 30 101+21  <0.01
ApoB, mg/dl 135 + 28 34+15 <0.001 167 +61 42+14  <0.005  133+9 39+15  <0.0001
Lp(a), mg/dl 10+ 0.4 10+ 0.0 0.36 42+ 11 12+25  <0.001 103 +20 28«11  <0.0005

(range, (range, (range, (range, (range, (range,

10-11) 10-10 30-61) 10-15 78-158 17-48)
hsCRP, g/dl 0.06 £0.08 0.02+0.02  0.23 0.14+£0.26  0.04+0.08 0.25 0.07 +0.08 0.05+0.07 <0.05
Lp-PLA; mass, ng/ml 235 + 37 114 + 32 <0.001 294 +41 16029  <0.001 27471 137 + 56 0.004
Lp-PLA, activity, mmol/ml/min 189 + 41 69 = 32 <0.001 215+ 44 89+24 <0.001 17961 78 + 56 0.014
sPLA; mass, ng/ml 5.0+25 42+23 0.11 25+1.1 1.7£04 023 44+19 3.0+23 0.004
sPLA, activity, mmol/ml/min 62.2+23.0 65.0+16.0 0.50 45.1+7.1 60.4+13.1 0.16 62.0 + 6.8 62.4+13.1 091
OxPL/apoB, RLU 1821 £ 871 2432+ 1471 0.40 5247 +2807 27311354 0.076 16723 +4718 6462 + 1673 <0.001
OxPL/apo(a) , RLU 4314 £ 1455 1541 +£930  0.003 23110 + 11277 4791 + 1887 0.003 41686 = 11422 14944 + 3830 <0.001
OxPL/apoA-I, RLU 103 + 92 87+120  0.80 441 + 192 313+202  0.29 486 + 90 386+165  0.22
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apoA-I levels were very low [approximately 40-fold lower
than OxPL/apo(a)] and were not affected by apheresis.

ApoB, apo(a), OxPL, and Lp-PLA, mass and activity on
individual density gradient fractions measured by direct
plating on microtiter well plates: effect of apheresis

In patients with low, intermediate, and high Lp(a) lev-
els, apoB is mainly present in fractions 5-12 correspond-
ing to density range 1.019-1.059 g/ml (Fig. 2). At this
dilution, apoB was plated to be saturating to provide a
comparison for other variables. Thus, the apoB values re-
flect the content on the plate rather than the plasma con-
tent. Apo(a) and OxPL, which are not saturating at the
dilutions plated, are present in fractions 10-20 (density
range 1.038-1.139 g/ml) and 11-17 (density range 1.044—
1.105 g/ml), respectively. In the low Lp(a) group, OxPL
are minimally present. In the intermediate and high Lp(a)
groups, the level of apo(a) peaks at tubes 12-14, which
represents density range of 1.051-1.075 g/ml. Note that
all of the OxPL immunoreactivity coincides with the
apo(a) peak and not with the main apoB peak. As the
Lp(a) levels increase among groups, the OxPL peaks in-
crease in size accordingly.

Distribution and changes in Lp-PLA, mass pre- and post-
apheresis are shown in the bottom panels of Fig. 2. Lp-PLA,
mass was present primarily in fractions 9-16 correspond-
ing to densities 1.033-1.094 g/ml, which represents the

Lp-PLA2 Activity

range of both small dense LDL, as previously shown for
Lp-PLA, activity and Lp(a) (12, 13, 23). There appeared
to be a similar amount of Lp-PLA, mass preapheresis in
the low and intermediate Lp(a) groups, whereas the levels
were lower in the high Lp(a) groups. Interestingly, Lp-PLA,
mass was also present in the very dense fractions 23-25,
representing densities 1.163 — 1.189 g/ml. This is sugges-
tive of dissociation of a fraction of Lp-PLA, from apoB
lipoproteins as previously described for separation of lipo-
proteins using ultracentrifugation compared with FPLC (24).
Lp-PLA, activity appeared qualitatively similarly distrib-
uted among the three groups and in a similar pattern to
Lp-PLAy mass, although only two patients in each group
were available for measurements.

Using the diaDexus sandwich Lp-PLA, mass and activ-
ity ELISA (Fig. 3), qualitatively similar information was
noted compared with the direct-plating assays shown in
Fig. 2. In this analysis, we were able to calculate the spe-
cific activity of Lp-PLA, as the Lp-PLA, activity/mass ra-
tio. The specific activity was highest in fractions 8-10,
which correspond to fractions between LDL-3 and LDL-4
[LDL-3 (d = 1.029-1.039 g/ml), LDL-4 (d = 1.039-1.050
g/ml) ], which is in accordance with prior findings show-
ing that despite the high Lp-PLA, mass and activity asso-
ciated with LDL-5 [LDL-5 (d = 1.050-1.063 g/ml)], the
enzyme-specific activity (activity/mass) in LDL-5 is the
lowest among all LDL subfractions (12, 23). This is also

Lp-PLA2 Activity/Mass Ratio
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Fig. 3. The distribution of Lp-PLAy mass, Lp-PLA, activity, and Lp-PLA, activity/mass ratio as a measure of the specific activity on indi-
vidual density gradient aliquots was measured by the diaDexus ELISA pre- and postapheresis in the low Lp(a), intermediate Lp(a), and
high Lp(a) groups. Each of the 25 individual data points pre- and postapheresis represents the mean of six patients, except for Lp-PLA,

activity, for which only two patients in each group were measured.
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apparent in Fig. 2 using the direct-plating method where
Lp-PLAy mass in fractions 10 and higher almost disap-
pear postapheresis.

Following apheresis, reductions (~50-75%) were noted
in apoB, apo(a), OxPL, and Lp-PLA, mass, and these
changes were most pronounced in the intermediate and
high Lp(a) groups (Figs. 2 and 3). Following apheresis,
Lp-PLAgy-specific activity actually increased in the interme-
diate and high Lp(a) groups. This may denote that, after
apheresis, the remaining LDL particles are deficient in
small dense LDL particles and enriched in large buoyant
particles.

Distribution of OxPL levels on isolated apoB, apo(a),
and apoA-I lipoproteins in FH patients: effect of
apheresis

OxPL/apoB and OxPL/apo(a) levels progressively in-
creased in parallel with increasing Lp(a) levels, being pres-
ent primarily in fractions 11-15, representing densities of
1.044-1.084 g/ml (Fig. 4). In contrast, minor amounts of
OxPL were detected on apoA-I particles. Following aphe-
resis, reductions were noted in both OxPL/apoB and
OxPL/apo(a).

Distribution of levels of Lp-PLA, on isolated lipoproteins
apoB, apo(a), and apoA-I in FH patients: effect of
apheresis

Preapheresis, Lp-PLAy/apoB and Lp-PLA,/apoA-I were
highest in the low Lp(a) group, but they diminished with
increasing Lp(a) levels (Fig. 5). In contrast, Lp-PLAy/
apo(a) was lowest in the low Lp(a) group and increased
with increasing Lp(a) levels. Interestingly, a significant
amount of Lp-PLAy/apo(a) and Lp-PLA,/apoA-I were
noted in the most dense fractions, suggesting the presence
of Lp-PLA, mass on poorly lipidated lipoproteins. Follow-
ing apheresis, reductions were noted in Lp-PLA,/apoB
and Lp-PLAy/apo(a), with more modest changes in
Lp-PLAy/apoA-l.

DISCUSSION

Patients with heterozygous FH have higher Lp(a) levels
than non-FH patients (16) and represent a worldwide
prevalence of about ten million individuals. Homozygous
FH is thought to be present in ten to fifteen thousand sub-
jects (25). In this study, apheresis significantly reduced
levels of proatherogenic and proinflammatory OxPL and
Lp-PLA; on apoB and Lp(a), particularly in patients with
high Lp(a) levels, while increasing Lp-PLAy-specific activ-
ity in buoyant LDL particles. These data provide a scien-
tific rationale for understanding how apheresis may
provide clinical benefits beyond lowering apoB-containing
lipoproteins (26) and in understanding the pathophysio-
logical relationships among Lp(a), OxPL, and Lp-PLA, in
collectively mediating CVD (5, 6, 9).

The clinical relevance of these findings is reflected by
the fact that Lp(a) is now accepted as an independent ge-
netic risk factor of CVD (1, 2), that Lp(a) is a carrier of
OxPL and Lp-PLA, (3, 4), and that apheresis is an ac-
cepted treatment for patients with FH and high Lp(a) lev-
els (18). This study also demonstrates several novel insights
into the potential pathophysiogical role of OxPL, Lp(a),
and Lp-PLA, in FH: i) OxPL were almost exclusively de-
tected in the Lp(a)-containing fractions and not on HDL
ApoA-I particles; i) OxPL/apoB and OxPL/apo(a) in-
creased proportionally with increasing Lp(a) levels; @)
Lp-PLA,/apoB and Lp-PLA,/apoA-I levels were highest in
patients with low Lp(a) but decreased proportionally with
increasing Lp(a) levels; and ¢w) Lp-PLAy/apo(a) was low-
estin patients with low Lp(a) levels and increased propor-
tionally with increasing Lp(a) levels.

Three retrospective, hypothesis-generating studies (26-28)
demonstrated that maximally tolerated medications plus
apheresis significantly reduced rate of major cardiac adverse
events compared with maximally tolerated medications
alone. Apheresis has been shown to significantly reduce
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Fig. 4. Capture assays were performed to detect the presence of OxPL on apoB, apo(a), or apoA-I lipoproteins captured on microtiter
wells with specific murine monoclonal antibodies pre- and postapheresis in the low Lp(a), intermediate Lp(a), and high Lp(a) groups.
Each of the 25 individual data points pre- and postapheresis represents the mean of six patients.
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Fig. 5. Capture assays were performed to detect the presence of Lp-PLA, on apoB, apo(a), or apoA-I lipoproteins captured on microtiter
wells with specific murine monoclonal antibodies pre- and postapheresis in the low Lp(a), intermediate Lp(a), and high Lp(a) groups.
Each of the 25 individual data points pre- and postapheresis represents the mean of six patients.

Lp(a) concentrations (17, 18, 29, 30), and a small study
suggested it reduces Lp-PLA, mass (31). In this study, we
demonstrate the powerful effect of apheresis on reduc-
tion of OxPL and Lp-PLA, mass and activity physically
present on associated apoB-containing lipoproteins. The
basis of this decrease is likely due to the fact that the lipo-
protein carriers of OxPL and Lp-PLA,, Lp(a) and apoB,
respectively, also decreased in relative proportion follow-
ing apheresis. Interestingly, the Lp-PLAg-specific activity
increased in the intermediate and high Lp(a) groups, sug-
gesting that the remaining LDL particles are deficient in
small dense LDL particles with the lowest specific Lp-PLA,
activity and enriched in large buoyant particles exhibiting
higher specific activity. These data are also consistent with
previous data showing that apheresis enhances endothelium-
dependent vasodilation in the brachial (32) and coronary
arteries (33).

Treatments for elevated Lp(a) levels include niacin and
the emerging cholesterol ester transport and PCSK9 in-
hibitors, although their underlying mechanisms of action
are not well defined. Antisense oligonucleotides to apoB
have shown promise in significantly reducing both LDL-C
and Lp(a) levels (34, 35). In addition, specific antisense
oligonucleotides to apo(a) have been shown to reduce
apo(a) and their associated OxPL by ~85% in apo(a)-
transgenic mice (36). As they do not affect other lipopro-
tein levels to any great extent, it may be clinically feasible
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to ultimately test the hypothesis that lowering elevated
Lp(a) a priori results in clinical benefits.

We also demonstrate that the majority of immunologi-
cally detected OxPL are physically present on Lp(a) parti-
cles and not significantly on non-Lp(a)-apoB particles or
apoA-I particles. The fact that EO6-detectable OxPL are as-
sociated with clinical events (3) suggests that they reflect a
pathophysiologically important and clinically relevant bio-
logical activity of Lp(a). In corroborating evidence, we
have also shown that OxPL/apoB levels primarily reflect
OxPL associated with high Lp(a) levels and small apo(a)
isoforms, i.e., the most atherogenic particles (37). Because
apo(a) isoforms are not normally measured clinically, the
OxPL/apoB measurement provides a unique biological
assay that summates the cardiovascular risk of both LPA
alleles (38). In preliminary data, we have documented that
OxPL are present on Lp(a) in two compartments, one co-
valently bound to apo(a) and another noncovalently
bound in the lipid phase of Lp(a). Further work needs to
be performed to understand the relative proportion of
OxPL in each component of Lp(a), particularly in differ-
ent disease states, to define the sites on apo(a)/Lp(a)
where OxPL are present, and to determine the specific
species of OxPL responsible for clinical risk.

The distribution of Lp-PLA, mass and activity was shown
to be in the small dense LDL fraction, as previously docu-
mented by several studies (12, 23), along with a significant



portion present on lipoproteins present in the poorly lipi-
dated densities. Interestingly, as the Lp(a) levels change,
the proportion of Lp-PLA, on these particles changes sig-
nificantly with the underlying lipid content. For example,
in patients with low Lp(a) levels, the Lp-PLA, is primarily
present on apoB. However, as the Lp(a) levels increase,
there is proportionately less Lp-PLA, on apoB and more
on Lp(a). This is consistent with the fact that on a molar
basis, Lp(a) contains more Lp-PLA, mass (1.5-2 times)
and activity (7 times) than LDL (13, 14). However, as LDL
is in excess of Lp(a) in most patients, there is globally
more Lp-PLA, on LDL than Lp(a).

In conclusion, these findings describe a pathophysiolog-

ical relationship among Lp(a), OxPL, and Lp-PLA, in pa-
tients with FH and suggest that additional benefits of
apheresis, beyond lowering apoB-containing lipoproteins,
may be to reduce their associated proinflammatory OxPL
and Lp-PLA, HE
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