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Abstract

Rationale—Lipoprotein apheresis (LA) reduces low-density lipoprotein (LDL) levels in patients
with severe familial hypercholesterolemia (FH). We have recently reported that >30% of plasma
proprotein convertase subtilisin/kexin 9 (PCSK9) is bound to LDL, thus we predicted that LA
would also reduce plasma PCSKO9 levels by removing LDL.

Objective—Pre- and post-apheresis plasma from 6 patients with familial hypercholesterolemia
on 3 consecutive treatment cycles was used to determine changes in PCSK9 levels.

Methods and Results—LA drastically reduced plasma LDL (by 77+4%). Concomitantly,
PCSKO levels fell by 52+5%, strongly correlating with the LDL drop (P=0.0322; r2=0.26), but not
with decreases in triglyceride (49+13%) or high-density lipoprotein levels (18+2%). Levels of
albumin, creatinine, and CK-MB did not show significant changes after LA. Similar to LDL,
PCSKO9 levels returned to pretreatment values between cycles (2-week intervals). Fractionation of
pre- and post-apheresis plasma showed that 81+11% of LDL-bound PCSK9 and 48+14% of
apolipoprotein B—free PCSK9 were removed. Separation of whole plasma, purified LDL, or the
apolipoprotein B—free fraction through a scaled-down, experimental dextran sulfate cellulose
beads column produced similar results.

Conclusions—Our results show, for the first time, that modulation of LDL levels by LA
directly affects plasma PCSK9 levels, and suggest that PCSK9 reduction is an additional benefit of
LA. Because the loss of PCSK9 could contribute to the LDL-lowering effect of LA, then (1) anti-
PCSKQ therapies may reduce frequency of LA in patients currently approved for therapy, and (2)
LA and anti-PCSK9 therapies may be used synergistically to reduce treatment burden.
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Familial hypercholesterolemia (FH) is an inherited disease characterized by extremely high
levels of low-density lipoprotein cholesterol (LDL-C) leading to premature coronary artery
disease (CAD).! Patients with CAD and LDL >200 mg/ dL, despite maximal therapy or
when therapy is not tolerated, qualify for lipoprotein apheresis (LA) as an interventional
LDL-lowering maneuver. LA selectively removes apolipoprotein (apo) B—containing
lipoproteins from plasma, thereby lowering LDL by 70% to 80%.2 The procedure also
significantly reduces lipoprotein(a), triglycerides, and high-density lipoprotein levels.
Depending on the LA method, several other CAD biomarkers are partially removed from
plasma by the procedure.3->

Proprotein convertase subtilisin/kexin 9 (PCSKO) is a secreted regulator of cell surface LDL
receptor (LDLR) levels, whose function results in elevation of plasma LDL levels.®
Inhibition of PCSKQ is an active and promising area of therapeutic development for
hypercholesterolemia. A major target of these drug development efforts is aimed at reducing
levels of PCSK9 by using monoclonal antibodies.”~2 We and others have found that PCSK9
is associated with LDL in plasma.10-13 As much as 25% of plasma PCSK9 in transgenic
mice, and 40% in human subjects, is in the LDL fraction.12:13 Various studies have reported
a significant correlation between PCSK9 and LDL-C,14-16 |ikely because of PCSK9’s effect
on cellular LDLR and plasma LDL clearance. It remains to be established whether primary
changes in LDL levels affect plasma PCSK9 levels,17 as can be expected given that
significant amounts of PCSK9 are carried by this lipoprotein.

PCSKO9 circulates in plasma in different molecular forms: (1) a 62 kDa band, representing
the full-length circulating protein minus the prodomain; (2) a 55 kDa fragment, product of
cleavage of the 62 kDa protein by the protease furinl819; and (3) higher-molecular-weight
forms, likely PCSK9 homo- or heteromultimers.1912 The physiological role of the smaller
and larger molecular weight PCSK9 forms is not clear.

To test the direct effect of modulating LDL levels by LA on PCSK9 plasma levels, we
analyzed plasma from patients with FH before and after removal of apoB-containing
lipoproteins via LA and also measured PCSK9 in the apheresis column eluate. We show that
LA reduces PCSKO levels by >50%, via column trapping of both LDL-bound and apoB-free
PCSKO.

Methods

An expanded Methods section is available in the Online Data Supplement.

Patients

Six subjects with severe FH (according to Simone Broome criteria)?® and history of CAD
undergoing LA every 2 weeks at VVanderbilt University Medical Center (VUMC) were
studied. Control subjects were not taking lipid-lowering agents. The study protocol was
approved by VUMC'’s institutional review board (IRB 101615). All participants gave
informed consent.

Experimental Dextran Sulfate Column

One milliliter of dextran sulfate cellulose beads (from an unused Liposorber column) was
packed into vertical columns and 6 mL of plasma were loaded on the column in each
experiment.
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Recombinant PCSK9 With Glutathione S-Transferase Affinity Tag

Using the Mammalian Transfection System purchased from Promega, HEK293T cells were
transfected with pcDNA-PCSK9-GST and purified from culture media.

Plasma Lipoprotein Separation

Lipoproteins from pre- and post-apheresis plasma were isolated by ultracentrifugation using
natural gradient media (Optiprep) and OptiSeal tubes spun at 90 000 rpm for 2.5 hours in a
TLN100 rotor.

Results

LA Reduces Plasma PCSK9 Levels

Because PCSK9 binds to LDL,10-13 we predicted that plasma PCSK9 would also be
removed by LA. We studied 6 patients undergoing routine LA with dextrose sulfate columns
on 3 consecutive treatment cycles and found a significant reduction (52+5%) in plasma
PCSK®9 after treatment (Figure 1A). The reduction in PCSK9 was higher than predicted by
LDL reduction alone (~=80% of LDL removed with ~40% of PCSK?9 associated with LDL
should result in a 32% reduction in total PCSK9). No differences were seen in plasma levels
of control parameters, such as albumin, creatinine, and CK-MB. Mean changes in plasma
lipids and proteins for each patient are summarized in Table 1. PCSKO9 levels returned to
pretreatment values between each cycle (2-week intervals) in all 6 patients (Figure 1B). As
shown in Figure 1C, there was a significant correlation between LDL and PCSK9 decreases
(P=0.0322; r2=0.26). No correlation was found between PCSK9 reduction and triglyceride
or high-density lipoprotein changes after treatment (Online Figure IA and IB).

LA Removes Both LDL-Bound and apoB-Free PCSK9

As PCSK9 reduction was greater than predicted, we set out to analyze the degree of PCSK9
reduction in different plasma fractions and the quantitative recovery of PCSK9 from the
column. We show that 81+11% and 48+14% of PCSK9 was removed from the LDL-bound
and apoB-free fraction of the plasma, respectively (Figure 2A). The combined reduction in
both fractions explains >80% of PCSK9 removal from the circulation. Additionally, in the
column eluate we were able to recover 82+11% of the total PCSK9 removed from the
circulation (not shown). Similar to previous reports in mice,10-12 western blot analysis of
PCSK®9 in plasma from apheresis patients showed no PCSK9 bound to the VLDL (Figure
2B). Purity of each fraction is shown in Online Figure 11. PCSK9 bound to LDL was
exclusively in the 62 kDa monomeric active form (Figure 2B), whereas the apoB-free
fraction showed different molecular forms of PCSK9, mainly the smaller 55 kDa band
product of furin cleavage and also low levels of higher molecular weight bands likely due to
homo- or hetero-polymerization (Figure 2B).

Quantification Studies Using a Scaled-Down LA Column

To study PCSK9 removal from each fraction directly, we used a commercial grade, scaled-
down dextrose sulfate column with cellulose beads (Liposorber). Using plasma, 61+4% of
cholesterol (mainly LDL) and 51+7% of PCSK9 were removed. Using the purified LDL
fraction, 68+16% of cholesterol and 61+5% of PCSK9 were removed. Using the apoB-free
fraction, 17+9% of cholesterol (mainly high-density lipoprotein) and 38+6% of PCSK9 were
removed (Figure 3A and 3B). To test whether purified PCSK9 directly binds the column, we
used GST-tag PCSK9 (62 kDa) produced in transfected HEK293T cells (Figure 3B, inset).
Figure 3B shows that the scaled-down dextran sulfate column did not remove the purified
GST-tag PCSKO9 (62 kDa) from the saline solution (pH=7.4). To determine whether the
ability to remove both LDL and PCSK9 from plasma is unique to dextran sulfate, we also

Circ Res. Author manuscript; available in PMC 2014 March 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

used polyethylene glycol 8000 (20%) precipitation, a known method to precipitate apoB
particles and other proteins from plasma.2! Polyethylene glycol precipitation almost
completely removed plasma LDL (97+1.6%) and PCSK?9 (95+0.2%; not shown).

Discussion

We were the first to describe the association of PCSK9 with LDL in murine plasmal?; we
and others have recently reported that more than one third of circulating PCSK9 is
associated with plasma LDL in humans.12:13 Here, we tested the effect of direct LDL
removal via apheresis on plasma PCSK9 levels. Using pre- and post-apheresis plasma from
patients with severe hypercholesterolemia and CAD, we show that PCSK9 is removed from
the circulation during the LA through both LDL-dependent and LDL-independent
mechanisms.

FH is mainly caused by mutations in the LDLR and less commonly by mutations in apoB or
gain-of-function mutations in PCSK9.22 Certain LDLR mutations (eg, receptor-negative)
may also result in increased plasma PCSK9 levels12:23 and lack of responsiveness to anti-
PCSKO therapy.24 LA is used to treat hypercholesterolemia in patients with FH by acutely
lowering levels of apoB-containing particles? and other cardiovascular risk factors.3-

Our goal was to investigate the direct effect of LA on plasma PCSK9. Here, we show that
LA with dextran sulfate cellulose beads decreases plasma PCSK9 levels by more than 50%,
and that >80% of PCSKO lost from plasma is recovered from the column eluate. The
decreases in plasma PCSK9 levels caused by LA are similar to those attained in bi-weekly
injections of low-dose anti-PCSK?9 antibody therapy, which resulted in an average LDL drop
of 24%.25 This means that the PCSK9-lowering effect of LA should explain a portion of the
maintenance of low LDL levels after each apheresis session and that LDL levels would
more rapidly return to baseline without the drop in PCSK9. After LA, plasma LDL levels
progressively increase and return to baseline after 10 to 14 days.26:27 Similarly, in our study,
PCSKQ levels returned to pretreatment values between treatment cycles. The reduction in
PCSK9 during apheresis significantly correlated (r2=0.26) with LDL reduction. These
results imply that the correlation between PCSK9 and LDL-C or apoB levels'41516 reported
in the literature is not only due to the known effect of PCSK9 on LDLR, but also due to the
physical association between PCSK9 and LDL.

We show that LA results in removal of both LDL-bound and apoB-free PCSK9, and that
LDL-bound and apoB-free PCSK9 are different with nonoverlapping molecular forms. We
show for the first time that the 62 kDa band, which is the intact and functional form of
PCSK®9, is only present on the LDL fraction of these patients. This observation was
previously described by us and others only in transgenic mice expressing human
PCSK9.10-12 This suggests either that only intact PCSK9 has affinity for LDL or that the
association with the LDL particle protects PCSK9 from cleavage and multi-merization. We
also show that both the furin-cleaved 55 kDa form and the low levels of higher-molecular-
weight forms (likely homo- or hetero-multimers)28 of PCSK9 are found exclusively in the
apoB-free fraction of the plasma. These observations imply that: (1) If intact PCSK9 is the
functional protein, then current ELISA methods that test for total plasma PCSK9 levels
should be replaced with more specific methods to quantify the 62 kDa form. (2) Because the
62 kDa form is exclusively carried by the LDL particle, then the catabolic destiny of PCSK9
and its effect on LDLR are both driven by the canonical ligand for this receptor. (3) Immune
complexes between therapeutic antibodies and target PCSK9 should form on the LDL
particle and may be removed via LDL-dependent mechanisms.
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Using a Web-based tool (http://isoelectric.ovh.org/),2? we predicted that PCSKO is
negatively charged at plasma pH (full length protein pl=6.6; furin-cleaved fragment
pl=7.02) and, as such, not likely to bind the dextran sulfate apheresis column directly, which
is also negatively charged. Using purified GST-tagged PCSK9, we show that the intact
PCSKQ protein is not removed by the dextran sulfate column, which suggests that the
significant loss of plasma PCSK9 we see during LA is mediated by interacting partner
protein(s).

Anti-PCSK9 antibodies are seen by most as likely to achieve Food and Drug Administration
approval for cholesterol control in patients with less severe hypercholesterolemia than that
required for LA qualification.30 More recently, anti-PCSK9 antibodies have been shown to
cause significant LDL lowering even in homozygous FH subjects, a group of patients that is
currently treated mainly by LA.24 Because the reduction in PCSK9 could contribute to the
long-term LDL control caused by LA therapy, anti-PCSK9 therapies may reduce the
frequency of LA in patients currently approved for therapy, and LA and anti-PCSK9
therapies may be used synergistically to reduce treatment burden.

Limitation of the Study

This study is based on data from only 6 patients undergoing LA. Therefore, there was
limited statistical power to study associations between PCSK9 loss and patient
characteristics. PCSK9 was measured only in pre- and post-apheresis plasma, and recovery
rate of PCSK9 was not studied. In addition, all patients were treated with the most common
LA method in the United States (Liposorber, dextran sulfate cellulose beads). It remains to
be determined whether other LA interventions such as heparin-induced extracorporeal LDL
precipitation or direct adsorption of lipids have similar effects on plasma PCSKO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What 1sKnown?

o  Low-density lipoprotein (LDL) cholesterol lowering is the most common

treatment to reduce the risk of atherosclerotic cardiovascular disease, and statins

are the drug of choice for many to achieve the desired level.

e PCSKaQ circulates in plasma and is responsible for post-transcriptional reduction

of hepatic surface LDL receptor.

» Anti-PCSK?9 antibodies are proving to be safe and effective in reducing LDL

cholesterol levels and are moving toward Food and Drug Administration
approval.

o LDL-apheresis (LA) is currently used in patients with familial hyper-

cholesterolemia when LDL >200 mg/dL (>300 if no cardiovascular disease).

» Anassociation of plasma PCSK9 with the LDL particle has been reported.

What New | nfor mation Does This Article Contribute?

o We show for the first time that LDLA reduces plasma PCSKO levels, by >50%.

» The loss of PCSK9 is in excess of that predicted by the extent of association

between PCSK9 and LDL.

» Reduction in plasma PCSKJ levels correlated to reduction in LDL cholesterol

levels.

» Inplasma, the active PCSK9 (62 kDa) is only present on the LDL.

» Asignificant portion of PCSK9 not associated with LDL is also removed by

LA.
e PCSKQ does not directly bind to the apheresis column.

e The loss of LDL-bound PCSK® is because of the removal of LDL, whereas the
loss of LDL-free PCSK9 is likely because of the presence of interacting partner

proteins.

Both the existence and the clinical significance of LDL-bound PCSK9 have been a

matter of debate. In this study, the physical removal of LDL via LA enabled us to prove

definitively that a significant portion of PCSKQ is part of the LDL particle. More
importantly, we show that all of the intact and likely most active form of PCSKS9 is
exclusively associated with LDL. Our study suggests that PCSK9 removal could

contribute to LDL lowering of LA. This finding should direct studies on the synergistic
effect of LA and anti-PCSK9 therapies and foster investigations on the fate of PCSK9-

containing LDL after antibody treatment.
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Figure 1. Lipoprotein apheresis (LA) reduces plasma proprotein convertase subtilisin/kexin 9
(PCSK9) levels

A, Pre- and postapheresis plasma PCSK9 levels in 6 patients with familial
hypercholesterolemia (FH). Insert: Representative PCSK9 immunoblot from pre- and post-
apheresis plasma. B, Pre- and post-apheresis plasma PCSK9 levels during 3 consecutive
treatments in 6 FH patients. C, Correlation between low-density lipoprotein (LDL) reduction
and PCSKQ reduction after LA. ***P<0.001.
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Figure 2. Lipoprotein apheresis (LA) removes both low-density lipoprotein (LDL)-bound and
apoB-free proprotein convertase subtilisin/kexin 9 (PCSK 9)

A, Percent of PCSK9 removed from LDL and apoB-free fractions of plasma after LA (n=6).
B, PCSK9 immunoblot of plasma fractions isolated by ultracentrifugation from 2 different
patients with LA. Lanes 1,2 indicate VLDL; lanes 3,4, LDL; and lanes 5,6, apoB-free
(concentrated 2-fold for better visualization of high molecular bands).
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Figure 3. Cholesterol and proprotein convertase subtilisin/kexin 9 (PCSK 9) adsor ption to a
scaled-down dextran sulfate column

A, Percent of cholesterol removed from total plasma and its low-density lipoprotein (LDL)
and apoB-free fractions by a scaled-down dextran sulfate column (n=3). B, Percent of
PCSK9 removed from plasma, its fractions, and puri3ed GST-tagged PCSKO by the scaled-
down dextran sulfate column (n=3). Insert: PCSK9 immunoblot of GST-tagged eluted
fraction from glutathione agarose column of media from HEK293T cells transfected with
pcDNA-PCSK9-GST. The presence of a single band con3rms the purity of the preparation.
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