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Abstract

BACKGROUND—Monoclonal antibodies against proprotein convertase subtilisin/kexin type 9
(PCSKOi) lower LDL-C by up to 60% and increase plasma proprotein convertase subtilisin/kexin
type 9 (PCSKD9) levels by 10-fold.

OBJECTIVES—The authors studied the reasons behind the robust increase in plasma PCSK9
levels by testing the hypothesis that mechanisms beyond clearance via the low-density lipoprotein
receptor (LDLR) contribute to the regulation of cholesterol homeostasis.

METHODS—In clinical cohorts, animal models, and cell-based studies, we measured kinetic
changes in PCSK9 production and clearance in response to PCSK9i.

RESULTS—In a patient cohort receiving PCSKO9i therapy, plasma PCSK9 levels rose 11-fold
during the first 3 months and then plateaued for 15 months. In a cohort of healthy volunteers, a
single injection of PCSKO9i increased plasma PCSKS9 levels within 12 hours; the rise continued for
9 days until it plateaued at 10-fold above baseline. We recapitulated the rapid rise in PCSK9 levels
in a mouse model, but only in the presence of LDLR. In vivo turnover and in vitro pulse-chase
studies identified 2 mechanisms contributing to the rapid increase in plasma PCSK9 levels in
response to PCSKO9i: 1) the expected delayed clearance of the antibody-bound PCSKJ9; and 2) the
unexpected post-translational increase in PCSK9 secretion.
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CONCLUSIONS—PCSKAQ re-entry to the liver via LDLR triggers a sensing loop regulating
PCSK9 secretion. PCSK9i therapy enhances the secretion of PCSK9, an effect that contributes to
the increased plasma PCSKO levels in treated subjects.

Keywords

cholesterol homeostasis; LDL cholesterol; LDL receptor; monoclonal antibodies; PCSK9;
turnover studies

Proprotein convertase subtilisin/kexin type 9 (PCSKO9) is a low-abundance circulatory
protein that binds to and induces the degradation of the low-density lipoprotein receptor
(LDLR) (1,2), thus contributing to elevated low-density lipoprotein cholesterol (LDL-C)
levels in plasma (3—-6). Current understanding of PCSK9 biology is insufficient to explain
how PCSK9—a low-abundance protein—can saturate and degrade a high-abundance
protein, hepatic LDLR.

The discovery of PCSK9 in 2003 revolutionized our understanding of body cholesterol
metabolism. Just 12 years later, monoclonal antibodies that block PCSK9 function entered
the market (7). Monoclonal antibodies bind to plasma PCSK®9, prevent LDLR-PCSK9
binding, and dramatically increase LDLR density on the liver cell surface. As a result,
plasma LDL-C concentrations drop by an average of 50%-60% in patients with both
inherited and acquired hypercholesterolemia (8,9). These monoclonal antibodies cause an
extreme rise in total plasma PCSKO levels (~10-fold on average) (10-14). Although the
reduced LDLR-mediated PCSK9 clearance is undoubtedly a contributor, it is insufficient to
explain the disproportionate rise in plasma PCSK9 levels. The limited understanding of the
biochemical response to therapeutic PCSKO reflects a limited understanding of basic PCSK9
biology, including regulation of secretion and turnover.

We characterized changes in plasma PCSK®9, and lipid levels in a cohort of patients
receiving PCSK9 inhibitors followed up to 18 months. We studied the mechanisms inducing
plasma PCSK9 levels using an in vitro cell culture system, murine models with and without
LDLR, and a cohort of healthy human volunteers. We show that the rise in plasma PCSK9
levels is a consequence of 2 kinetic changes, the expected reduced clearance caused by

the interruption of LDLR-mediated pathway, and an unexpected and biologically significant
increase in the secretion of preformed PCSKO9. The latter observation suggests the presence
of a hepatic sensing loop for internalized plasma PCSK9 blocked by the therapeutic
antibodies.

METHODS
STUDY DESIGN.

We evaluated a patient cohort treated with proprotein convertase subtilisin/kexin type 9
inhibitory therapy with monoclonal antibodies (PCSKO9i) under usual care management and
measured lipid fractions and PCSK9 plasma levels over 18 months to assess the kinetics of
the dramatic rise in plasma PCSKO9 levels over time. We then set out to elucidate further
the mechanism by which PCSK9 antibody therapy induces such a response, and studied the
effect of PCSKO9i in a group of healthy volunteers, in mice, and in an in vitro system.
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THERAPEUTIC MONOCLONAL ANTIBODIES INHIBITING PCSK9 ACTION.

Therapeutic PCSKO9i is detailed in the Supplemental Methods.

HUMAN STUDY SUBJECTS.

Human studies were approved by the Institutional Review Board of Oregon Health and
Science University (#STUDY00017329 and #STUDY00020037). All participants signed the
Institutional Review Board—approved informed consent.

Human cohort 1.—The first study group was prospectively enrolled in a clinical registry
of PCSKO9i users and retrospectively analyzed. Human plasma samples from a cohort of
patients on PCSK9 inhibitory therapy were selected from our biorepository (15). Blood
samples were collected under fasting conditions. Plasma lipid and PCSK9 levels from 172
hypercholesterolemic subjects at baseline and for up to 18 months on PCSK9i therapy were
analyzed (Figure 1A). Table 1 includes the following patient demographics: prevalence of
the clinical phenotype of familial hypercholesterolemia; plasma PCSK9 and lipid levels

at baseline; and pharmacological therapy including lipid-lowering agents. We applied the
American Heart Association criteria (16) or Dutch Lipid Clinic Network Score to identify
familial hypercholesterolemia (FH).

Human cohort 2.—We studied kinetic changes from a single dose of PCSKO9i (Figure
2A) in a cohort of 7 young and healthy volunteers. The study was approved by the OHSU
IRB (#STUDY00020037). Table 2 describes the volunteer demographics: plasma PCSK9
and lipid levels at baseline, and type of PCSKO9i.

Further details on human cohorts and plasma analysis are included in the Supplemental
Methods.

ANIMAL STUDIES.

Animal experiments were carried out in compliance with National Institutes of Health
guidelines and were approved by the Institutional Animal Care and Use Committee of
Oregon Health and Science University (IACUC# IP00000744 and IP00002733). Eight-
week-old C57BL/6 wild-type (WT) and LDLR knockout (Ld/r'~) mice were purchased
(Cat# 000664 and 002207, respectively) from Jackson Laboratories. Two groups of mice
were used in this the study, and details are given in the Supplemental Methods.

IN VITRO CELLULAR STUDIES.

Human embryonic kidney HEK293T cells (Cat# CRL-1573, ATCC) were grown as
previously described (3,5) at 37 °C in a 5% CO, humidified atmosphere and transfected
following our previously published protocol (17). Media formulations and experimental
methodology (Pulse-chase studies) are detailed in the Supplemental Methods.

STATISTICS.

All relevant values are expressed as mean + SE. All statistical analyses were run either
in Microsoft Excel or Prism 8.3 (GraphPad Software, LLC). The threshold for statistical
significance was defined as a Pvalue <0.05. Statistical analyses included unpaired Student’s

JAm Coll Cardiol. Author manuscript; available in PMC 2021 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oleaga et al. Page 4

ttest, 1-way analysis of variance, linear mixed-effects model followed by Dunnet’s post hoc
comparative analysis, 2-way analysis of variance, and 1-phase nonlinear decay regression.

RESULTS

PLASMA PCSK9 LEVELS INCREASE THE FIRST 3 MONTHS OF THERAPY AND REMAIN
ELEVATED THROUGHOUT THE 18-MONTH TREATMENT PERIOD.

We evaluated changes in plasma lipids and PCSK9 levels in a cohort of
hypercholesterolemic patients (Human Cohort 1) treated with either evolocumab (140 mg
biweekly, n = 113) or alirocumab (75 mg biweekly, n = 59) for 18 months (Figure 1A,
Supplemental Figure 1) (see also the Methods section and Table 1).

LDL-C levels were reduced by 54 + 2% (P < 0.001) within the first 3 months and then
remained unchanged for the rest of the study period, in agreement with the efficacy of
PCSKO9i reported in clinical trials (Figures 1B and 1D). Similarly, changes in other lipid
levels occurred within the first 3 months of therapy and remained stable thereafter; total
cholesterol decreased 34 + 2% (P < 0.001) (Supplemental Figures 1A and 1B); HDL-C
increased 7 + 3% (P < 0.001) (Supplemental Figures 1C and 1D); triglycerides decreased
18 £ 5% (P < 0.001) (Supplemental Figures 1E and 1F); and very low-density lipoprotein
cholesterol decreased 18 + 4% (P < 0.001) (Supplemental Figures 1G and 1H).

PCSKO9i treatment induced an average 11-fold increase in plasma PCSK9 levels (P< 0.001)
within the first 3 months, and levels stayed elevated for the remaining study period (10 £
0.3-fold; £<0.001) (Figures 1C and 1E).

To understand the timeline of long-term PCSKO elevation on inhibitory therapy, we
quantified changes in PCSKQ levels at 3, 12, 24, 72, 216, and 504 hours after a single
administration of PCSK9i in a cohort of healthy volunteers (Human Cohort 2; evolocumab
140 mg, n = 4; alirocumab 75 mg, n = 3) (see also the Methods section, Table 2, and Figure
2A).

Plasma PCSKO levels increased 1.7 + 0.19-fold (2 < 0.05) within 12 hours after injection
and continued to grow daily, reaching a maximum of 10.4 + 1.6-fold (P < 0.001) at day 9
(P<0.001) (Figures 2B and 2D). LDL-C levels started decreasing by the third day (11 +
3%; P<0.01) and reached the maximum decrease (40 = 3%; £< 0.01) by the 21st day (P
< 0.001) (Figures 2C and 2E). Plasma total cholesterol levels were moderately reduced (P <
0.01) (Supplemental Figure 2B and 2D), whereas HDL-C levels were unaffected during this
study (Supplemental Figures 2C and 2E).

We quantified changes in plasma PCSKJ levels after a single administration of PCSKOi in
WT and LDLR deficient mice (La/r~'=) (Murine Cohort 1) (Figure 3A). In PCSK9i-treated
WT mice, plasma PCSKQ levels increased 7 + 2-fold (P < 0.01) from baseline within 2
hours from injection and continued to rise for 16 hours, with a cumulative increase of 21

+ 4-fold (P< 0.001) (Figure 3B). Return to physiological PCSK9 levels occurred 2 weeks
after the single injection (Supplemental Figure 3). As expected, La/r/~ mice had 16 times
greater baseline plasma PCSK9 levels when compared with WT mice caused by the lack of
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LDLR-mediated clearance of PCSK9 (1,069 + 95 ng/mL vs 67 £+ 10 ng/mL, respectively; P
< 0.001). The administration of PCSKO9i in La//~ mice failed to increase plasma PCSK9
levels (Figure 3C).

PCSK9i DELAYS PCSK9 CLEARANCE.

Because PCSK9i therapy blocks the interaction between PCSK9 and LDLR, and LDLR

is the main clearance pathway for PCSK9, we tested the hypothesis that the interrupted
clearance is the exclusive reason for the rise in PCSK9 levels in response to PCSK9i. In WT
mice (Murine Cohort 2) (Figure 4A), PCSK9 bound to a monoclonal antibody had a half-life
which was more than double that of unbound PCSK9 (34 minutes vs 14 minutes; £< 0.01)
(Figure 4B). Consistent with the previous mouse kinetic experiments (Figure 3), endogenous
plasma PCSKO levels increased as early as 1 hour after PCSKO9i injection (2 £ 0.3-fold; P<
0.05) (Figure 4C), and continued to increase for the duration of the study (£ < 0.001).

PCSK9 BLOCKADE ASSOCIATES WITH INCREASED HEPATIC LDLR AND PCSK9 PROTEIN
LEVELS AND WITH INCREASED PCSK9 SECRETION.

We quantified hepatic PCSK9 and LDLR protein levels after a single administration of
PCSKO9i in WT and La/r'~ mice (Murine Cohort 1) (Figure 5A). After 24 hours, livers

of PCSKD9i-treated WT mice expressed 2 + 0.2-fold (P < 0.001) more LDLR protein than
did vehicle-treated mice (Figure 5B); Ld/rmRNA levels were comparable between groups
(Figure 5C). PCSKO9i also induced a 27 + 10% increase (P = 0.0507) in hepatic PCSK9
protein levels in WT mice (Figure 5D) without changing its gene expression (Figure 5E).
PCSKO9i administration in La/~'~ mice did not alter hepatic PCSK9 protein levels compared
with control subjects (Figures 5D and 5E).

We evaluated PCSK9 synthesis and secretion kinetics in response to PCSK9i with a series
of pulse-chase experiments in a PCSK9-expressing HEK cell model treated with either

8 ug/mL evolocumab or vehicle for 24 hours. We chose a renal cell line rather than

a hepatocyte model because it allowed us to optimize the pulse-chase conditions. High
transfection efficiency of HEK293T cells leads to intracellular (2.5-fold) and extracellular
(16-fold) concentrations of PCSK9 much higher than achievable with HepG2 cells (17). In
addition, HEK293T cells do not express endogenous PCSK9, thus serving as an excellent
negative control for the immunoprecipitation studies (cells transfected with the empty
vector: lanes 1 and 12 of pulse-chase gel images in Figures 6A and 6B). PCSK9 secretion
gradually increased over time and was on average 2.1 + 0.3-fold greater in PCSKO9i treated
cells than control subjects (P < 0.05), whereas synthesis of PCSK9 was unaffected (Figures
6A and 6B).

DISCUSSION

The fast progress from the discovery of PCSKO to effective therapy to antagonize its effect is
a testimony to the power of genetics leveraged to inform drug discovery. However, this rapid
development means that gaps in knowledge relating to fundamental PCSK9 physiology
remain. Here, we sought to reconcile the observation that PCSKO9i therapy is associated

with dramatic elevations in plasma PCSK9 concentration—an effect that appears to be too
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large to be solely caused by impaired LDLR-dependent clearance. We characterized plasma
PCSK9 and lipid levels in a cohort of patients undergoing PCSK9i therapy to understand
kinetic changes induced by PCSK9 blockade. Plasma LDL-C decreased by ~60% and
plasma PCSKO levels increased by ~10-fold within 3 months of therapy initiation, consistent
with previous reports (18,19). To understand the mechanism by which plasma PCSK9
increases after administration of PCSK9i, we investigated the time course of early response
after a single dose of PCSKOi in healthy volunteers. We observed an unexpectedly rapid
and steady increase in plasma PCSKO levels starting at 12 hours and continuing for 9 days.
On the other hand, PCSK9i-dependent changes in plasma lipid levels occurred more slowly
and were asynchronous with the marked increase in plasma PCSK9. We confirmed these
results in a murine model, where we observed a rapid and significant elevation in PCSK9

in response to PCSKO9i that was LDLR-dependent. We showed that the PCSK9-antibody
complex delays plasma PCSK9 clearance, increasing the half-life 2-fold, and determined
that the blocked return of PCSKO to the liver stimulates PCSK9 secretion via activation of a
post-translational sensing mechanism (Central Illustration).

Previous studies with therapeutic monoclonal antibodies blocking tumor necrosis factor
alpha have also reported an increase in plasma tumor necrosis factor alpha levels caused

by its prolonged half-life (20-25). Circulating antibody-target complexes follow clearance
pathways that are either dependent or independent from the target (26,27). PCSKO is cleared
from circulation mainly through the LDLR, although poorly defined LDLR-independent
pathways are also likely involved (5,28-32). Antibody blockade of PCSK9 prolongs its
plasma half-life, which undoubtedly contributes to the rise in circulating PCSKO9 levels.
Because monoclonal antibodies against PCSK9 limit LDLR dependent clearance of the
PCSK9i-PCSK9 complex, pathways other than LDLR should be at play. In humans and WT
mice, the rise in circulating PCSK9 induced by PCSK9i peaked within days after injection
and then stabilized. In mice lacking LDLR—who already have high plasma PCSK9 levels
because of impaired clearance (3—-6,33)—PCSKOi did not influence plasma PCSKO levels.
Therefore, when the LDLR pathway is inaccessible to PCSK9 caused by LDLR deficiency
or monoclonal antibody blockade, plasma PCSK9 levels will rise until they reach a threshold
that triggers clearance of PCSK9 via an LDLR-independent pathway (5,28-32).

Although we confirmed that PCSK9 bound to its antibody had delayed plasma clearance,
we questioned if this was the mechanism responsible for the rapid and drastic rise in plasma
PCSK9 upon PCSKOi treatment. Transcription of PCSKO is regulated by sterol regulatory
element-binding proteins (SREBPs) and is increased by statin treatment (34,35). One

could hypothesize that PCSKO9i-induced preservation of hepatic LDLR causes intracellular
cholesterol saturation and down-regulation of cholesterol synthesis via SREBP regulation
(36-38). We searched for hepatic transcriptional up-regulation of PCSK9 triggered by a
feedback response from antibody blockade, but determined that PCSKO9i did not affect
hepatic PCSK9 synthesis.

We focused on the possibility of changes in secretory activity of PCSK9 after identifying

a small but significant increase in hepatic PCSK9 protein levels in the mouse experiments.
Our pulse-chase studies demonstrate that PCSK9i significantly increases cellular secretion
of PCSK9 without affecting hepatic PCSK9 synthesis. Increased secretion may result from
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changes in the stability or compartmentalization of intracellular PCSK9 (39). Even though
the ultimate mechanism has yet to be elucidated, our results suggest that a post-translational
cellular sensing mechanism regulates PCSK9 secretion perhaps more significantly than

the transcriptional control exerted by SREBP. Spolitu et al (40), found that glucagon down-
regulates PCSK9 post-transcriptionally, reducing the stability of intracellular PCSK9, and
this translates in reduced secretion of PCSK9. It is plausible to envision that the liver

cell senses the number of PCSK9 molecules returning from the circulation and uses this
information to regulate the secretion of new PCSK9 accordingly, as seen in other cell

types for hormones, neurotransmitters, and other secretory proteins under feedback loop
regulation (41). Considering that plasma PCSKJ has a fractional catabolic rate of 2 pools/d
(42-45) that PCSKO9i reduces clearance of injected PCSK9 in mice by 41% (Figure 4), we
extrapolated these data to the human model (Figure 2) to estimate that impaired clearance
contributes 72% of the total PCSK9 increase, with the remaining 28% caused by increased
secretion. Future studies of hepatic RNAseq before and after PCSK9 inhibitor may identify
gene networks that contribute to the regulation of PCSK?9 secretion.

PCSK9 binding to the LDLR is abolished both in cell-free and cell-based assays by
antibodies targeting PCSK9 (46). Disruption of PCSK9-LDLR interaction is still compatible
with downstream signaling effects, as the antibody-antigen complex may still clear the
circulation and enter the liver via LDLR-independent target-mediated mechanisms. For
example, we have shown that plasma PAI-1 levels decrease following PCSK9 blockade,

an effect that most probably is independent of LDLR (47). However, no metabolic effects

of the increased plasma PCSK9 levels induced by PCSKOi therapy have been thus far
identified, although we can speculate that situations leading to dissociation of the antigen
from the therapeutic antibody would likely trigger an increase in cholesterol levels. One
such situation is when the antibody is discontinued, and thus, newly secreted PCSK9 will be
again free to act on the LDLR and additional PCSK® is released by the immune complex (by
virtue of the law of mass action), because the dissociation rate will exceed the association
rate caused by the diminishing antibody concentration (48). Likewise, the increased PCSK9
secretion induced by antibody blockade, if it persists after discontinuing the antibody, will
drive cholesterol levels above baseline. It must be noted, though, that no animal or human
studies thus far have reported the presence of a rebound in cholesterol levels after stopping
the blocking antibodly.

DATA AND STUDY LIMITATIONS.

We used a translational approach to decipher the kinetic changes induced in PCSKO9 by the
therapeutic blockade with monoclonal antibodies. This strategy is powerful and has allowed
us to pinpoint the contributing mechanisms to the kinetic changes. Nevertheless, the results
obtained in the different models (human, mice, and cells) cannot be extrapolated to calculate
PCSK9 turnover because they differ in kinetic rates. Thus, we can only estimate the relative
contribution of the 2 mechanisms described to the increase plasma PCSK9. Our pulse-chase
experiments suggest that the cells can sense the return of circulating PCSK9 and regulate
secretion of preformed PCSK9 accordingly. However, the in vitro system used in these
experiments is based on kidney HEK293T cells, which were transfected to express PCSKO.
These findings will need to be validated in in vivo systems

JAm Coll Cardiol. Author manuscript; available in PMC 2021 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oleaga et al. Page 8

CONCLUSIONS

We determined that the rise in plasma PCSKO9 levels induced by PCSKO9i is explained by

2 mechanisms: 1) the expected decreased clearance of circulating PCSK9 caused by the
blocked interaction with LDLR; and 2) an unexpected increased secretion of cellular PCSK9
in response to lack of re-entry of PCSK9 from plasma (Central Illustration). This novel
cellular sensing mechanism may be of critical value in PCSK9 regulation, and suggests a
plausible explanation for how a low-abundance protein like PCSK9 manages to regulate a
high-abundance receptor like LDLR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

LDL-C low-density lipoprotein cholesterol
LDLR low-density lipoprotein receptor
Ldir - low-density lipoprotein receptor deficient mice
PCSK9 proprotein convertase subtilisin/kexin type 9
PCSKO9i proprotein convertase subtilisin/kexin type 9 inhibitory therapy with
monoclonal antibodies
SREBP sterol regulatory element-binding protein
WT wild type
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE:

In patients treated with PCSK9i medication, a rise in plasma PCSK9 concentration can
be used to confirm adherence to treatment and identify nonresponders. Plasma PCSK9
levels are raised by monoclonal antibodies through mechanisms that involve both delayed
clearance and increased hepatic secretion.

TRANSLATIONAL OUTLOOK:

Although re-entry of circulating PCSK9 represents a novel regulatory mechanism that
increases PCSK9 secretion during treatment with PCSK9 inhibitors, further research is
necessary to determine the effect of chronically elevated intracellular levels on health
outcomes.
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A Human Cohort1
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FIGURE 1. Long-Term Effects of PCSK9i Therapy on Plasma PCSK9 and LDL-C Levels
Patients eligible for antibody-based proprotein convertase subtilisin/kexin type 9 (PCSKO9)

inhibition therapy received 140 mg evolocumab or 75 mg alirocumab every 2 weeks. Plasma
was collected before initiation of therapy (time 0) and during the 18 months of treatment
(A). (B and D) Plasma LDL-C levels, and (C and E) plasma PCSK9 levels. Changes

from baseline (red dotted line) are plotted (mean + SE) (B and C) and absolute values

are presented in the inset tables (mean + SE, and 95% CI) (D and E). Using absolute
values, changes from baseline were analyzed by linear mixed-effects model (P < 0.001 for
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PCSK9 and LDL-C) followed by Dunnet’s post hoc test (P < 0.001 for all time points). CI
= confidence interval; LDL-C = low-density lipoprotein cholesterol; PCSK9i = proprotein
convertase subtilisin/kexin type 9 inhibitory therapy with monoclonal antibodies.
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A HumanCohort2  Single dose of PCSK9i
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FIGURE 2. Short-Term Response to PCSKO9i in a Cohort of Healthy Volunteers
Participants received a single dose of either evolocumab (140 mg, n = 4) or alirocumab

(75 mg, n = 3). Blood samples were collected 30 minutes prior to antibody injection, and
then 3, 12, 24, 72, 216, and 504 hours after injection (A). Plasma PCSK9 (B and D) and
low-density lipoprotein cholesterol (LDL-C) (C and E) levels are presented as changes from
baseline (mean + SE) and absolute values are presented in the inset tables (mean £ SE, and
95% CI) (D and E). Using absolute values, changes from baseline were analyzed by linear
mixed-effects model (P < 0.001 for PCSK9 and LDL-C) followed by Dunnet’s post hoc test
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(PCSKO9: 0.5 and 3-21 days; P< 0.05; LDL-C: 3-21 days; £< 0.01). Abbreviations as in
Figure 1.
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A Single injection, IP
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FIGURE 3. Short-Term Effects of PCSKO9i in Mice
Wild type (WT) and low-density lipoprotein receptor deficient (Za/r'~) mice were given a

single peritoneal injection of PCSK9i antibody (10 mg/kg) or vehicle (phosphate-buffered
saline [PBS]). Blood samples were collected 24 hours before injection, and then 2, 4, 8,
16, and 24 hours after injection (A). PCSK9 plasma levels were quantified in WT (B)

and Ldlr!= (C) mice over time and plotted relative to baseline. Total cholesterol (TC) was
quantified at the endpoint (D). Values are mean = SE (n = 6-22). Using absolute values,
changes over time were analyzed by linear mixed-effects model (£ < 0.001 for WT; P>
0.05 for Lalr'") followed by Dunnet’s post hoc test (vehicle injected: all time points 2
> 0.05; PCSKO9i injected: all time points; £< 0.001). Changes in total cholesterol were

evaluated for significance by 2-tailed unpaired Student’s #test. #°< 0.08; ***P < 0.001. IP
= intraperitoneal injections; other abbreviations as in Figure 1.
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FIGURE 4. Effect of PCSK9i on PCSK9 Clearance

The clearance of free PCSK9 was compared with PCSK9 bound to PCSKOi. 5 pg of human
PCSKO9, either alone (n = 3) or after preincubation with 0.105 mg anti-PCSK9 antibody (n

= 3) was administered to WT mice via retro-orbital injection. Blood samples were collected
5, 30, 60, 120, and 240 minutes after injection (A). Human PCSKS9 plasma levels were
quantified and plotted relative to baseline (B). Murine PCSK9 plasma levels were quantified
and plotted relative to baseline (C). Values are plotted as the mean £ SE, n = 3. Changes in
circulating PCSK9 overtime and bound or not to the antibody were assessed for significance
by 2-way analysis of variance (B: £< 0.01; C: < 0.001). hPCSK9 = human PCSKJ9;
mPCSK9 = murine PCSK9; other abbreviations as in Figures 1 and 3.
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FIGURE 5. Short-Term Effects of PCSK9i in Murine Livers
WT and Ld/r~/~ mice were given a single peritoneal injection of PCSK9i antibody (10

mg/kg) or vehicle (PBS). Livers were collected 24 hours after injection (A). The effects of
the antibody on hepatic LDLR protein (B), mRNA (C), PCSKO9 protein (D), and mMRNA
(E) were quantified. Values are plotted as the mean = SE (MRNA expression is relative to
the WT control), n = 6-22. Changes were evaluated for significance by 2-tailed unpaired
Student’s #test. #P< 0.08; ***P < 0.001. Abbreviations as in Figures 1 and 3.
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FIGURE 6. Kinetics of PCSK9 Production and Secretion In Vitro
Storage phosphor screen scans show the appearance and accumulation of PCSK9 over

time in cell extracts (A) and media (B) from cells incubated with vehicle (1x PBS) or
PCSKO9i (PCSKOi, 8 ug/mL). Values are plotted as the mean £ SE (n = 4 independent
experiments with 1 replicate in each experiment) of the quantified and normalized band
intensity compared with control at time 0 or 2 hours. Changes in PCSK?9, with or without
antibody, were assessed for significance by 2-way analysis of variance (B: £< 0.05).
Abbreviations as in Figure 1 and 3.
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CENTRAL ILLUSTRATION. A Sensing Loop Regulates PCSK9 Secretion Upon Inhibitory
Therapy

Two mechanisms contribute to the rapid increase in plasma PCSK9 levels in response to
PCSK®9 inhibition: the expected delayed clearance of the antibody-bound PCSK9; and an
unexpected post-translational increase in PCSK9 secretion. Our results uncover a sensing
loop for PCSKO returning to the liver via low-density lipoprotein receptors and suggest that
hepatic re-entry of plasma PCSK9 is a central contributor to trafficking of both PCSK9

and low-density lipoprotein. LDL= low-density lipoprotein; LDLR = low-density lipoprotein
receptor; PCSK9 = proprotein convertase subtilisin/kexin type 9.
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TABLE 1
Human Cohort 1 Patient Characteristics (n = 172)

Age,y 63+ 11
Women 85 (49)
BMI, kg/m? 29+6
FH 73 (42)
Mild or heterozygous FH 71 (41)
Severe or homozygous FH 2(1)
Plasma profile at baseline (before PCSKO9i therapy)
PCSK®9, ng/mL 400 +173
Total cholesterol, mg/dL 223 +65
LDL-C, mg/dL 137 + 57
HDL-C, mg/dL 54 + 20
VLDL-C, mg/dL 36 + 26
Triglycerides, mg/dL 182 £ 110
Medications
Statins 86 (50)
Ezetimibe 118 (69)
Niacin 3(2)
Fibrate 4(2)
Bile acid sequestrant 3(2)
Omega 3 fatty acids 29 (17)
PCSKOi therapy
Alirocumab (75 mg every 2 weeks) 59 (34)
Evolocumab (140 mg every 2 weeks) 113 (66)

Values are mean + SD or n (%).

BMI = body mass index; FH = familial hypercholesterolemia; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein
cholesterol; PCSK9i = proprotein convertase subtilisin/kexin type 9 inhibitory therapy with monoclonal antibodies; VLDL-C = very low-density
lipoprotein cholesterol.
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TABLE 2

Human Cohort 2 Participant Characteristics (n = 7)

Age, v (at start of study) 36+6
Female 3(43)
BMI, kg/m? 23+3
Plasma profile at baseline (before PCSKO9i therapy)
PCSK®9, ng/mL 214 £121
Total cholesterol, mg/dL 184 + 45
LDL-C, mg/dL 104 + 31
HDL-C, mg/dL 65+ 18
Triglycerides, mg/dL 71+19
PCSKOi single injection
Alirocumab (75 mg) 3
Evolocumab (140 mg) 4

Values are mean + SD, n (%), or n.

Abbreviations as in Table 1.
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