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Proprotein convertase subtilisin/kexin type 9 (PCSKo) targets the degradation
of low-density lipoprotein (LDL) receptors; it has been proved that its inhibition
improves cardiovascular outcomes in patients with established atherosclerotic
cardiovascular disease (ASCVD). Herein, we review the current status of PCSKg
inhibitors in clinical practice and the future scope of PCSKg inhibition. The
results of two recent large clinical trials reveal that two PCSK9 monoclonal anti-
bodies evolocumab and alirocumab reduce the risk of a cardiovascular event on
top of background statin therapy in patients with stable ASCVD and those with
recent acute coronary syndrome, respectively. However, there are several ongo-
ing concerns regarding the efficacy in reducing mortality, cost-effectiveness, and
long-term safety of extremely low LDL cholesterol levels with PCSKg inhibition.
The results of ongoing cardiovascular outcomes trials with PCSKg monoclonal
antibodies for primary prevention and with small interfering RNA to PCSKg for
secondary prevention may help to shape the use of this new therapeutic class.

Keywords: PCSKg protein, human; Cardiovascular diseases; Antibodies, mono-
clonal; Cholesterol, LDL

INTRODUCTION

for decades, the residual risk for high-risk patients re-
mains high despite statin therapy [4,5]. Furthermore, ad-

Atherosclerotic cardiovascular disease (ASCVD) is the
leading cause of death worldwide [1]. Because the esti-
mated growth of the aging population offsets the benefits
achieved by the improved treatment and the mitigation
of the risk factors of ASCVD, a sustained and high global
mortality rate due to it could be evident by 2030 [2]. Mul-
tiple lines of evidence from genetic, epidemiologic, and
clinical studies have converged on plasma cholesterol,
particularly low-density lipoprotein (LDL) cholesterol,
as the principal cause of the initiation and progression
of ASCVD [3]. Although statins (3-hydroxy-3-methylgl-
utaryl-coenzyme A reductase inhibitors) have been the
primary treatment of choice for treating dyslipidemia
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verse effects such as statin-associated muscle symptoms
and diabetes mellitus limit their use in high-risk patient
populations [6].

The discovery of proprotein convertase subtilisin/kex-
in type 9 (PCSK9) in 2003 has rapidly transformed our
understanding of lipoprotein metabolism [7]. PCSK9
diminishes the clearance of LDL cholesterol from the
circulation by promoting the degradation of LDL re-
ceptors, and the results of two recent cardiovascular
outcomes trials indicate that the incremental benefit
of adding a PCSKg inhibitor on top of statin therapy in
patients with ASCVD [8-10]. Two PCSK9 monoclonal
antibodies, evolocumab and alirocumab, received U.S.
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Food and Drug Administration (FDA) approval in 2015.
Alirocumab was approved to treat heterozygous familial
hypercholesterolemia or individuals with clinical AS-
CVD who require further LDL cholesterol-lowering in
combination with other treatments typically including
a maximally tolerated statin. Evolocumab was approved
for patients with clinical ASCVD or heterozygous or ho-
mozygous familial hypercholesterolemia who require
further LDL cholesterol-lowering in combination with
other lipid-lowering treatments. In this review, we dis-
cuss the current role of PCSKg inhibitors in clinical
practice and how PCSKg inhibition may be expanded
beyond its current position based on recent and emerg-
ing evidence.

RATIONALE AND STRATEGIES FOR PCSKg
INHIBITION

PCSKo is a member of the proteinase K subfamily of
subtilisin-related serine endoproteases. The physio-
logic function of PCSKg was initially discovered by the
identification of point mutations in PCSKg that cause
an autosomal dominant form of hypercholesterolemia
[7]. PCSKo, like LDL cholesterol, serves as a ligand for
LDL receptors. After PCSK9 binds to the LDL receptors
on the hepatocyte surface, it targets the receptors for ly-
sosomal degradation. Thus, PCSK9 promotes LDL re-
ceptor degradation, thereby consequentially decreasing
the clearance of LDL cholesterol from the circulatory
system [8]. Studies have shown that the gain or loss of
function by mutations in PCSKg cause higher or lower
level of LDL cholesterol, respectively, which is associat-
ed with a corresponding higher or lower risk of coro-
nary heart disease [7,8]. Moreover, statins upregulate the
expression and secretion of PCSKg by activating sterol
regulatory element-binding protein-2, which increas-
es the transcription of both LDL receptors and PCSKog
mRNA [11]. Consequently, PCSKg inhibition seems to be
a very attractive strategy for lowering LDL cholesterol
and enhancing the efficacy of statin therapy.

Several therapeutic approaches to the inhibition of
PCSKg have been proposed (Fig. 1). Monoclonal an-
tibodies for PCSKg have been developed and two of
them (evolocumab and alirocumab) have proved to be
effective in reducing cardiovascular outcomes on top
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of background statin therapy in patients with ASCVD
[9,10]. Furthermore, small interfering ribonucleic acid
(siRNA) affects intracellular hepatocyte PCSK9 produc-
tion through the targeted inhibition of translation [12].
Inclisiran, the most promising siRNA, is currently being
studied in a dedicated phase III cardiovascular outcomes
trial (ORION-4, NCT03705234). Another approach to
PCSKgo inhibition is through vaccination to incite active
immunization by producing long-lasting anti-PCSKg
antibodies. The only vaccine against PCSKg is currently
undergoing a phase I clinical trial (NCT02508896) [13].

EFFICACY OF PCSKg INHIBITORS

LDL cholesterol-lowering effects

The LDL cholesterol-lowering effects of both alirocumab
and evolocumab have been described in several phase III
clinical trials involving patients with familial hypercho-
lesterolemia and mixed dyslipidemia treated with oth-
er lipid-lowering therapies. Evolocumab reduced LDL
cholesterol by 18.3% to 66% over 12 to 52 weeks [14-22],
while the reduction by alirocumab was 36.3% to 61.0%
over 24 to 78 weeks [23-33]. The findings of two recent
large clinical outcomes trials described the profound
LDL cholesterol reduction by PCSKg inhibitors [9,10].
Further Cardiovascular Outcomes Research with PCSKg
Inhibition in Subjects with Elevated Risk (FOURIER) tri-
al involving 27,564 patients on statin therapy with ASC-
VD and LDL cholesterol level = 70 mg/dL disclosed that
evolocumab reduced LDL cholesterol by 59% on average
compared with the placebo group after 48 weeks from
a median baseline value of 92 mg/dL (2.4 mmol/L) to
30 mg/dL (0.78 mmol/L) [9]. The results of the Evalua-
tion of Cardiovascular Outcomes After an Acute Coro-
nary Syndrome During Treatment With Alirocumab
(ODYSSEY OUTCOMES) trial involving 18,924 patients
with acute coronary syndrome (ACS) 1 to 12 months ear-
lier who had an LDL cholesterol level = 70 mg/dL (1.8
mmol/L), non-high-density lipoprotein cholesterol level
= 100 mg/dL (2.6 mmol/L), or apolipoprotein B level =
80 mg/dL revealed that alirocumab reduced LDL cho-
lesterol by 61.0% on average compared with the placebo
group at 48 weeks from a mean baseline level of 92 mg/
dL (2.4 mmol/L) to 42 mg/dL (1.1 mmol/L) [10]. Qamar et
al. [34] demonstrated minimal inter-individual variabil-

https://doi.org/10.3904/kjim.2020.140


www.kjim.org

Cho KH and Hong YJ. PCSK9 inhibition

b

PCSK9
(Packaged)

PCSK9
Mature)

Endosome

Lysosome

1| SREBP-2
-——

W (Pre—processed)

Endoplasmic
Reticulum

e

Figure 1. Proprotein convertase subtilisin/kexin type 9 (PCSKg)-mediated regulation of low-density lipoprotein receptors
(LDL-Rs) and representative targets for therapeutics. (1) Sterol regulatory element-binding protein-2 (SREBP-2) increases the
transcription of both LDL-Rs and PCSKg. PCSK9 is processed in the endoplasmic reticulum (2) and packaged in the Golgi
apparatus (3) before being secreted. The LDL-Rs bind LDL cholesterol (LDL-C) on the cell surface, and the complex is inter-
nalized by the cells via the endosome (4). LDL-C is displaced from the LDL-Rs for use elsewhere and the LDL-Rs are recycled
to the cell surface (5). Secreted PCSKg binds to the LDL-Rs and the complex enters into the endosome (6), resulting in the
lysosomal degradation of the LDL-Rs (7). There are two representative approaches to PCSKg inhibition: small interfering ribo-
nucleic acids (siRNAs) and PCSK9 monoclonal antibodies (MoAbs). siRNAs inhibit the translation of PCSKg (right lower area),

while MoADbs block PCSKg binding to the LDL-Rs on the cell surface (right upper area).

ity in LDL cholesterol-lowering with 90.5% of patients
achieving LDL cholesterol reduction by at least 50% and
99.8% by at least 30% in the FOURIER trial. The results
of a large meta-analysis of 35 randomized controlled tri-
als (RCTs) involving 45,539 patients divulged significant
LDL cholesterol reduction after treatment with PCSKog
inhibitors of —-60.94% and —31.32% versus the placebo
and ezetimibe groups, respectively [35]. Treatment with
the PCSKg inhibitor was associated with a favorable
change in total cholesterol (mean difference [MD], —34.95;
95% confidence interval [CI], —37.53 to —3237; p < 0.001),
high-density lipoprotein cholesterol (MD, 6.85; 95% CI,
6.10 to 7.60; p < o.001), lipoprotein(a) (Lp(a); MD, —26.45;
95% CI, —28.88 to —24.03; p < 0.001), and apolipoprotein B
(MD, —45.50; 95% CI, —48.35 to —42.64; p < 0.001).

https://doi.org/10.3904/kjim.2020.140

Effects on the risk of a cardiovascular event

The FOURIER and ODYSSEY OUTCOMES trials were
two pivotal RCT designed to evaluate whether PCSKg
monoclonal antibodies evolocumab and alirocumab
can reduce the risk of a cardiovascular event on a back-
ground of statin therapy in patients with ASCVD (Ta-
ble 1). The FOURIER trial included 27,564 patients with
clinically evident ASCVD (a history of myocardial infarc-
tion, non-hemorrhagic stroke, or symptomatic periph-
eral artery disease) and a lipid profile characterized by
an LDL cholesterol level = 70 mg/dL (1.8 mmol/L) or a
non-high-density lipoprotein cholesterol levels = 100
mg/dL (2.6 mmol/L) despite maximal tolerated statins
and/or ezetimibe [9]. They were randomly assigned in a
1:1 ratio to receive subcutaneous injections of evolocum-
ab (either 140 mg every 2 weeks or 420 mg monthly) or
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Table 1. Comparison of the FOURIER and ODYSSEY OUTCOMES clinical trials

Clinical trial

FOURIER [g]

ODYSSEY OUTCOMES [10]

Design
controlled

Intervention
420 mg monthly)

Number of patients

Population

Patients on high-intensity therapy, % 693
Follow-up duration, median yr 2.2
Median baseline LDL-C, mg/dL 92

Mean percentage reduction in LDL-C
compared to the placebo group

50% at 48 wk

Primary end point

myocardial infarction, stroke,
hospitalization for unstable angina, or
coronary revascularization

HR for primary endpoint, 95% CI 0.85(0.79-0.92)

HR for all-cause mortality, 95% CI 1.04 (0.91-1.19)

Randomized, double-blinded, placebo-

27,564 (mean age 63 yr, female 25%)

Stable ACVD and LDL-C = 70 mg/dL
despite statin therapy

A composite of cardiovascular death,

Randomized, double-blinded, placebo-
controlled

Evolocumab (either 140 mg every 2 wk or Alirocumab (75 mg every 2 wk and

adjusted to target an LDL-C of 25 to 50
mg/dL)*
18,924 (mean age 58 yr, female 25%)

ACS in the previous 1 to 12 mon and
LDL-C = 7o mg/dL despite statin
therapy

88.8
2.8
87

61% at 12 mon

A composite of death from coronary
heart disease, nonfatal myocardial
infarction, fatal or nonfatal ischemic
stroke, or unstable angina requiring
hospitalization

0.85(0.78—0.93)
0.85(0.73-0.98)

FOURIER, Further Cardiovascular Outcomes Research with PCSKg Inhibition in Subjects with Elevated Risk; ODYSSEY
OUTCOMES, Evaluation of Cardiovascular Outcomes After an Acute Coronary Syndrome During Treatment With Alirocum-
ab; LDL-C, low-density lipoprotein cholesterol; ACVD, atherosclerotic cardiovascular disease; ACS, acute coronary syndrome;

HR, hazard ratio; CI, confidence interval.

*Alirocumab was held for sustained LDL-C levels below 15 mg/dL.

the placebo. The results of this study showed that evo-
locumab significantly reduced the risk of the primary
endpoint (a composite of cardiovascular death, myocar-
dial infarction, stroke, hospitalization for unstable angi-
na, or coronary revascularization; 1,344 patients [9.8%] vs.
1,503 patients [11.3%]; hazard ratio [HR], 0.85; 95% CI, 0.79
to 0.92; p < 0.001) at 2.2 years. Evolocumab significantly
reduced the risk of different types of myocardial infarc-
tion: myocardial infarction by 27% (468 patients [3.4%]
vs. 639 patients [4.6%]; HR, 0.73; 95% CI, 0.65 to 0.82; p <
o.oo1); first myocardial infarction by 27% (4.4% vs. 6.3%;
HR, 0.73; 95% CI, 0.65 to 0.82; p < 0.001); type 1 by 32%
(2.9% vs. 4.5%; HR, 0.68; 95% CI, 0.59 to 0.79; p < 0.001);
and type 4 by 35% (0.8% vs. 11%; HR, 0.65; 95% CI, 0.48
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to 0.87; p = 0.004), with no effect on type 2 (0.9% vs. 0.8%;
HR, 1.09; 95% CI, 0.82 to 1.45; p = 0.56) [36]. Evolocumab
significantly reduced the risk of all types of stroke (207
patients [1.5%)] vs. 262 patients [1.9%]; HR, 0.79; 95% CI,
0.66 to 0.95; p = 0.01) and of ischemic stroke (1.2% vs.
1.6%; HR, 0.75; 95% CI, 0.62 to 0.92; p = 0.005), with no
effect on hemorrhagic stroke (0.21% vs. 0.18%; HR, 1.16;
95% CI, 0.68 t0 1.98; p = 0.59) [37]-

The ODYSSEY OUTCOMES trial included 18,924 pa-
tients with ACS 1 to 12 months earlier and a lipid profile
characterized by a LDL cholesterol level = 70 mg/dL (1.8
mmol/L), a non-high-density lipoprotein cholesterol
level = 100 mg/dL (2.6 mmol/L), or apolipoprotein B =
8o mg/dL despite maximal tolerated statin [10]. Patients
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were randomly assigned in a 1:1 ratio to receive aliro-
cumab subcutaneously at a dose of 75 mg or the placebo
every 2 weeks. The dose of alirocumab was adjusted in a
blinded fashion to target an LDL cholesterol level of 25
to 50 mg/dL (0.6 to 1.3 mmol/L). Alirocumab significant-
ly reduced the primary endpoint events (a composite of
death from coronary heart disease, non-fatal myocardial
infarction, fatal or non-fatal ischemic stroke, or unstable
angina requiring hospitalization; 9o3 patients [9.5%] vs.
1,052 patients [11.1%]; HR, 0.85; 95% CI, 0.73 to 0.93; p <
0.001) at 2.8 years. Alirocumab significantly reduced the
risk of any stroke (1.3% vs. 1.8%; HR, 0.72; 95% CI, 0.57 to
0.91) and of ischemic stroke (1.2% vs. 1.6%; HR, 0.73; 95%
CI, 0.57 to 0.93), with no effect on hemorrhagic stroke
(0.2% vs. 0.2%; HR, 0.83; 95% CI, 0.42 to 1.65) [38].

There were different findings regarding the effects on
mortality reduction by PCSKg inhibitors in the FOURI-
ER and ODYSSEY OUTCOMES trials. In the FOURIER
trial, there was no difference in cardiovascular mortality
(251 patients [1.8%)] vs. 240 patients [1.7%]; HR, 1.05; 95%
CI, 0.88 to 1.25) or all-cause mortality (444 patients [3.2%)]
vs. 426 patients [3.1%]; HR, 1.04; 95% CI, 0.91 to 1.19) be-
tween the evolocumab and placebogroups [9]. In the
ODYSSEY OUTCOMES trial, alirocumab significantly
reduced all-cause mortality (334 patients [3.5%] vs. 392 pa-
tients [4.1%]; HR, 0.85; 95% CI, 0.73 to 0.98), with no effect
on cardiovascular mortality (240 patients [2.5%] vs. 271
patients [2.9%]; HR, 0.88; 95% CI, 0.74 to 1.05) [10]. This
difference was probably due to the higher cardiovascular
risk of patients enrolled in the ODYSSEY OUTCOMES
trial compared with those in the FOURIER trial, as the
ODYSSEY OUTCOMES trial included patients who had
ACS within 1 year of enrollment.

A large meta-analysis of 35 RCTs comprising 45,539
patients showed that compared with no PCSKg inhib-
itor therapy, treatment with a PCSKg inhibitor was as-
sociated with a lower rate of myocardial infarction (2.3%
vs. 3.6%; odds ratio [OR], 0.72; 95% CI, 0.64 to 0.81; p <
0.001), stroke (1.0% vs. 1.4%; OR, 0.80; 95% CI, 0.67 to
0.96; p = 0.02), and coronary revascularization (4.2% vs.
5.8%; OR, 0.78; 95% CI, o.71 to 0.86; p < 0.001) [35]. Al-
though no significant change was observed in all-cause
mortality (OR, 0.71; 95% CI, 0.47 to 1.09; p = 0.12) or car-
diovascular mortality (OR, 1.01; 95% CI, 0.85 to 1.19; p =
0.95), there was a significant association between higher
baseline LDL cholesterol and benefit from PCSKg in-
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hibitor in all-cause mortality (p = 0.038). The results of a
more recent meta-analysis involving 54 RCT's and 97,910
patients demonstrate that compared with the controls,
PCSKg inhibitors significantly reduced the risk of ma-
jor adverse cardiovascular events (a composite of car-
diovascular death, non-fatal myocardial infarction, and
non-fatal stroke) by 16% (relative risk [RR], 0.84; 95% CI,
0.79 to 0.89), non-fatal myocardial infarction by 17% (RR,
0.83; 95% CI, 0.74 to 0.93), and any stroke by 25% (RR, 0.75;
95% CI, 0.65 to 0.85) [39].

Effects on Lp(a)

Lp(a) consists of an LDL-like particle containing apoli-
poprotein(a) linked to apolipoprotein B-100. The plas-
ma concentration of Lp(a) is highly heritable and mainly
determined by the apolipoprotein(a) gene [40]. Although
the physiologic function of Lp(a) remains unclear, cumu-
lative evidence including epidemiologic and genetic data
suggests that Lp(a) is an independent risk factor for AS-
CVD [40,41]. However, the therapeutic targeting of Lp(a)
has proved difficult to date and there are currently no
FDA-approved drugs for the treatment of elevated Lp(a).
The results of a recent meta-analysis comprising 27 RCT's
with 11,864 patients revealed that a PCSKg inhibitor was
associated with Lp(a) reduction by 21.9% (95% CI, —24.3 to
-19.5) [42]. O'Donoghue et al. [43] analyzed 25,096 patients
having Lp(a) levels in the FOURIER trial and demon-
strated that higher levels of Lp(a) were associated with
an increased risk of a cardiovascular event irrespective
of LDL cholesterol. Evolocumab significantly reduced
Lp(a) levels and patients with higher Lp(a) levels tended
to experience greater cardiovascular benefit from PCSKog
inhibition. Moreover, evolocumab reduced the risk of
coronary heart disease death, myocardial infarction, or
urgent revascularization by 23% (HR, 0.77; 95% CI, 0.67
to 0.88) in patients with baseline Lp(a) above the median
and by 7% (HR, 0.93; 95% CI, 0.80 to 1.08; p interaction =
0.07) in those with Lp(a) below the median.

Although the exact mechanism of PCSKg inhibitor-in-
duced Lp(a) lowering remains inconclusive, recent evi-
dence suggests that PCSK9 inhibitors reduce Lp(a) con-
centration by both enhancing its clearance and reducing
its production [44,45]. In a study involving 63 healthy men,
it was demonstrated that evolocumab monotherapy low-
ered Lp(a) concentration by decreasing the production of
Lp(a) particles [45]. In combination with statin therapy,
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evolocumab lowered the Lp(a) concentration by acceler-
ating the Lp(a) catabolism through the marked upregu-
lation of LDL receptors. Recently, discordance between
LDL cholesterol and Lp(a) reduction in PCSKg inhibitor
therapy has been reported, which suggests that the up-
regulation of LDL receptors may not be the sole mecha-
nism for Lp(a) lowering by PCSKg inhibitors [46,47].

PLEIOTROPIC EFFECTS

Similar to the “pleiotropic” effects of statins, increasing
evidence supports LDL-independent activity of PCSKg
inhibition, possibly through direct anti-inflaimmatory
and plaque-stabilizing effects. In vitro and in vivo studies
have shown that PCSKg is secreted by various cells that
participate in the atherosclerotic process such as mac-
rophages, endothelial cells, and vascular smooth muscle
cells [48-50]. Oxidized LDL upregulates the production of
both inflammatory cytokines (interleukin-ic, interleu-
kin-6, and tumor necrosis factor-o) and PCSKg in mac-
rophages. PCSKg inhibition suppresses the activation of
nuclear factor kappa B, which is a major transcription
factor regulating the induction of various inflammatory
mediators, resulting in the decreased production of in-
terleukin-1a, interleukin-6, and tumor necrosis factor-a
[48]. PCSKg-knockout mice had significantly reduced
expression of lectin-type oxidized LDL receptor-1, vas-
cular cell adhesion molecule-1, and interleukin 1 in
vascular tissues compared to that in wild type mice [51].
PCSKg gene interference has also been associated with
decreased expression of vascular inflammation regula-
tors, such as tumor necrosis factor-a, interleukin 1 beta,
monocyte chemoattractant protein-i, toll-like receptor
4, and nuclear factor kappa B [52].

There is little evidence of the pleiotropic eftects of an-
ti-PCSKg antibodies. In a mouse model, alirocumab re-
duced monocyte and T-cell recruitment and improved
the atherosclerotic plaque morphology by decreasing
the macrophage and necrotic core content [53]. The Ef-
fects of the PCSKg Antibody Alirocumab on Coronary
Atherosclerosis in Patients With Acute Myocardial In-
farction (PACMAN-AMI) trial, a phase 3 trial investigat-
ing the effect of the alirocumab on atheroma plaque and
inflammation in patients with acute myocardial infarc-
tion undergoing percutaneous coronary intervention,
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may shed light on the pleiotropic effects of PCSK9 in-
hibitors (PACMAN-AMI, NCT03067844).

SAFETY OF PCSKg INHIBITORS

Statin therapy can have negative effects on liver func-
tion and muscle enzymes, and can modestly increase
new-onset diabetes [6]. The results from some small
RCTs on statin therapy suggest that statins (or the low
LDL cholesterol levels from their use) could be associat-
ed with impaired cognitive function [54,55]. To date, the
potential association between lipid-lowering treatments
and neurocognitive disorders remains an area of debate.

The safety of the two PCSKg inhibitors evolocumab
and alirocumab has been assessed in several pooled
analyses, systematic reviews, and meta-analyses [35,56,57].
The results of'a large meta-analysis of 35 RCT's compris-
ing 45,539 patients infer that treatment with PCSKg in-
hibitor was not associated with neurocognitive adverse
events (OR, 1.12; 95% CI, 0.88 to 1.42; p = 0.37), myalgia
(OR, 0.95; 95% CI, 0.75 to 1.20; p = 0.65), new-onset or
worsening of preexisting diabetes mellitus (OR, 1.05;
95% CI, 0.95 to 1.17; p = 0.32), and an increase in the level
of creatine kinase (OR, 0.84; 95% ClI, 0.70 to 1.01; p = 0.00)
or alanine or aspartate aminotransferase (OR, 0.96; 95%
CI, 0.82 to 1.12; p = 0.61) [35).

The FOURIER study by Sabatine et al. [9] was the first
RCT to provide long-term safety data for PCSKg inhib-
itors. For a median of 2.2 years in 27,564 patients with
clinical ASCVD, there was no significant difference be-
tween the two groups with regard to adverse events in-
cluding new-onset diabetes and neurocognitive events,
with exception of injection site reactions (2.1% in the
evolocumab group vs. 1.6% in the placebo group). In
the Evaluating PCSK9 Binding Antibody Influence On
Cognitive Health in High Cardiovascular Risk Subjects
(EBBINGHAUS) study by Giugliano et al. [58] involving a
subgroup of patients from the FOURIER trial, the pro-
spective assessment of their cognitive function was con-
ducted between the two groups using the Cambridge
Neuropsychological Test Automated Battery. In a total
of 1,204 patients, no significant difference was observed
in objectively measured cognitive function between
the two groups over a median of 19-month follow-up.
From the results of the ODYSSEY OUTCOMES trial of
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alirocumab involving 18,924 patients with a recent ACS,
the incidence of adverse events was similar in the two
groups with the exception of injection site reactions
(3.8% in the alirocumab group vs. 21% in the placebo
group) for a median of 2.8 years [10]. From the result ofa
meta-analysis of 14 RCT's of alirocumab, the overall rate
of neurocognitive events was low (< 1%) and there was no
significant difference between the studied groups even
when stratified by age or LDL cholesterol (< 25 mg/dL vs.
= 25 mg/dL) [so].

Therapeutic PCSKg monoclonal antibodies include
those that are fully human (e.g., evolocumab and ali-
rocumab) and those that are humanized (e.g., boco-
cizumab). Bococizumab is a humanized murine-de-
rived monoclonal antibody with a murine sequence of
approximately 3% remaining in the antigen-binding
complementarity determining regions and as such, are
more likely to induce the development of anti-drug
antibodies [6o]. In six parallel trials involving 4,300
patients, high-titer anti-drug antibodies developed in
a substantial proportion of the patients who received
bococizumab that led to significant attenuation of the
cholesterol-lowering effect [61], a result which led to the
discontinuation of the clinical development of bococi-
zumab. On the other hand, very low rates of immunoge-
nicity were observed in clinical trials with evolocumab
and alirocumab [9,10,62,63].

Vitamin E transport and steroidogenesis are closely
associated with LDL cholesterol metabolism and are po-
tentially affected by very low levels of serum LDL choles-
terol. In a randomized trial involving go1 patients, abso-
lute vitamin E decreased in evolocumab-treated patients
from the baseline to week 52 by 16% but increased by 19%
when normalized for cholesterol, while red blood cell
membrane vitamin E levels did not change [64]. No sig-
nificant adverse effects were observed in steroid or go-
nadal hormones, even at very low LDL cholesterol levels.

THE ECONOMIC VALUE CONSIDERATION OF
PCSKg INHIBITORS

The poor cost-effectiveness of evolocumab and aliro-
cumab has been a limiting factor for their widespread
use since their approval in 2015. In 2017, a cost-effective-
ness analysis model from the FOURIER trial was creat-
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ed to determine whether a PCSKg inhibitor with statin
treatment strategy was more cost-effective than a statin
only strategy [65]. At the annual price of $14,300 for a
PCSKgo inhibitor, the incremental cost-effectiveness ra-
tio of statin plus PCSKg inhibitor therapy was $337,729
per quality-adjusted life-year, which was more than
three times the commonly accepted societal threshold
of $100,000 per quality-adjusted life-year. Thus, the
price of a PCSKg inhibitor would need to drop by 62%
per year ($5,459). Based on the cost-effectiveness analysis
model from the ODYSSEY OUTCOMES trial, when re-
placing ezetimibe with alirocumab on top of statin ther-
apy, the price of alirocumab would need to drop by 86%
per year from $14,560 to $1,974 to be considered cost-ef-
fective [66]. Several groups introduced successful prac-
tice models (a systematic team-based approach with an
integrated specialty pharmacy) to facilitate appropriate
patient access to PCSKg inhibitors [67-69)].

The Republic of Korea has a National Health Insur-
ance system, and since January 2020, the insurance
coverage of Repatha (Evolocumab, Amgen Manufactur-
ing Limited, Juncos, Puerto Rico) has been extended to
patients with statin intolerance, familial hypercholes-
terolemia, and a very high risk of future cardiovascular
events (Table 2) who respond insufficiently to maximally
tolerated statin and ezetimibe therapy. With the insur-
ance by the National Health Insurance system and the
use of out-of-hospital pharmacies, the patient out-of-
pocket expense is approximately 1,000,000 won per year
($814) when injected every 2 weeks. It is expected that the
cost of PCSKg inhibitors will go down as time goes by
and with their more extensive use.

RACE FACTORS CONCERNING PCSKg INHIBI-
TORS

Race factors can influence cardiovascular risk estima-
tion, treatment intensity, and even lipid drug use [70].
Racial differences in response to statins have been pre-
viously reported, with higher rosuvastatin plasma levels
having been seen in Asian patients including Japanese,
Chinese, and Asian Indians than in Caucasians [71]. The
results of a meta-analysis involving 20 trials assessing
statin therapy and coronary atherosclerotic plaque re-
vealed that a > 40% reduction in LDL cholesterol re-
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Table 2. Definition of conditions pertaining to a very high risk of future ASCVD events

Very high risk of future ASCVD events: history of major ASCVD events or 1 major ASCVD events and multiple high-risk

conditions
Major ASCVD events
Recent ACS (within the past 12 mon)
History of MI (other than recent ACS event listed above)

History of ischemic stroke

Symptomatic peripheral arterial disease (history of claudication with ABI < 0.85, or previous revascularization or

amputation)
High-risk conditions
Age = 65 yr
Hypertension
Diabetes mellitus
CKD (eGFR 15-59 mL/min/1.73 m?)
History of congestive heart failure

Heterozygous familial hypercholesterolemia

History of prior CABG or PCI outside of the major ASCVD event(s)

Currently smoking

Persistently elevated LDL-C (= 100 mg/dL) despite maximally tolerated statin therapy and ezetimibe

ASCVD, atherosclerotic cardiovascular disease; ACS, acute coronary syndrome; MI, myocardial infarction; ABI, ankle-brachial
index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; CABG, coronary artery bypass graft; PCI, per-
cutaneous coronary intervention; LDL-C, low-density lipoprotein cholesterol.

quired 8o or 40 mg doses of atorvastatin or rosuvastatin
for Westerns compared to 18.9 or 14.1 mg for Asians, re-
spectively [72]. In this regard, FDA recommends a low-
er starting dose in Asian patients (5 mg of rosuvastatin)
compared to Caucasians (10 mg of rosuvastatin).

Wang et al. [73] evaluated the potential racial differenc-
es in the pharmacokinetics and pharmacodynamics of
evolocumab in Caucasian and Asian populations; they
found no significant racial differences in pharmacoki-
netic and pharmacodynamic relationships for the LDL
cholesterol-lowering effect. In the Evaluation of Aliro-
cumab Versus Ezetimibe on Top of Statin in Asia in
High Cardiovascular Risk Patients With Hypercholes-
terolemia (ODYSSEY EAST) trial to assess the efficacy
and safety of alirocumab versus ezetimibe in 615 Asian
patients at high risk of'a cardiovascular event, alirocum-
ab significantly reduced LDL cholesterol (56% reduction
from the baseline at 24 weeks), which is consistent with
the previous ODYSSEY study [74]. The results of the
Randomized Trial Evaluating the Efficacy and Safety of
Alirocumab in South Korea and Taiwan (ODYSSEY KT)
trial involving 199 patients with hypercholesterolemia
at high risk of'a cardiovascular event from South Korea
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and Taiwan demonstrate that alirocumab changed LDL
cholesterol levels by —57.1% (placebo: +6.3%) at 24 weeks
[75]. Alirocumab was generally well tolerated in both the
ODYSSEY EAST and ODYSSEY KT trials. Although 13%
of the participants were of Asian ethnicity in the FOU-
RIER trial and 14% of Asia Pacific and South African eth-
nicity in the ODYSSEY OUTCOMES trial, more clinical
data regarding the race factor on the efficacy and safety
of PCSKg inhibitors is needed [9,10].

GUIDELINES ON THE USE OF PCSKg INHIBITORS

With positive clinical outcomes data on PCSK9 inhib-
itors including evolocumab and alirocumab, recent
guidelines have updated their recommendations re-
garding the position of PCSKg inhibitors for ASCVD
risk reduction [70,76,77]. The United States guidelines
released in 2018 define two patient populations with
specific thresholds of LDL cholesterol for whom PCSKg
inhibitors are appropriate [7o]: those with a very high
risk of future cardiovascular events and LDL cholesterol
> 70 mg/dL (> 1.8 mmol/L) and those with primary hy-
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percholesterolemia (LDL cholesterol > 100 mg/dL [base-
line LDL cholesterol = 190 mg/dL] or > 130 mg/dL [base-
line LDL cholesterol = 220 mg/dL]) when on maximally
tolerated statin and ezetimibe therapy [70]. Patients with
avery high risk of a future cardiovascular event are those
who have had multiple major events or one major event
along with multiple high-risk conditions (Table 2). The
Korean guidelines released in 2018 recommend that a
PCSK9 inhibitor can be considered for very high-risk
patients when the target LDL cholesterol level cannot be
met even with maximally tolerated statins and/or eze-
timibe or when the patient has statin intolerance [76].
In the European guidelines released in 2019, combina-
tory therapy with a PCSKg inhibitor is recommended
in patients at very high risk who have not achieved the
target LDL cholesterol level on the maximum tolerated
dose of statin and ezetimibe [77]. These guidelines em-
phasize the more intensive reduction of LDL cholesterol
across cardiovascular event risk categories. For prima-
ry and secondary prevention in very high-risk patients
with or without familial hypercholesterolemia, an LDL
cholesterol reduction of = 50% from the baseline and
an LDL cholesterol goal of < 55 mg/dL (< 1.4 mmol/L)
are recommended. For patients with ASCVD who expe-
rience a second cardiovascular event within 2 years (not
necessarily of the same type as the first one) while taking
maximally tolerated statins, LDL cholesterol of < 40 mg/
dL (< 1.0 mmol/L) is recommended as the target.

FUTURE SCOPE OF PCSKg MONOCLONAL
ANTIBODIES

Although it has been well elucidated that PCSK9 mono-
clonal antibodies can reduce cardiovascular events in
patients with clinical ASCVD, there are considerable ar-
eas that need to be clarified to realize the full potential
of PCSKg inhibition in the treatment of cardiovascular
disease. While a reduction in all-cause mortality was ob-
served in the ODYSSEY OUTCOMES trial in a subgroup
with baseline LDL cholesterol > 100 mg/dL, cardiovas-
cular outcome studies of evolocumab and alirocumab
have not shown a clear benefit on reducing mortality
from coronary heart disease and cardiovascular dis-
ease [9,10]. Moreover, the use of PCSKg inhibitors for
the primary prevention of ASCVD is limited to patients
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with familial hypercholesterolemia. A phase III clinical
outcomes trial to evaluate the impact of evolocumab on
preventing major cardiovascular events in patients at
high risk without prior myocardial infarction or stroke
(Effect of Evolocumab in Patients at High Cardiovascu-
lar Risk Without Prior Myocardial Infarction or Stroke
[VESALIUS-CV], NCT03872401) is ongoing. The positive
impact of high-intensity statin therapy in the early peri-
od of ACS is well established, but it is unknown whether
PCSKg inhibitors administered during the early period
of ACS are effective [78,79]. Recently, Koskinas et al. [8o]
conducted a double-blind RCT to assess the feasibility,
safety, and LDL cholesterol-lowering efficacy of evolo-
cumab initiated during the in-hospital phase of ACS. A
total of 308 patients hospitalized for ACS with elevated
LDL cholesterol levels (= 7o mg/dL on high-intensity
statins for at least 4 weeks; = 9o mg/dL on low- or mod-
erate-intensity statins; or = 125 mg/dL without a stable
dose of statins) were randomly assigned 1:1 to receive
420 mg of evolocumab or a matching placebo during
the in-hospital period and at 4 weeks on top of 40 mg
of atorvastatin. The percentage change in LDL choles-
terol from the baseline to 8 weeks was —77.1% + 15.8%
in the evolocumab group versus —35.4% + 26.6% in the
placebo group (p < 0.001). Adverse and centrally adjudi-
cated cardiovascular events were similar in both groups.
These results call for large clinical outcomes trials to as-
sess whether very early LDL cholesterol-lowering with
PCSKg inhibitors on top of statin therapy is effective at
reducing cardiovascular events after ACS.

OTHER APPROACHES TO PCSKg INHIBITION

The development of other approaches to PCSKg inhi-
bition to overcome the limitations of PCSK9 monoclo-
nal antibodies, such as the need for frequent adminis-
tration and poor cost-effectiveness, are underway. The
siRNA inclisiran is the most promising non-antibody
PCSK9 inhibitor. While monoclonal antibodies target
extracellular PCSKo, inclisiran inhibits translation of
PCSK9 protein, thereby resulting in decreased synthesis
of intracellular PCSKo in the liver [12]. In a phase II tri-
al involving 501 patients at high risk of a cardiovascular
event with elevated LDL cholesterol (> 70 and > 100 mg/
dL for patients with and without a history of ASCVD,
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respectively) despite maximal statin therapy, inclisiran
decreased LDL cholesterol in a dose-dependent man-
ner with reductions of up to more than 50% [81]. The
inclisiran group received a single dose of 200, 300, or
500 mg or two doses (at days 1 and 9o) of 100, 200, or
300 mg. At day 180, the least-squares mean reductions in
LDL cholesterol levels were 27.9% to 41.9% after a single
dose of inclisiran and 35.5% to 52.6% after two doses (p <
o.o01 for all comparisons vs. placebo). This reduction in
LDL cholesterol is similar to that achieved with PCSKg
monoclonal antibodies (evolocumab and alirocumab).
At day 240, PCSK9 and LDL cholesterol levels remained
significantly lower than the baseline levels in associa-
tion with all inclisiran doses. Inclisiran might have a po-
tential advantage regarding the injection burden of two
or three times a year compared with the PCSK9 mono-
clonal antibodies that require injections every 2 weeks.
A phase III cardiovascular outcomes trial, A Random-
ized Trial Assessing the Effects of Inclisiran on Clinical
Outcomes Among People With Cardiovascular Disease
(ORION-4, NCT03705234), is currently ongoing.

The PCSK9 monoclonal antibodies efficiently inhibit
PCSK9 resulting in markedly low plasma LDL choles-
terol. However, this passive immunization approach re-
quires frequent injections because of the relatively short
half-life of the monoclonal antibodies. Therefore, active
immunization could provide an efficient and durable
therapeutic approach for hypercholesterolemia. Recent-
ly, several preclinical studies have revealed promising
results in producing long-term anti-PCSKg antibodies
by vaccination [13,82-84]. Most recently, Momtazi-Boro-
jeni et al. [84] evaluated the effect of a nanoliposomal
PCSKo-specific active vaccine in producing long-lasting
anti-PCSKg antibodies in a BALB/c mice model. They
demonstrated that the vaccine improved the high im-
munoglobulin G antibody response against the PCSKg
peptide, resulting in markedly decreased plasma levels
of PCSKg by 52.5% compared with the control group at 2
weeks. The vaccine was able to stimulate a long-lasting
immune response against PCSKg and acquired a max-
imum titer eight weeks after the primary vaccination.
The level of plasma anti-PCSKg antibodies was found to
drop with an in vivo half-life of around 5 months. One of
the anti-PCSKg vaccines, AT04A, has already undergone
a phase I clinical trial (NCT'02508896) [13].
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EXPERT OPINION ON THE USE OF PCSKg IN-
HIBITORS

Two pivotal RCTs, the FOURIER and ODYSSEY OUT-
COMES trials, had different strategies to use anti-PC-
SK9 antibodies for LDL cholesterol reduction in pa-
tients with ASCVD [9,10]. In the FOURIER trial, patients
were randomly assigned in a 1:1 ratio to receive subcu-
taneous injections of evolocumab (either 140 mg every 2
weeks or 420 mg monthly) or the placebo. Evolocumab
significantly reduced the risk of the primary endpoint
(a composite of cardiovascular death, myocardial infarc-
tion, stroke, hospitalization for unstable angina, or cor-
onary revascularization), but there was no difference in
cardiovascular mortality or all-cause mortality between
the two groups. In the ODYSSEY OUTCOMES trial, pa-
tients were randomly assigned in a 1:1 ratio to receive
alirocumab subcutaneously at a dose of 75 mg or the pla-
cebo every 2 weeks, and the dose of alirocumab was ad-
justed in a blinded fashion to target an LDL cholesterol
level of 25 to 50 mg/dL (0.6 to 1.3 mmol/L). Alirocumab
significantly reduced the primary endpoint events (a
composite of death from coronary heart disease, non-fa-
tal myocardial infarction, fatal or non-fatal ischemic
stroke, or unstable angina requiring hospitalization)
and all-cause mortality. Given the unknown long-term
safety and high cost of anti-PCSK9 antibodies, the strat-
egy of adjusting the dose of evolocumab or alirocumab
to target an LDL cholesterol level of 25 to 50 mg/dL (0.6
to 1.3 mmol/L) would be optimal in the current scenario.
A recent retrospective study analyzed 6,151 alirocumab
or evolocumab new users from 2015 to 2017 in the USA
and demonstrated that 52.2% of the patients had an in-
terruption in PCSKg inhibitor therapy in the first year
after treatment initiation [85]. Furthermore, after PCSKog
initiation, many patients discontinue or down-titrate
other LDL-lowering agents such as statins or ezetimibe.
These findings suggest that many new PCSKg inhibi-
tor users may remain at high risk of cardiovascular
events because of interruptions or discontinuations in
LDL-lowering therapy. However, there is a paucity of
data regarding the reasons why a PCSK9 inhibitor or
other LDL-lowering therapy was interrupted. Therefore,
further study is warranted to provide further insights
into the challenges physicians or patients face in achiev-
ing guideline-recommended LDL cholesterol levels.
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CONCLUSIONS

Two PCSKg9 monoclonal antibodies evolocumab and
alirocumab provide additional LDL cholesterol reduc-
tion and reduce cardiovascular events on top of back-
ground statin therapy in patients with ASCVD. From the
available data, the safety profiles of evolocumab and ali-
rocumab are highly favorable, although their long-term
safety remains undetermined. Because the high cost of
PCSK9 monoclonal antibodies is limiting their wide-
spread use at present, their price needs to be reduced
considerably to make them cost-effective. More com-
parative data on the efficacy and safety of PCSKg inhib-
itors according to ethnicity is needed. Current guide-
lines for the management of dyslipidemia recommend
the use of PCSK9 inhibitors in patients at high or very
high risk of future cardiovascular events, in whom LDL
cholesterol targets are not achieved with maximally tol-
erated statins and ezetimibe, and in those who are statin
intolerant. Further cardiovascular outcomes trials with
PCSK9 monoclonal antibodies in primary prevention
and in the early phase of acute cardiovascular events are
needed. Future studies are required to assess the role of
alternative approaches to PCSKg inhibition, such as the
use of siRNAs and vaccination.
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