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Abstract

Purpose of Review To report on recent data about PCSK9 monoclonal antibodies and to evaluate their relevance in a nucleic
acid-based therapy era for lipid lowering and prevention of cardiovascular disease.

Recent Findings New methods of PCSK9 inhibition based on nucleic acid therapeutics such as antisense oligonucleotides,
small interfering RNAs, and CRISPR tools for therapeutic gene editing are reported, and interesting new data regarding the
clinical relevance of PCSK9 antibodies are discussed.

Summary Promising methods of PCSK9 inhibition are in development, and one of them, the siRNA inclisiran targeting
PCSK9, has already been approved for clinical use. However, PCSK9-mAb remains the PCSK9-inhibiting tool with the
longest safety data and the only one having positive cardiovascular outcome trials. An ongoing cardiovascular outcome trial
with inclisiran is planned to be completed in 2026. Other forms of PCSK9 inhibition, such as antisense oligonucleotides
targeting PCSK9 and CRISPR base editing of PCSK9, are still in early phases of development, and their potential clinical

relevance remains to be established.
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Introduction

Hypercholesterolemia is a causal risk factor for atheroscle-
rotic vascular disease (ASCVD), and ASCVD remains the
leading cause of death worldwide [1, 2]. Proprotein con-
vertase subtilisin-kexin type 9 (PCSK9) plays a major role
in cholesterol homeostasis by decreasing the amount of low-
density lipoprotein (LDL) receptors on plasma membranes,
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thus increasing the serum levels of LDL cholesterol (LDL-C)
[3]. PCSK9 monoclonal antibodies (PCSK9-mADb) decrease
LDL-C by inhibiting circulating PCSK9 and therefore pro-
moting the recycling of the LDL receptor in the cell surface.
The currently available PCSK9-mAb, evolocumab and ali-
rocumab, have been shown to not only robustly decrease
LDL-C by 50-60% on top of statins but also to decrease the
risk of cardiovascular events with a very good safety profile
[4, 5]. During the last couple of years, new methods of inhib-
iting PCSK9 have been under development, namely, nucleic
acid-based therapies. They represent an entirely new way to
inhibit or “silence” the expression of PCSK9. These agents
include N-acetylgalactosamine (GalNAc)-conjugated anti-
sense oligonucleotides (ASO) and small interfering RNAs
(siRNA), and new gene-editing options such as clustered
regularly interspaced short palindromic repeats (CRISPR)
tools or meganucleases delivered by adeno-associated virus
(AAV) vectors. The siRNA targeting PCSK9 inclisiran has
already been approved by both the FDA and EMA, for the
treatment of hypercholesterolemia in USA and Europe,
respectively.

In their totality, these new treatment options may sig-
nificantly enlarge our armamentarium of lipid-lowering
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medications if proven to be safe and to decrease cardiovas-
cular events. In the present review, we will discuss the new
nucleic acid—based therapies to inhibit PCSK9 as well as
recent data on PCSK9-mAb, which we consider of interest.

Nucleic Acid-Based Therapies and PCSK9
Inhibition

Nucleic acid—based therapies represent an entirely new
way to inhibit or “silence” the expression of PCSK9,
decrease LDL-C, and potentially prevent the development
of ASCVD. They include ligand-modified ASOs (Fig. 1A)
and small siRNAs (Fig. 1B) and gene editing tools such as
CRISPR base editing (Fig. 1C) or meganucleases [6]. ASOs
are single-stranded modified DNA molecules, and siRNAs
are double-stranded RNA molecules. Typical siRNA agents
consist of a guide strand and a passenger strand with 21-23
nucleotides per strand, while typical ASOs consist of a sin-
gle strand of about 20 nucleotides [7¢]. ASOs and siRNA
are conjugated with an N-acetylgalactosamine (GalNAc)
moiety to improve liver-specific delivery and help reduce
off-target effects. The GalNAc moiety represents a signifi-
cant improvement over earlier versions of siRNA and ASO
therapies because it allows lower drug doses and thus fewer
side effects such as injection site reactions, hepatotoxic-
ity, and thrombocytopenia. The GalNAc moiety directs the
drug to the hepatocyte by binding to the asialoglycoprotein
receptor (ASGPR), which is expressed almost exclusively
in the liver. Then the siRNA or ASO enters the hepatocyte
via receptor-mediated endocytosis, where due to the acidic
pH the GalNAc-siRNA/ASO conjugate dissociates from the
ASGPR, which recycles back to the cell surface.

siRNA enters the cytoplasm and the guide strand, which
contains a complementary sequence to the target mRNA,
and recruits and binds several proteins that constitute the
RNA-induced silencing complex (RISC). The passenger
strand, whose function is to stabilize the guide strand and
to facilitate the RISC formation, then dissociates from the
guide strand and is degraded (Fig. 1B) [7¢]. The guide strand
(bound to the RISC complex) binds a PCSK9 mRNA mol-
ecule and targets it for RISC-mediated degradation. While
the plasma half-life of siRNAs is short (about 1 h), the func-
tional half-life in the hepatocyte spans several weeks and can
degrade multiple PCSK9 mRNA molecules [8, 9e].

ASOs entering the cytoplasm and the nucleus bind the
complementary mRNA with Watson—Crick hybridization
and activate the cleavage of the mRNA strand by the single-
stranded RNase H (which functions both in the nucleus and
in the cytosol) [10]. Different from the mode of action of
siRNAs, the ASO-induced mRNA cleavage has a one-to-one
stoichiometry [8].
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CRISPR adenine base editors (ABE) have been recently
used for in vivo editing of PCSK9 [11ee, 12¢]. The two
major studies in non-human primates reporting this method
used an ABE (adenine deaminase linked to a catalytically
impaired Cas9), which is guided to target a specific adeno-
sine for chemical modification and induces a single-strand
nick in the opposite strand. The A-to-G edit (T-to-C edit
on the opposing strand) resulting from nick repair can be
exploited to disrupt canonical splice sites. Together with a
single-guide RNA (gRNA) targeting a PCSK9 splice site,
the ABE-encoding mRNA is encased in a lipid nanoparticle
for delivery to the targeted liver cells. In both studies, the
gRNA was designed to target the GT splice donor site at the
boundary of PCSK9 exon 1 and intron 1, converting it into
GC. This approach leads to read-through into intron 1 and
generates an in-frame stop codon.

Small Interfering RNA-Targeting PCSK9

A siRNA-targeting PCSK?Y, inclisiran, is already approved
by both FDA and EMA and is in clinical use in the USA
and Europe for lowering LDL-C levels in patients with (i)
primary hypercholesterolemia (familial or not) or mixed
dyslipidemia in combination with a statin or with a statin
and another lipid-lowering agent in patients that are not at
their LDL-C target or (ii) alone or in combination with other
lipid-lowering drugs (without a statin) in patients with statin
intolerance or in those where a statin is contraindicated.

The dosage of inclisiran is 284 mg in 1.5 ml volume to
be given subcutaneously (SC) at the beginning of treatment,
after 3 months, and thereafter every 6 months.

In order to reduce susceptibility to degradation of incli-
siran by endo- and exonucleases, it has been modified
with phosphorothioate substitutions and the inclusion of
20-deoxy, 20-O-methyl, and 20-fluoro nucleotides. Peak
levels occur 4 h after SC administration, and plasma con-
centrations cannot be detected after 48 h since it is rapidly
and selectively taken up by the liver. It is catabolized by
nucleases to shorter inactive nucleotides. Inclisiran has the
benefit which is not inhibiting or inducing common drug
transporters or cytochrome P450 enzymes; therefore, it is
not expected to have any drug—drug interactions. After a
single injection, the onset of PCSK9 and LDL-C lowering
in plasma is first observed at day 14, with maximal effects
between days 30 and 60. The plasma half-life of inclisiran
ranges between 5 and 10 h, but the duration of PCSK9 and
LDL-C lowering is prolonged, with an efficacy half-life of
about 300 days [7¢]. Renal clearance is its main route of
elimination, and hemodialysis should not be performed for
at least 72 h after inclisiran dosing. No dose adjustment is
necessary in patients with mild, moderate, or severe renal
impairment or in patients with mild-to-moderate hepatic
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Fig. 1 Mechanism of action of
nucleic acid-based therapies.
A ASO, B siRNA inclisiran,

C genome editing of PCSK9
using CRISPR base editors (A:
modified from Tsimikas et al.,
with permission [66]; B: modi-
fied from Warden BA and Duell
PB, with permission [7¢]; C:
modified from Katzmann et al.
[20e°].)
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impairment (there are no studies available on patients with
severe hepatic impairment).

Inclisiran has two large clinical development programs
called ORION and VICTORION [13, 14]. Till now, the
study results show a consistent LDL-C reduction of about
50% and an 80% decrease in circulating PCSK9 levels
[15e]. The data available till now suggest that inclisiran

is an effective, safe, and well-tolerated treatment to lower
LDL-C [15e]. The most common side effect seems to be
injection site reactions. Bronchitis was more common in
the inclisiran group compared with placebo in ORION 10
(patients with ASCVD) [16] and numerically but not statis-
tically significant in ORION-9 (patients with heterozygous
familial hypercholesterolemia [HeFH]) [17] and ORION-11
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Fig. 1 (continued)
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(patients with ASCVD or ASCVD risk equivalents) [16].
However, since the longest duration of studies with inclisiran
was 18 months, treatment safety for longer periods of time
requires further investigation. The cardiovascular endpoint
trial with inclisiran, ORION-4, with 15,000 participants with
ASCVD is currently recruiting and is expected to be com-
pleted in 2026 [18].

Antisense Oligonucleotides Targeting PCSK9

Gennemark et al. developed a highly potent 16-nucleo-
tide ASO (AZD8233) targeting PCSK9 which can poten-
tially be also used orally, unlike the majority of ASOs
which are given only SC [19ee]. As mentioned above, it
has a GalNAc conjugation that provides liver specificity.
In a single-blind phase 1 study of 73 healthy male sub-
jects with LDL-C levels > 100 mg/dl, a single SC dose
of 90 mg AZD8233 reduced PCSK9 by up to 95% and
LDL-C by 68%. These values slowly returned to base-
line over 16 weeks after dosing. The trial was not pow-
ered, however, for evaluation of efficacy or the degree
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of reduction in PCSK9 or lipid biomarkers since it was
planned to assess the safety, tolerability, pharmacokinet-
ics, and pharmacodynamics of AZD8233.

In order to make this ASO active via oral administra-
tion, it was co-formulated in a tablet with sodium caprate
as permeation enhancer. Repeated oral daily dosing in
dogs resulted in a bioavailability of 7% in the targeted
organ, the liver. A 14-day study in cynomolgus monkeys
showed that all oral doses used (28, 42, and 56 mg/day)
were associated with a decrease in PCSK9 of > 50% and a
decrease in LDL-C levels between 45 and 50%. Consider-
ing that the half-life of the drug is 18 days, it is likely that
this is an underestimation of the LDL-C-lowering effect.
In all cases, the AZD8233 tablets were well tolerated
except for transient instances of liquid feces.

Mathematical modeling suggested that a dose of 25 mg
SC once a month or a daily oral dose of 15 mg is predicted
to reduce circulating PCSK9 levels by approximately
80% at steady state, making AZD8233 a promising com-
pound for further development. Phase 2 trials with the SC
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formulation of AZD8233 are ongoing. Trials in humans
with the oral formulation are pending.

PCSK9 Editing Using Meganucleases

Meganucleases, engineered from endonucleases, introduce
double-strand breaks at specific sequences of a gene [20ee].
Wang et al. showed in 2018 in non-human primates (Rhesus
macagques) that single infusions of an AAV vector express-
ing an engineered meganuclease targeting PCSK9 resulted in
a dose-dependent decrease in circulating PCSK9 and serum
LDL-C levels of up to 84% and 60%, respectively [21].
There was stable PCSK9 editing of up to 46%. Transient
asymptomatic elevations of serum transaminases due to a
T-cell response against the transgene product were observed
a few weeks after treatment and lasted for a few additional
weeks to months. Vector DNA and meganuclease expres-
sion declined rapidly, while there were stable populations
of genome-edited hepatocytes. There were approximately
30 off-target cleavage sites in the liver.

A second-generation PCSK9-specific meganuclease was
developed, which showed less off-target cleavage. After
3 years of follow-up, the frequency of off-target editing con-
tinued but remained stable and no obvious adverse changes
in the histopathology of the liver were detected [22ee].
The reduction in circulating PCSK9 and LDL-C levels was
also sustained over the 3 years of follow-up. A recent study
showed that modification of the AAV vector to reduce the
expression of the second-generation meganuclease elimi-
nates much of the off-target editing in treated non-human
primates, but with some potential attenuation of PCSK9
editing [23]. Whether this method of gene editing will be
further developed remains to be seen since off-target editing;
the potential large degree of integration of the AAV vector
sequence into the genome at the site of the break and the
immune response are significant disadvantages.

CRISPR Base Editing of PCSK9

Musunuru et al., as mentioned previously, used CRISPR
adenine base editors (ABE) which inactivate genes by dis-
rupting splice donors or splice acceptors at exon—intron
boundaries [11ee]. They were able to show that the CRISPR
ABE used, ABES.8, one of the latest ABEs, delivered along
with the PCSK9 gRNA in vivo to living cynomolgus mon-
keys (Macaca fascicularis) via a single infusion of lipid
nanoparticles (LNP) formulated to contain ABES.§ mRNA
and PCSK9 gRNA at a 1:1 ratio (0.5 mg/kg, 1 mg/kg, and
1.5 mg/kg), can induce near-complete knockdown of PCSK9
with parallel reductions in circulating levels of PCSK9 and
LDL-C of about 90% and 60%, respectively. These reduc-
tions occurred 2 weeks after the injection and remained
stable for at least 8 months. Over 60% base editing was

achieved in the liver. Since about 70% of the liver consists of
hepatocytes, a 70% editing means DNA editing in virtually
all hepatocytes. A rate of 60% editing is quite satisfactory.

There were immediate mild to moderate elevations of
serum transaminases, most likely due to the lipid nanopar-
ticle, which were transient and resolved in 1-2 weeks. There
was no off-target editing when assessing the human genome
and low-level (< 1%) at only one site in the monkey genome.
The potential benefit of the CRISPR base editing is that, if it
proves to be safe and effective in human studies, a one-time
administration can be functional for decades compared to the
twice a year administration of inclisiran or the every 2- or
4-week administration of the PCSK9-mAb.

In the same year (2021), Rothgangl et al. also exam-
ined the efficacy and safety of ABEs in the livers of mice
and cynomolgus macaques for the reduction of PCSK9-
and LDL-C levels [12¢]. The ABE ABEmax was used to
knock out PCSK9 by introducing a splice-site mutation.
An mRNA encoding ABEmax together with a chemically
modified gRNA targeting the GT splice donor site of PCSK9
intron 1 was co-formulated (1:1 ratio) in lipid nanoparti-
cles and injected intravenously (dose 0.75 mg/kg or 1.5 mg/
kg). There was an up to 67% editing (average 61%) in mice
and up to 34% editing (average 26%) in macaques. Plasma
PCSKO9- and LDL-C levels were stably decreased by 95%
and 58% in mice and by 32% and 14% in macaques, respec-
tively. There were four groups tested (low dose or high dose,
as either a single dose or two doses with a 2-week interval
between dosing). The base editing frequency was 2% for
the low dose and 28% for the high dose. Animals receiving
a single high-dose infusion showed a 26% decrease in circu-
lating PCSK9 and a 9% decrease in serum LDL-C 29 days
after drug administration, while those who received two
high-dose infusions had a 39% decrease in PCSK9 and an
LDL-C decrease of 19% after 29 days. Re-dosing did not
increase editing.

Immune responses such as evidenced by elevated levels
of serum transaminases, pro-inflammatory cytokines, and
immune-modulating chemokines were mild, transient, and
most likely caused by the lipid nanoparticle formulation.
In addition, SpCas9- and TadA-specific immunoglobulin G
(IgG) antibodies were detected in monkeys that received two
doses, which may explain the rather modest effect of the
second dose. ABE mRNA was rapidly cleared with no off-
target mutations in genomic DNA observed.

While the results of Musunuru et al. [11ee] showed
greater editing efficiency than those by Rothgangl et al.
[12e], this could be related to the different versions of ABE
used, dosing schedules (the effect of repeated dosing might
have been diminished by immune responses), and length of
study (8 months vs. 29 days).

Both works reported rapid clearance of the base-edi-
tor RNA and of the lipid nanoparticles. Advantages of
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nanoparticles over AAV vectors is their transient delivery,
while AAV vectors can cause permanent integration into the
genome or long-lasting expression leading to greater off-
target effects and stronger immune responses [24]. While
lipid nanoparticles also seem to induce immune responses,
a potential option to decrease their intensity could be the
incorporation of a GalNac molecule, which would enhance
their liver specificity [25]. Still, concerns remain regard-
ing whether base editing of PCSK?9 is a safe method for the
treatment of hypercholesterolemia. Even small potential off-
target effects will be permanent, and, as mentioned above,
there is a potential for immunogenicity [26].

A summary of the various nucleic acid—based methods
of PCSKY inhibition compared to PCSK9-mAb is shown in
Table 1. While nucleic acid—based methods of PCSK9 inhi-
bition may be future therapy options, the PCSK9 antibodies
are well established in clinical use. In the second part of
this review, we will discuss recent developments with these
drugs.

Recent Clinical Data on PCSK9-mAb
Morbidity and Mortality

Guedeney et al. performed a review of randomized con-
trolled trials (RCTs) up to March 2018 comparing treat-
ment with the PCSK9-mAb alirocumab or evolocumab vs.
placebo or other lipid-lowering therapies [27¢]. Primary
efficacy endpoints were all-cause death, cardiovascular
death, myocardial infarction (MI), and stroke. Thirty-nine
RCTs comprising 66,478 patients of whom 14,639 were
treated with alirocumab, 21,257 were treated with evo-
locumab, and 30,582 controls were included. The mean
follow-up of the trials was 2.3 years with a total expo-
sure time of 150,617 patient-years. Overall, the effects of
PCSKO9 inhibition on all-cause death and cardiovascular

death were not statistically significant (1.03 vs. 1.15 per
100 patient-years; RR 0.89, 95% CI 0.75-1.04; P=0.15
and 0.66 vs. 0.73 per 100 patient-years; RR 0.94, 95% CI
0.84-1.06; P=0.34, respectively). However, PCSK9-mAb
use was associated with a 20% lower risk of myocardial
infarction (MI), a 22% lower risk of ischemic stroke, and a
17% lower risk of coronary revascularization (all statisti-
cally significant). There was no association between the
use of PCSK9-mAb and an increased risk of neurocogni-
tive adverse events (AEs), elevations of liver enzymes,
rhabdomyolysis, or new-onset diabetes mellitus. The lack
of effect on mortality may be explained by the short dura-
tion of the two cardiovascular outcome trials with evo-
locumab and alirocumab, FOURIER [4] and ODYSSEY
OUTCOMES [5], which were completed rather fast, just
after 2.2 and 2.8 years of follow-up, respectively. Of note,
in the 4S [28] and LIPID [29] trials, the two statin trials
which showed a decrease in all-cause- and CHD mortality,
respectively, the event curves just started to diverge after
about 1.5 years [30].

The effect of PCSK9-mAb on the aggregate of acute
events across vascular territories has not been investigated.
A post hoc analysis from the FOURIER study examined
the effects of evolocumab on acute arterial events in all
vascular territories (coronary, cerebrovascular, or periph-
eral vascular) and showed that they were all significantly
decreased [31e]. There was a 19% reduction in first acute
arterial events, a 17% reduction in acute coronary events,
a 23% reduction in cerebrovascular, and a 42% reduction
in peripheral events. The event reduction increased, as
expected, over time (16% reduction in the first year and
24% reduction thereafter). There was a 35% reduction in
recurrent events. The reduction in the incidence of events
under evolocumab treatment emerged at about 9 months
of therapy.

It seems that the significant beneficial atheroprotective
effects of PCSK9-mAb need some time to fully develop.

Table 1 Summary of LDL-C- and PCSK9-lowering effects (% change from baseline) of PCSK9-mAb and nucleic acid-based approaches for

PCSKO inhibition

Species Mechanism of action (drug) Decrease of circulating Decrease of LDL-C  References
PCSKO levels levels
Human PCSK9-mAb (alirocumab, evolocumab) ~90-100% ~50-60% [4, 5, 56-60, 67]
Human siRNA (inclisiran) ~80% ~50% [7e, 159, 16, 17, 68]
Human ASO (AZD8233) Up to~95% ~T70%* [19ee]
NHP PCSKO editing using a meganuclease Up to~85% Up to~60% [21, 2200]
NHP PCSKO editing using base editor (ABES.8) ~90% ~60% [11ee]
NHP PCSKO editing using base editor (ABEmax) Up to~40% Up to~20% [12e]

PCSK9-mAb proprotein convertase subtilisin—kexin type 9 monoclonal antibodies, siRNA small interfering RNAs, ASO antisense oligonucleo-

tides, ABE adenine base editors, NHP non-human primates

“Study not powered for evaluation of degree of reduction in PCSK9 levels or in lipid biomarkers
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Plaque Composition

The effect of the PCSK9-mAb added to statin therapy on
plaque burden and composition has till recently remained
largely unknown. Two studies, one with evolocumab (the
HUYGENS trial) [32¢] and one with alirocumab (the PAC-
MAN-AMI) [33e], contributed to answering this question.
High risk characteristics of plaque vulnerability include a
thin fibrous cap, a large lipid core, and a higher lipid pool
[34]. In the double-blind placebo-controlled trial HUY-
GENS, 161 patients with a non-ST elevation MI (NSTEMI)
were treated with evolocumab 420 mg per month (n =80) or
placebo (n=81) for 52 weeks [32e]. Serial optical coherence
tomography (OCT), reflecting plaque surface and individual
components of the atheroma, and intravascular ultrasound
(IVUS) imaging were performed at baseline and at week
50. The primary endpoint was the change in the minimum
fibrous cap thickness (FCT) and maximum lipid arc in the
imaged arterial segment. A total of 135 patients completed
the study. More than 90% of the patients were receiving
statin treatment with a high percentage of high-intensity
statins in both groups. The first dose of evolocumab was
given within 7 days of baseline imaging (OCT, IVUS) of
a non-infarct related artery (non-IRA), following coronary
angiography. The evolocumab group achieved lower LDL-C
levels (28.1 vs. 87.2 mg/dl), a greater increase in minimum
FCT (42.7 vs. 21.5 pm), and a decrease in maximum lipid
arc. There was a greater regression of percent atheroma vol-
ume (PAT) seen with evolocumab compared with placebo
(-2.29 vs. -0.61%), supporting the concept of early, aggres-
sive lipid lowering after an acute MI.

The PACMAN-AMI study examined whether in patients
with acute MI, either STEMI or NSTEMI, the addition of
alirocumab on top of high-intensity statin therapy affects
coronary atherosclerosis in non-IRAs [33e]. This was a
randomized clinical trial including 300 patients who either
received 150 mg alirocumab SC every 2 weeks or placebo,
added to high-intensity statin therapy for 52 weeks. The first
dose of alirocumab was given within 24 h after an urgent
percutaneous intervention (PCI) of the culprit lesion in the
IRA. There was a significantly greater reduction, more than
double, in the mean change in PAT in non-IRAs as deter-
mined by IVUS (2.13% vs. 0.92%) in the alirocumab vs.
placebo group, respectively.

The alirocumab group achieved lower LDL-C levels (23.8
vs. 84.4 mg/dl) and a greater increase in minimum FCT as
determined by OCT (62.67 vs. 22.19 um). Furthermore,
there was a significant decrease in lipid core volume, more
than double, based on a maximum lipid core burden as deter-
mined by near infrared spectroscopy (NIRS) (-79.42 with
alirocumab vs. —37.60 with placebo).

These 2 studies strongly support a very intensive and
early LDL-C lowering with evolocumab or alirocumab since

it is associated with coronary plaque regression, lipid core
reduction, and plaque stabilization.

Lipoprotein(a)

Schwartz et al. [35¢] examined in a post hoc analysis of
the ODYSSEY OUTCOMES trial [5] the benefit of adding
alirocumab in patients with LDL-C levels around 70 mg/dl,
i.e., nominally controlled, and optimized statin treatment
and if it is modified by the levels of Lp(a). They found that
such patients with recent acute coronary syndrome had a
significantly reduced risk for MACE when treated with ali-
rocumab if they had just mildly elevated Lp(a) levels, higher
than the median (> 13.7 mg/dl). However, the same patients
showed no reduction in MACE if they had low Lp(a) levels,
defined as < 13.7 mg/dl. These findings suggest that PCSK9
inhibition provides incremental clinical benefit in patients
with LDL-C levels near 70 mg/dl only when the Lp(a) lev-
els are at least mildly elevated. Of note, all post hoc analy-
ses are primarily hypothesis-generating and require further
validation.

The mechanism through which PCSK9-mAb decrease
Lp(a) levels has not been clarified as of yet. Recently,
researchers from Australia addressed this question [36e].
The effect of a 12-week alirocumab treatment (150 mg
every 2 weeks) in 21 patients was compared in statin-
treated patients with high and very high Lp(a) concentra-
tions (median plasma concentrations at baseline ~50 mg/dl
and ~ 100 mg/dl, respectively). It was shown that alirocumab
decreases Lp(a) in the former group by increasing the frac-
tional catabolic rate (FCR), i.e., the clearance of Lp(a), and
in the latter by both, increasing clearance and decreasing the
production rate of Lp(a) particles. Even though the results
suggesting a dual mechanism of action for alirocumab are
quite interesting, the size of the trial was rather small so that
the results should be considered exploratory and requiring
confirmation.

Venous Thromboembolism

The relationship between cholesterol levels and the risk of
venous thromboembolism (VTE) remains uncertain. Obser-
vational studies have yielded conflicting results [37, 38],
while a Mendelian randomization study showed that per-
sons with genetic predisposition for elevated LDL-C lev-
els have a significantly increased risk for developing VTE
[39]. The effect of PCSK9-mAb on the incidence of VTE
was examined in a post hoc analysis of the FOURIER study
[40]. The authors found a 46% reduction in the risk of VTE
after 1 year of treatment with evolocumab, but not earlier.
They also performed a meta-analysis of the FOURIER and
ODYSSEY OUTCOMES trials and found a 31% relative
risk reduction (RRR) in VTE associated with the use of
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PCSK9-mADb. Interestingly, there was a significant interac-
tion between baseline Lp(a) concentrations and the degree
of VTE risk reduction, with patients having an Lp(a) above
the median of 37 nmol/l (~ 13 mg/dl) showing a reduction in
risk of 48% and those with <37 nmol/l showing no decrease
in risk.

This was the first study to show a significant decrease in
VTE with PCSK9-mAb. Since the reduction in VTE was
associated with the degree of Lp(a)- but not LDL-C-lower-
ing, it suggests that Lp(a) may be the mediator of VTE risk.

Heart Failure

Since statins have not been shown to benefit patients with
heart failure (HF) [41, 42], White et al. performed a post hoc
analysis, examining the cardiovascular endpoints in ODYS-
SEY OUTCOMES in patients with or without a history of
HF randomized to alirocumab or placebo [43e]. In total,
2815 (14.9%) patients had such a history. LDL-C reduction
was achieved to the same degree in patients with or without
HF. However, while alirocumab reduced the primary clini-
cal endpoint (the composite of death from CHD, non-fatal
MI, non-fatal or fatal ischemic stroke, or hospitalization for
unstable angina) compared with placebo by 15% overall,
this beneficial effect was observed only in patients without a
history of HF (HR 0.78, 95% CI 0.70-0.86), but not in those
with (HR 1.17, 95% CI 0.97-1.40). Further, alirocumab did
not reduce hospitalization rates for HF, a pre-specified sec-
ondary outcome, overall and in the subgroup of patients
with or without HF. Therefore, it seems that patients with
HF may not benefit from PCSKO9 inhibition and from inten-
sive LDL-C lowering. However, as mentioned previously,
results of subgroup analyses are only hypothesis-generating.
The EVO-HF Pilot, an ongoing study expected to be com-
pleted mid-2022, will examine the effect of evolocumab in
46 patients with stable HF of ischemic etiology and with
reduced ejection fraction (<40%) [44]. A large prospec-
tive placebo-controlled evaluation of PCSK9 inhibition in
patients with HF is needed in order to answer the question
whether PCSK9-mAD are of benefit in patients with HF.

Hyperglycemia

A number of Mendelian randomization studies [45, 46] and
a meta-analysis [47] have suggested a potential association
between PCSK9 inhibition and increased risk of diabetes
mellitus. A recent study investigated this potential associa-
tion using the FDA adverse event reporting system (FARS)
(data from 7,295,624 eligible patients with 71,748 reports of
evolocumab and 15,976 of alirocumab) [48]. It was shown that
treatment with PCSK9-mADb was associated with increased
reporting of hyperglycemic AEs (adjusted reporting odds ratio
[adj. ROR] 1.14 [1.07-1.22]). They consisted mainly of mild
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hyperglycemia, but not diabetes. Hyperglycemic AEs were
reported more frequently in patients with pre-existing diabe-
tes, occurred mostly within the first 6 months of treatment,
were reversible, and were reported less often when compared
to statins. Interestingly, evolocumab but not alirocumab was
associated with hyperglycemic AEs, a potential difference that
needs to be investigated in prospective studies.

These findings strengthen the importance of early glucose
monitoring for patients that start treatment with PCSK9-
mADb, especially those with diabetes. Overall, the glycemic
safety profile of PCSK9-mAb compared to statins is favora-
ble. However, while findings of post-marketing surveillance
programs can provide essential information, clinical trials
are needed to further investigate this potential association,
especially pharmacovigilance studies, which have played
an important role in identifying side effects of other newly
approved medications [49].

Neurocognitive Function

Addressing the question whether PCSK9-mAb or the low
LDL-C levels they are associated with are affecting cogni-
tion, a randomized trial in 1204 patients from the FOURIER
trial followed for 19 months, the EBBINGHAUS trial, found
no differences compared to placebo [50]. However, this trial
included just<5% of patients enrolled in the main FOU-
RIER trial. Gencer et al. recently evaluated patient-reported
cognition in a much larger cohort, the whole FOURIER trial
population of 22,655 patients [51e]. They showed that evo-
locumab (always in addition to statins) had no impact on
patient-reported cognition after an average of 2.2 years of
treatment. This was true also for patients who reached an
LDL-C of <20 mg/dl. The absence of AEs on cognition
was also shown with alirocumab (75 mg or 150 mg every
2 weeks) in a prospective, randomized trial of 2086 patients
with hypercholesterolemia and at high or very high risk for
cardiovascular events on maximally tolerated statin therapy
[52]. They were assessed using the Cambridge Neuropsy-
chological Test Automated Battery (CANTAB) cognitive
domain Spatial Working Memory Strategy (SWMS) over
96 weeks of treatment. About 45% of patients on alirocumab
achieved an LDL-C level of < 50 mg/dl. No effect on cogni-
tive function with alirocumab was observed, irrespective of
LDL-C levels.

Till now, the results on cognition and use of PCSK9-mAb
and low LDL-C levels appear reassuring.

Discussion

In the last couple of years, there has been an increasing num-
ber of approved nucleic acid—based therapeutics for the treat-
ment of dyslipidemias. Antisense oligonucleotides such as
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volanesorsen targeting apolipoprotein C-III was approved in
2019 in Europe for the treatment of familial chylomicrone-
mia and the siRNA inclisiran in 2020 in Europe and in 2021
in the USA for the treatment of hypercholesterolemia. Prom-
ising ASO for the treatment of hypertriglyceridemia such as
olezarsen and for lowering Lp(a) such as pelacarsen are in
advanced stages of development, as well as siRNAs such as
olpasiran and SLN360 also targeting apolipoprotein(a) and
decreasing Lp(a).

Although these treatments have elegant mechanisms of
action which end up to the same result — the reduction of
protein production — they have currently no data from car-
diovascular outcome trials (CVOTs) providing evidence to
support that they not only decrease pro-atherogenic lipopro-
teins but also ultimately reduce cardiovascular outcomes (or
in the case of volanesorsen, the incidence of pancreatitis).
A CVOT examining the effect of one of these therapies,
namely, of the siRNA inclisiran, ORION-4, is currently
recruiting and expected to be completed in 2026 [18].

In vivo editing of PCSK9 durably decreases LDL-C lev-
els in primates. However, potential off-target effects and
the life-long effects of a factually irreversible treatment
(re-editing back to the original genome would be associ-
ated with additional risks of off-target editing) need to be
considered. There are further concerns. PCSK9 knockout
(KO) mice develop severe hepatic steatosis when fed a
high-fat diet [53, 54], since PCSK9 reduces the expression
of fatty acid translocase also known as CD36, a scavenger
receptor for fatty acid uptake and the main driver of their
uptake in the liver. PCSK9 expression, on the other hand,
protects mice from diet-induced liver injury. Of note, it has
been recently shown that treatment with the PCSK9-mAb
alirocumab attenuated alcohol-induced steatohepatitis in a
rat model [55]. Interestingly, while PCSK9-mAb decrease
free-circulating PCSK9 [56-58], the levels of total plasma
PCSKO9 are increased [56, 59—61], most likely reflecting
the longer half-life of the inactive PCSK9-mAb:PCSK9
complex [56, 59] and possibly also the compensatory
increase in hepatic PCSK9 production [62].

Furthermore, a recent study in PCSK9 KO mice [63]
showed that PCSK9 deficiency, of most likely locally pro-
duced (in the heart muscle), not circulating, PCSK9 rewires
heart metabolism and contributes to the development of HF
with preserved ejection fraction — a puzzling observation,
especially since PCSK9 is expressed at extremely low levels
in mouse hearts [64].

Studies in humans with PCSK9 editing tools have not
started yet. It has to be considered that the maximal reduc-
tions in LDL-C levels of ~60% achieved till now with these
methods match the ones achieved by approved medications
such as statins and PCSK9-mAb. While the argument that

PCSK9 editing is a “once-and-done” approach that would
guarantee by its nature life-long efficacy and compliance is
valid, at the same time we would be introducing irrevers-
ible genomic changes for relatively modest returns. Of note,
the genomic changes introduced involve only somatic, not
germline cells, so they affect only the person treated and are
not inherited.

In summary, at present and in the near future, PCSK9-mAb
remain the only medications that robustly inhibit PCSK9,
lower LDL-C, and reduce cardiovascular events with a satis-
factory safety profile. If the siRNA inclisiran proves to be safe
and effective in the ongoing CVOT ORION-4 trial, another
therapeutic option to effectively fight ASCVD will be avail-
able. The ASO targeting PCSK9 seem also promising, albeit
at relatively early (phase 2) stages of development. Whether
gene-editing tools will be used in the clinic to lower LDL-C
and cardiovascular disease risk remains to be determined when
more data on the long-term safety of this are available. Of note,
the companies involved in the AAV-meganuclease and LNP-
ABES.8 studies have both announced their plans to apply for
regulatory approval to begin phase 1 clinical trials for patients
with familial hypercholesterolemia (FH) in 2022 [65].

Conclusions

While new promising methods of PCSK9 inhibition are in
development, PCSK9-mAD remain the drugs with the long-
est safety data available and the only ones having positive
cardiovascular outcome trials. Regarding nucleic acid—based
therapies, the siRNA targeting PCSK?9, inclisiran, has already
been approved for clinical use and its CVOT is underway.
The ASO targeting PCSK9 also seems promising but is still
in early phases of clinical development. Editing of PCSK9 is
still in preclinical development with safety and efficacy issues
in humans to be clarified. Due to of its permanent effects, long-
term efficacy and safety data are needed before any clinical
application is considered.
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