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ABSTRACT

SCIENTIFIC RELEVANCE. Cardiovascular diseases (CVD) are the leading cause of death worldwide. Dyslipidaemia, 
as the pathophysiological basis of atherosclerosis, is the most important cause of CVD. Among the factors that 
modify this pathology, the World Health Organisation lists statins, which effectively reduce cholesterol levels. 
However, statin treatment compliance is not sufficient to achieve population-based lipid targets. This is a pow-
erful stimulus for the creation of fundamentally new groups of lipid-lowering agents, in particular, antagonists 
of proprotein convertase subtilisin/kexin type 9 (PCSK9).
AIM. The study aimed to review innovative approaches to developing a new generation of lipid-lowering agents, 
PCSK9 antagonists, and to evaluate the effectiveness, safety, and clinical potential of these medicines.
DISCUSSION. PCSK9 antagonists significantly increase the effectiveness of lipid-lowering therapy when com-
bined with statins and are an effective monotherapy in patients with contraindications for statins. PCSK9 mono-
clonal antibodies, as well as inclisiran, have a favourable risk–benefit ratio. However, the high cost of commercial-
ly available PCSK9 antagonists limits their clinical use. A number of promising directions exist for developing new 
PCSK9 antagonists that have fundamentally different mechanisms of action, such as adnectins; genome editing 
with CRISPR/Cas9; combining small molecules with low molecular weight PCSK9 inhibitors; PCSK9 vaccines; 
and antisense oligonucleotides. Medicinal products from these groups are currently at various stages of preclin-
ical and clinical development.
CONCLUSIONS. Therefore, new lipid-lowering agents can be developed by synthesising high and low molecular 
weight PCSK9 ligands and by altering the genetic mechanisms of PCSK9 synthesis. The innovative medicines con-
sidered in this review are highly effective, and most have shown no signs of toxicity at the pre-authorisation stage.
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РЕЗЮМЕ

АКТУАЛЬНОСТЬ. Сердечно-сосудистые заболевания являются ведущей причиной смерти в мире. Дисли-
пидемия как патофизиологическая основа атеросклероза — важнейшая причина развития сердечно-со-
судистых заболеваний. В число факторов, модифицирующих эту патологию, Всемирная организация 
здравоохранения включает статины, которые эффективно снижают уровень холестерина. Вместе с тем 
приверженность лечению статинами недостаточна для достижения популяционных контрольных показа-
телей уровня липидов. Этот факт является мощным стимулом для создания принципиально новых групп 
гиполипидемических средств, в частности антагонистов пропротеиновой конвертазы субтилизин/кексин 
типа 9 (PCSK9).
ЦЕЛЬ. Обзор инновационных подходов к созданию нового поколения гиполипидемических средств — 
антагонистов PCSK9, оценка их эффективности, безопасности и перспектив применения в клинической 
практике.
ОБСУЖДЕНИЕ. Применение антагонистов PCSK9 значительно повышает эффективность гиполипидемиче-
ской терапии при комбинировании со статинами или в случае монотерапии при наличии противопоказаний 
для назначения с татинов. Препараты моноклональных антител к PCSK9, а также препарат инклисиран ха-
рактеризуются благоприятным соотношением «польза–риск». Вместе с тем высокая стоимость находящих-
ся в гражданском обороте антагонистов PCSK9 ограничивает их применение в клинической практике. По-
казано, что перспективными направлениями создания новых антагонистов PCSK9 с принципиально иными 
механизмами действия являются аднектины, технология редактирования генома CRISPR/Cas9, малые мо-
лекулы и низкомолекулярные ингибиторы PCSK9, вакцины против PCSK9, антисмысловые олигонуклеотиды. 
Препараты из данных групп находятся на различных этапах доклинических и клинических исследований.
ВЫВОДЫ. Таким образом, разработка новых гиполипидемических средств может реализовываться как пу-
тем синтеза высоко- и низкомолекулярных лигандов PCSK9, так и путем воздействия на генетические меха-
низмы синтеза этого белка. Рассмотренные в обзоре инновационные лекарственные средства отличаются 
высокой эффективностью, для большинства из них на дорегистрационном этапе не было отмечено прояв-
лений токсичности.

Ключевые слова: антагонисты PCSK9; пропротеиновая конвертаза субтилизин/кексин типа 9; статины; 
моноклональные антитела; алирокумаб; эволокумаб; малая интерферирующая РНК; инклисиран; 
гиполипидимические средства; холестерин; липопротеины низкой плотности
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Introduction
According to the Global Burden of Disease study, 

acute coronary syndrome (ACS) is one of the most 
important conditions in the world in terms of its 
prevalence, mortality, and associated health-
care costs  [1]. Patients with a history of ACS are 
at risk of major adverse cardiovascular events [2]. 
In 2019, 523 million cardiovascular disease (CVD) 
cases were reported worldwide, with 18.6 million 
deaths  [1]. Based on World Health Organization 
(WHO) data, atherosclerotic cardiovascular disease 
(ASCVD) was associated with approximately 32% of 
all global deaths in 2019. ASCVD accounted for 33–
40% of all-age all-cause mortality in the USA and 
European Union (EU).1

In order to reduce low-density lipoprotein cho-
lesterol (LDL-C) in patients with ASCVD to the target 
levels, the Guideline on the Management of Blood 
Cholesterol by the American College of Cardiology 
(ACC) and American Heart Association (AHA)  [3] 
recommends high-intensity statin therapy (rosu-
vastatin, atorvastatin) or maximally tolerated statin 
therapy. It is reasonable to supplement maximally 
tolerated statin therapy with other lipid-lowering 
agents, in particular, ezetimibe (a cholesterol ab-
sorption inhibitor) or antagonists of proprotein con-
vertase subtilisin/kexin type 9 (PCSK9), in ASCVD 
patients at very high risk (namely, patients with 
a history of multiple major ASCVD events or 1 ma-
jor ASCVD event and multiple high-risk conditions, 
such as an age of over 65 years, heterozygous fa-
milial hypercholesterolaemia, a history of prior 
coronary artery bypass surgery or percutaneous 
coronary intervention, diabetes mellitus, arterial 
hypertension, chronic kidney disease, smoking, per-
sistently elevated LDL-C, or a history of congestive 
heart failure) whose LDL-C levels remain ≥70 mg/dL 
(≥1.8 mmol/L) [3, 4].

PCSK9 inhibitors lower plasma LDL-C levels by 
up to 60%, even in patients on maximally tolerat-
ed statin therapy, significantly reducing the risk of 
severe CVD, with no risk of serious adverse drug 
reactions (ADRs). The clinical benefit of PCSK9 in-
hibitors is an unprecedented reduction in LDL-C 
levels  [3, 4]. Currently, various PCSK9 inhibition 
approaches are used, which can potentially lead 
to breakthroughs in dyslipidaemia management.

This study aimed to review innovative approach-
es to developing a new generation of lipid-lower-
ing agents, PCSK9 antagonists, and to evaluate 
the effectiveness, safety, and clinical potential of 
these medicines.
1	 Cardiovascular diseases (CVDs). WHO; 2021. https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
2	 https://grls.rosminzdrav.ru/

Statins
Statins are competitive inhibitors of 3-hy-

droxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase, the rate-limiting enzyme for cholester-
ol biosynthesis.2 HMG-CoA reductase inhibition re-
duces cholesterol levels in hepatocytes and myo
cytes. In its turn, cellular cholesterol reduction 
upregulates the expression of cell-surface LDL re-
ceptors (LDL-R), which leads to an increase in LDL 
uptake from plasma and, thus, a decrease in circu-
lating blood LDL-C (Fig. 1, pathways 1–3).

When used for hypercholesterolaemia, statins 
decrease the risk of major vascular events by 22% 
per 1.0  mmol/L LDL-C reduction  [5]. According 
to clinical trials with a high degree of evidence, 
statins are effective in lessening cardiovascu-
lar morbidity and mortality when used in prima-
ry or secondary prevention of ASCVD  [6]. A me-
ta-analysis of 14 randomised trials including over 
90,000  participants demonstrated a significant 
downward shift in mortality due to ischaemic 
coronary heart disease (19%, significance level 
p<0.0001), myocardial infarction or coronary death 
(23%, p<0.0001), and fatal stroke (17%, p<0.0001) 
with statin therapy. Generally, a 1.0  mmol/L de-
crease in LDL-C levels reduces the incidence of 
major vascular events by 21%  [7]. The reduction 
in major vascular events is directly proportional 
to the achieved mean absolute decrease in LDL-C 
levels. According to an analysis of statin regimens 
varying in intensity, more intensive regimens pro-
duce a further 15% reduction in major vascular 
events (p<0.0001), which suggests additional clin-
ical benefits of such therapy [5, 8].

Adherence to statin therapy, despite its positive 
effects on cardiovascular outcomes, is often poor, 
with a non-adherence rate as high as 50% [9]. A me-
ta-analysis of 15 studies on statin adherence [10] 
showed a 45% increase in all-cause mortality and 
a 15% increase in CVD in patients with adherence 
below 80% compared with more adherent patients. 
In general, high discontinuation rates are attri
buted to statin-associated ADRs  [11], mainly sta-
tin-associated muscle symptoms (SAMS). There are 
various hypotheses that explain SAMS develop-
ment, ranging from the association of SAMS with 
low cholesterol levels in muscle cell membranes 
to the causative role of mevalonate pathway in-
termediates, such as prenylated proteins, doli
chols, and electron transport chain proteins  [12]. 
However, no consensus has been reached on SAMS 
causes in statin-treated patients.

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://grls.rosminzdrav.ru/
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According to large randomised clinical trials, 
statin-treated patients also face an increased risk 
of diabetes mellitus. The estimated attributable 
(excess) risk of developing diabetes mellitus is ap-
proximately 10–20 cases per 10,000 patients con-
tinuously treated with statins  [13]. Furthermore, 
a  persistent elevation in plasma transaminases 
in 0.5–3.0% of patients receiving statins has been 
reported [14].

Statin monotherapy can reduce LDL-C levels 
to a significant extent (up to 50% at the highest 
doses of the most effective statins, such as ator-
vastatin and rosuvastatin). However, this reduction 
may be insufficient to achieve the target levels 
that depend on a patient’s individual cardiovascu-
lar risk. Furthermore, doubling the dose of a statin, 
on average, generates only a 6% further decrease 
in LDL-C levels (commonly referred to as the 6% 
rule) [15]. This necessitates additional approaches 
involving combining statins with other lipid-low-
ering agents. For example, ezetimibe might be 
added to the combination if LDL-C levels remain 
≥70 mg/ dL with maximally tolerated statin therapy 
(class IIb recommendation) [16].

At present, an effective alternative to combina-
tion hyperlipidaemia therapy is LDL inhibition by 
proprotein convertase subtilisin/kexin type 9 pro-
protein convertase (PCSK9).

PCSK9/LDL-R binding inhibitors
PCSK9 regulates the degradation of 

the LDL-C/LDL-R complex during endocytosis 
(Fig. 1). Hepatocytes internalise LDL-R, which are 
transported to lysosomes and either degraded 
or recycled back to the cell surface (Fig. 1, path-
way  4). PCSK9 binds to LDL-R at a location oth-
er than the LDL-binding site and prevents LDL-R 
from adopting a closed conformation that protects 
the receptors from enzymatic degradation  [17]. 
When not bound to PCSK9, the receptors are much 
more likely to resurface. Ultimately, the LDL-R den-
sity on the hepatocyte surface increases, which in-
creases the hepatocyte ability to uptake LDL from 
plasma [18].

PCSK9 monoclonal antibodies
Monoclonal antibodies to PCSK9 became 

the first clinically effective medicinal products 
to appear as part of the development of a PCSK9 in-
hibition strategy. PCSK9 monoclonal antibodies se-
lectively bind to the active centre of the enzyme 
and prevent its binding to LDL-R (Fig. 1, pathway 5). 
3	 https://grls.rosminzdrav.ru/
4	 Ibid.

Currently, the fully human PCSK9 monoclonal 
antibodies alirocumab and evolocumab3 are ap-
proved for human use in the Russian Federation. 
Bococizumab, a chimeric antibody retaining 3% of 
the murine sequence, was withdrawn from devel-
opment at a late stage because of a relatively high 
frequency of anti-drug antibodies [19–22].

Evolocumab is a fully humanised monoclonal 
immunoglobulin G2 (IgG2). After a single sub-
cutaneous injection, the maximum plasma con-
centration (Cmax) is reached in 3–4 days, the ab-
solute bioavailability is 72%, and the half-life is 
11–17 days. Evolocumab is metabolised by prote-
olysis to small peptides and amino acids. Its me-
tabolism involves immunoglobulin-specific path-
ways of the reticuloendothelial system. After 
a single dose, the maximum suppression of cir-
culating PCSK9 occurs in 4 h, providing a gradual 
decrease (in 14–21  days) in plasma LDL-C lev-
els. According to the package leaflet, the recom-
mended dosing regimen is 140  mg once every 
2 weeks or 420 mg once a month. With regular 
medication, LDL-C levels are reduced by 57–72% 
from baseline. Evolocumab does not trigger com-
pensatory mechanisms to increase PCSK9 and 
cholesterol production; it has no rebound effect 
(increase in PCSK9 and cholesterol) after discon-
tinuation. The most frequent ADRs associated 
with evolocumab at recommended doses are 
nasopharyngitis (4.6%), upper respiratory tract 
infection (4.6%), back pain (4.4%), arthralgia 
(3.9%), influenza (3.2%), and injection site reac-
tions (2.2%).4

Alirocumab, another fully humanised monoclo-
nal antibody of the IgG1 isotype, has similar phar-
macokinetics. After a single subcutaneous dose, 
plasma Cmax is reached in 3–7 days, and the abso-
lute bioavailability of alirocumab is 85%. The main 
parameters of its pharmacokinetic profile and effi-
cacy are similar to those of evolocumab [23].

A 50–60% reduction in LDL-C concentration was 
demonstrated by monoclonal antibodies combined 
with maximally tolerated statin therapy in large 
post-registration studies of evolocumab (FOURIER: 
further cardiovascular outcomes research with 
PCSK9 inhibition in subjects with elevated risk [24]) 
and alirocumab (ODYSSEY OUTCOMES: evaluation 
of cardiovascular outcomes after acute coronary 
syndrome during treatment with alirocumab [25]). 
This reduction in LDL-C lowered future cardiovas-
cular risks by ~15% over a median follow-up period 
of 2.3–2.8 years [24, 25].

https://grls.rosminzdrav.ru/
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Fig. 1. Mechanisms of action of lipid-lowering agents
(1) Statins block HMG-CoA reductase, the enzyme catalysing the synthesis of mevalonic acid. The inhibition of HMG-
CoA reductase is a rate-limiting step in the metabolic pathway of cholesterol production, decreasing cholesterol 
levels in hepatocytes. Decreased cholesterol levels activate transcription factors (sterol regulatory element-binding 
proteins (SREBP)). (2) SREBP transcription factors bind sterol regulatory element DNA sequences and stimulate the 
expression of LDL-R. (3) An increase in the density of LDL-R leads to an increase in LDL uptake from plasma. (4) Pro-
protein convertase subtilisin/kexin type 9 (PCSK9) regulates the LDL-R density on the hepatocyte surface. PCSK9 
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The available study data were further con-
firmed by a meta-analysis of 39 randomised con-
trolled studies in 66,478 patients. The authors of 
this meta-analysis, Guedeney et al., estimated that 
alirocumab and evolocumab reduced the risk of 
cardiovascular disease by 15–20% [26]. At the same 
time, there was no increased risk of neurocognitive 
impairment, transaminase activity elevation, rhab-
domyolysis, or new-onset diabetes mellitus  [27]. 
Evolocumab and alirocumab combined with stat-
ins altered the coronary plaque characteristics 
in ACS patients, leading to significant thickening 
of the fibrous cap, thereby stabilising it. According 
to the HUYGENS and PACMAN-AMI studies, this 
contributed to atheroma regression [28, 29].

High adherence is required to achieve opti-
mal outcomes with alirocumab and evolocumab. 
Despite the proven efficacy of PCSK9 inhibitors 
for hyperlipidaemia management, potential prob-
lems may arise because of the need for parenteral 
administration and, consequently, reduced patient 
adherence. PCSK9 monoclonal antibodies require 
parenteral (subcutaneous) administration once 
or twice a month. Data from 6 clinical trials showed 
a high level of adherence to treatment with ali-
rocumab for at least 1 year. Treatment-emergent 
adverse events, including injection site reactions, 
were rare [30].

However, in contrast to clinical trials, the use 
of injectable PCSK9 monoclonal antibodies may be 
difficult in asymptomatic patients in primary care 
settings because initiation of PCSK9 monoclonal 
antibodies requires training in the administration 
of the medicinal product, adherence to the recom-
mended injection schedule, and adequate storage 
of the medicinal product. In the long term, these 
limitations may lead to lower adherence to treat-
ment and, consequently, to a decrease in the effi-
cacy of lipid-lowering therapy [30].

Since their first authorisation in 2015, the wide-
spread use of evolocumab and alirocumab has 
been limited by their low cost-effectiveness. In 
2017, the data from the FOURIER trial were an-
alysed to build a cost-effectiveness model and 
compare statin monotherapy and statin combi-
nations with evolocumab and alirocumab  [31]. 
With the cost of PCSK9 inhibitors at $14,300 per 
year, the additional cost of using a combination 
of a PCSK9 inhibitor with a statin was $337,729. 
This sum was more than three times higher than 
the cost of conventional lipid-lowering therapy 
($100,000). Therefore, the spending limits required 
that the cost of monoclonal antibodies should be 
reduced by at least $5,459 per year. The ODYSSEY 
OUTCOMES study [25] concluded that alirocumab 
would be considered cost-effective if the cost of 

binds LDL-R on the cell surface without affecting the affinity for LDL. After LDL uptake, the receptors undergo en-
docytosis. In the presence of PCSK9, the receptors are destroyed in lysosomes, whereas in its absence, the receptors 
return to the surface of the hepatocyte. (5) Alirocumab and evolocumab, monoclonal antibodies to PCSK9, bind this 
protein and thus prevent the subsequent destruction of LDL-R. (6) Inclisiran, a small interfering RNA (siRNA), inter-
acts with the RNA-induced silencing complex (RISC); the antisense strand of inclisiran binds to the messenger RNA 
(mRNA) encoding PCSK9, thus disrupting the synthesis of this protein. (7) CRISPR/Cas9 genome editing prevents 
the synthesis of PCSK9 by stopping the transcription of the gene encoding this protein, which increases LDL levels 
on the hepatocyte surface. (8) Low molecular weight ligands for PCSK9 prevent its binding to LDL-R. (9) Antisense 
nucleotides bind the mRNA encoding PCSK9. (10) Vaccines against PCSK9 cause the production of antibodies that 
neutralise the activity of PCSK9.

Рис. 1. Различные механизмы действия гиполипидемических средств
(1) Статины блокируют ГМГ-КоА редуктазу, фермент, катализирующий синтез мевалоновой кислоты, что лимити-
рует стадии метаболического пути синтеза холестерина. Снижение уровня холестерина в гепатоците приводит 
к активации фактора транскрипции SREBP, белка, связывающего регуляторный элемент стерола. (2) SREBP свя-
зывается со стерол-регуляторным участком ДНК, стимулируя синтез рецепторов ЛПНП. (3) Повышение плотно-
сти ЛПНП-рецепторов приводит к увеличению захвата ЛПНП из плазмы крови. (4) Плотность рецепторов ЛПНП 
на поверхности гепатоцита регулируется PCSK9. На поверхности клетки белок PCSK9 связывается с рецепто-
рами ЛПНП, не влияя на сродство рецептора к ЛПНП. После захвата ЛПНП рецептор подвергается эндоцитозу. 
В присутствии PCSK9 рецептор ЛПНП разрушается в лизосомах, а при отсутствии PCSK9 рецептор возвращается 
на поверхность гепатоцита. (5) Моноклональные антитела к PCSK9 алирокумаб и эволокумаб связывают белок 
PCSK9, предотвращая разрушение рецепторов ЛПНП. (6) Малая интерфирирующая РНК инклисиран связывает-
ся с РНК-индуцированным комплексом сайленсинга, антисмысловой фрагмент инклисирана блокирует м-РНК, 
кодирующую PCSK9, нарушая синтез этого белка. (7) Редактирование генома с помощью системы CRISPR/Cas9 
вызывает угнетение синтеза PCSK9 за счет остановки считывания кодирующего его гена, что способствует по-
вышению содержания ЛПНП на поверхности гепатоцитов. (8) Низкомолекулярные лиганды PCSK9 блокируют 
его связывание с рецептором ЛПНП. (9) Антисмысловые олигонуклеотиды связывают матричную РНК, кодиру-
ющую PCSK9. (10) Вакцина к эпитопам PCSK9 вызывает выработку антител, нейтрализующих активность PCSK9.
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therapy reduced from $14,560 to $1,974 per year. 
The cost-effectiveness of PCSK9 monoclonal an-
tibodies is expected to improve with the target-
ed selection of patients at high CVD risk  [31, 32]. 
Thus, economics is a powerful motivation to search 
for PCSK9 inhibitors that have other mechanisms 
of action [33].

PCSK9 synthesis inhibitors
Inclisiran is a medicinal product that targets 

PCSK9 but has a fundamentally different mecha-
nism of action than anti-PCSK9 monoclonal anti-
bodies. Inclisiran was approved for hypercholeste-
rolaemia or mixed dyslipidaemia by the European 
Medicines Agency (EMA) in 2020  [34] and by 
the Russian national regulatory authorities in 2022.5

Inclisiran is a long-acting synthetic small in-
terfering RNA (siRNA) that blocks PCSK9 synthe-
sis. The double-stranded siRNA, which consists of 
a guide (antisense) and a passenger (sense) strand, is 
conjugated to a vector with N-acetylgalactosamine. 
Using the N-acetylgalactosamine ligand, inclisiran 
binds to the asialoglycoprotein receptors (ASGPR) 
expressed on hepatocytes. The ASGPR–inclisiran 
complex is internalised into hepatocytes through 
endocytosis—it is trapped in endocytic vesi-
cles that fuse with endosomes/lysosomes. After 
its separation from N-acetylgalactosamine and 
ASGPR, the double-stranded siRNA is slowly re-
leased from endosomes/lysosomes into the cyto-
plasm, while the asialoglycoprotein receptors are 
recycled back to the cell surface. This is followed 
by siRNA incorporation into an RNA-induced si-
lencing complex (RISC), and the sense strand is 
degraded. Afterwards, in the cytoplasm, the RISC-
bound antisense strand interacts with the com-
plementary sequence of its target, PCSK9 mRNA 
(Fig. 1, pathway  6). The RISC uses catalytic slicer 
activity to cleave PCSK9 mRNA, thereby reducing 
the amount of mRNA that is available for trans-
lation. This results in fewer PCSK9 molecules 
available for binding with LDL-R, thus minimis-
ing the effect of PCSK9 on LDL-R degradation. 
Reduced LDL-R degradation provides for a higher 
LDL-R density on the cell surface available for LDL 
binding and capture, which results in lower plasma 
LDL-C levels [35].

Inclisiran is injected into the deltoid muscle, 
first at 3-month and then at 6-month intervals. 
Inclisiran is used as an adjunct to statin therapy; 
it is combined with other lipid-lowering agents 
in statin-intolerant patients.6

5	 https://grls.rosminzdrav.ru/
6	 Ibid.

The safety, tolerability, and efficacy of inclisir-
an were thoroughly studied in the ORION clinical 
trial  [36]. According to data obtained at Phases  I 
and II, the optimum dosing regimen for inclisir-
an involves subcutaneous injections at a dose of 
284 mg (equivalent to 300 mg of inclisiran sodium) 
at days 0, 90, and 180 and then every 6 months. 
Sustained PCSK9 synthesis inhibition by approxi-
mately 80% and LDL-C reduction by approximately 
50% from baseline were shown by a meta-anal-
ysis of patient data from ORION Phase III, which 
enrolled 3,660  patients with familial hypercho-
lesterolaemia, ASCVD, or at high risk of ASCVD. 
Moreover, the safety profile of inclisiran was found 
to be comparable with that of PCSK9 monoclonal 
antibodies, with no serious ADRs. The most fre-
quent ADRs were mild to moderate transient injec-
tion site reactions, which led to therapy discontin-
uation only in a very small number of patients [36]. 
Notably, the cost of inclisiran is higher than that 
of PCSK9 monoclonal antibodies, so the pharma-
coeconomics of its use remains a relevant issue.

Adnectins, polymer PCSK9 ligands
A promising method to influence PCSK9 lev-

els may be the use of adnectin, a small protein 
(~10  kDA) with variable loops that can be engi-
neered to generate binding surfaces with high 
affinity and specificity for therapeutically rel-
evant targets  [37]. Adnectin BMS-962476 is 
a polypeptide conjugated to polyethylene glycol 
to improve pharmacokinetics. BMS-962476 binds 
to PCSK9 with subnanomolar affinity. Such a sub-
strate affinity inhibits the interaction between 
PCSK9 and the LDL-R domain  [38]. Highly stable 
PCSK9-binding adnectin has the functional prop-
erties of inhibitory PCSK9 monoclonal antibodies 
and an intermediate size between peptides and im-
munoglobulins. The abovementioned and the use 
of bacterial expression systems make adnectin 
production easier and cheaper than antibody pro-
duction  [38]. In  a  preclinical study in cynomol-
gus monkeys, BMS-962476 rapidly lowered free 
PCSK9 levels by more than 99% and LDL-C levels 
by ~55%, while total plasma PCSK9 levels increased 
6-fold from baseline  [38]. A first-in-human study 
of BMS-962476 combined with statins showed 
that a single subcutaneous injection of adnectin 
at the maximum dose reduced free PCSK9 levels 
by more than 90% and LDL-C levels by ~48% com-
pared with baseline  [39]. Hence, adnectin is an 
effective PCSK9 inhibitor without serious adverse 

https://grls.rosminzdrav.ru/
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events; therefore, it has the potential to become an 
alternative to monoclonal antibodies.

A novel adnectin candidate is the PCSK9 antag-
onist LIB003, a recombinant fusion protein con-
sisting of a PCSK9-binding domain (adnectin) and 
human serum albumin. In a Phase I clinical trial 
in volunteers with elevated LDL-C levels ran-
domised to diet or statin therapy, a single injec-
tion of LIB003 at doses of 150–600 mg (in volumes 
of  ~0.6–2  mL) was well tolerated and resulted 
in a sustained reduction in LDL-C levels [40].

Compared with PCSK9 monoclonal antibodies, 
LIB003 is effective at a smaller injection volume, 
which may be attributed not so much to the size 
of the adnectin molecule (11 kDa), as to its high 
PCSK9 binding efficiency. Moreover, LIB003 binds 
to human serum albumin, which increases the half-
life of the medicinal product to up to 12–15 days [41]. 
LIB003 can be administered as a small volume in-
jection (about 1  mL) once a month and achieve 
maximal and stable LDL-C reduction. The medic-
inal product remains stable at room temperature 
for more than 6 months. Currently, LIB003 is being 
evaluated in Phase III clinical trials [42].

CRISPR/Cas9 genome-editing 
technology

In experiments in vivo, the CRISPR/Cas9 system 
effectively immobilised the PCSK9 gene in the liver 
of mice, which led to a decrease in PCSK9 protein 
levels in plasma and, consequently, to an increase 
in LDL content in hepatocytes. This resulted in a sig-
nificant 35–40% decrease in total cholesterol lev-
els with no ADRs  [43]. In cynomolgus monkeys, 
K. Musunuru et al. [44] demonstrated that CRISPR 
base editors, which were delivered to the liver us-
ing lipid nanoparticles, effectively and accurate-
ly modified the PCSK9 gene. A single infusion of 
lipid nanoparticles resulted in a nearly complete 
knockdown of the PCSK9 gene, with approximate-
ly 90% and 60% decreases in blood PCSK9 protein 
and LDL-C levels, respectively. All these chang-
es remained stable for at least 8  months after 
the single infusion. T. Rothgangl et al. conducted 
another study on PCSK9 editing in non-human pri-
mates [45]. Similarly to the study by K. Musunuru et 
al., T. Rothgangl et al. used an adenine base editor, 
which was delivered in lipid nanoparticles contain-
ing editor mRNA and guide gRNA [45]. The use of 
gRNA, which was selected from a number of an-
alogues, resulted in a high base-editing rate and 
a significant reduction in the levels of PCSK9-
encoding mRNA and the PCSK9 protein (Fig. 1, path-
way 7). After successful studies in mice, mRNA- and 

gRNA-containing lipid nanoparticles were in-
jected into cynomolgus monkeys. The treatment 
induced a mean of 26% base editing, a 32% de-
crease in PCSK9 protein levels, and a 14% decrease 
in LDL-C levels. Since repeated administration did 
not increase the rate of base editing, T. Rothgangl 
et al. investigated the potential immune response 
and found that the animals produced IgG against 
the base editor when re-injected. Off-target edit-
ing, which can lead to unintentional inhibition of 
other genes, was not observed in studies [46].

Small-molecules and low-molecular-
weight PCSK9 inhibitors

Low-molecular-weight PCSK9 inhibitors, which 
disrupt the interaction between PCSK9 and LDL-C, 
can be taken orally and do not cause ADRs typ-
ical of injectable medicinal products. The use of 
low-molecular-weight PCSK9 inhibitors (Fig. 1, 
pathway 8) in combination with statins may be an 
additional treatment strategy for ASCVD. Moreover, 
the production of low-molecular-weight PCSK9 in-
hibitors is simpler and cheaper than the production 
of PCSK9 monoclonal antibodies [47].

Using GOLD (Genetic Optimisation for Ligand 
Docking) software, D.  Min et al.  [48] conducted 
in silico screening of the ChemBridge database and 
selected 100 potential PCSK9 ligands. D.  Min et 
al. determined the activity of these compounds by 
assays of PCSK9 binding to LDL-C and LDL-C up-
take in vitro and by measuring serum LDL-C levels 
in vivo. Several small molecules dose-dependently 
decreased PCSK9 binding to LDL and significantly 
increased LDL levels in hepatocytes, as evidenced 
by an increase in the uptake of fluorescence-la-
belled LDL by the HepG2 cell line. In addition, 
one compound significantly reduced total choles-
terol and LDL-C levels in the serum of wild-type 
mice [48].

Mimetic peptides, intended as a therapeutic al-
ternative to monoclonal antibodies, occupy a niche 
between monoclonal antibodies and low-molec-
ular-weight compounds. As inhibitors of protein–
protein interactions, mimetic peptides have the po-
tential for highly specific substrate binding and 
low immunogenicity [49]. The peptides that mimic 
epidermal growth factor-like repeat A (EGF-A) and 
EGF-like repeat B (EGF-B), the binding sites of LDL-R, 
have been developed as competitive PCSK9 inhib-
itors. These mimetic peptides bind to the catalytic 
domain of PCSK9, thus inhibiting the interaction 
between PCSK9 and LDL-R  [50]. The oral macro-
cyclic peptide MK-0616 by Merck is the first exper-
imental PCSK9 inhibitor that binds to PCSK9 and 
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inhibits the interaction between PCSK9 and LDL-R. 
A study in healthy volunteers found that MK-0616 
reduced free plasma PCSK9 levels by more than 
90% without serious ADRs  [51]. Recent Phase  II 
clinical trials of MK-0616 demonstrated a statis-
tically significant, reliable, dose-dependent, pla-
cebo-adjusted reduction in LDL-C levels of up 
to 60.9% from baseline at week 8. MK-0616 was 
well tolerated during the 8-week treatment and an 
additional 8-week follow-up period [52].

PCSK9 vaccines
Medicinal products for active immunisation 

against PCSK9 were developed as a new alterna-
tive to PCSK9 monoclonal antibodies for sustained 
reduction of LDL-C levels [53]. The PCSK9 vaccine 
AT04A consists of short peptides that mimic frag-
ments of the mature human PCSK9 protein and are 
conjugated to a foreign carrier protein that provides 
a source of T-helper cell epitopes [54]. The AT04A 
vaccine stimulates the immune system to produce 
persistent high-affinity PCSK9-specific antibodies 
that block the ability of PCSK9 to bind to LDL-R 
(Fig. 1, pathway 10). Induced by the vaccine in vivo, 
PCSK9 antibodies reduce total cholesterol levels 
by 30% and LDL-C levels by 50%. AT04A has a long 
half-life period of approximately 4 months and in-
duces a reduction in cholesterol levels that lasts 
for at least 1  year. The results obtained in mice 
indicate that a booster dose 1 year after the first 
immunisation successfully reactivates the immune 
response to PCSK9, suggesting the possibility of an-
nual booster immunisation  [55]. Additionally, vac-
cines based on virus-like particles self-assembling 
from nucleic acid-free viral proteins induce pro-
nounced antibody responses against self-antigens. 
In a study in rhesus macaques, anti-PCSK9 vacci-
nation reduced LDL-C levels by 10–15% and LDL 
levels by 28% [56].

Antisense oligonucleotides 
SPC5001 is a 14-mer oligonucleotide with 

locked nucleic acid (LNA) modifications. This oli-
gonucleotide can act as an antisense inhibitor by 
reducing intracellular and extracellular PCSK9 pro-
tein levels (Fig. 1, pathway 9). Preclinical studies 
in mice and non-human primates have shown no 
evidence of SPC5001 toxic effects on kidney 
and liver function. In a randomised double-blind 
placebo-controlled study  [57], SPC5001 was 

7	 https://classic.clinicaltrials.gov/ct2/show/NCT04641299 
8	 https://s3.amazonaws.com/ctr-med-7111/D7990C00003/e0de9a3b-3e99-46dd-a46f-c217b8279d7e/ffb71037-b725-4e35-a923-
b2993a1fb05c/d7990c00003_CSR_synopsis_Redacted-v1.pdf 
9	 https://doi.org/10.30895/2312-7821-2023-11-3-279-291-table1 

administered to healthy volunteers with elevated 
cholesterol and LDL levels. The volunteers demon-
strated a decrease in plasma PCSK9 and LDL levels, 
while having signs of renal tubular toxicity, and one 
patient developed acute tubular necrosis. Further 
studies are needed to clarify the molecular mecha-
nism of renal toxicity of antisense oligonucleotides 
and to explore ways to minimise adverse effects.

Another study 7 evaluated the lipid-lowering 
efficacy of a PCSK9 synthesis antagonist, the an-
tisense oligonucleotide AZD8233, in high-risk hy-
percholesterolaemia patients taking high doses of 
statins. Patients received 3 subcutaneous injec-
tions of AZD8233 at doses of 15, 50, and 90  mg 
during a 12-week period. By week 12, the reduc-
tion in LDL-C levels from baseline was 39, 73, and 
79%, and the reduction in PCSK9 levels from base-
line was 58, 89, and 94%, respectively. Clinically 
significant reduction in LDL-C levels was observed 
one week after the first injection.8 In general, pa-
tients tolerated AZD8233 well. All patients receiv-
ing AZD8233 maintained a clinically significant re-
duction in the investigated parameters until week 
14 (6 weeks after the last dose).

Summarised information on the groups of 
PCSK9 antagonists described in this article is pre-
sented in Table 1: Main trends in the development 
of PCSK9 antagonists (published on the journal’s 
website9).

Conclusion
To achieve the milestones set for modern li-

pid-lowering therapy, statins should be combined 
with effective agents that can influence choles-
terol levels through other mechanisms of action. 
PCSK9 inhibitors have already been successfully 
used for this purpose. However, the high cost of 
medicinal products comprising this group sig-
nificantly limits their widespread use in medical 
practice. Intensive research in this area has led 
to the development of novel experimental medi-
cines with mechanisms of hypolipidaemic action 
fundamentally different from those of statins, such 
as PCSK9 synthesis inhibitors, adnectins (polymer-
ic PCSK9 ligands), CRISPR/Cas9 genome-editing 
systems, low-molecular-weight PCSK9 inhibitors, 
and PCSK9 vaccines. The high efficacy and absence 
of severe ADRs hold promise for the appearance of 
medicinal products of the described groups in clin-
ical practice.

https://classic.clinicaltrials.gov/ct2/show/NCT04641299
https://s3.amazonaws.com/ctr-med-7111/D7990C00003/e0de9a3b-3e99-46dd-a46f-c217b8279d7e/ffb71037-b725-4e35-a923-b2993a1fb05c/d7990c00003_CSR_synopsis_Redacted-v1.pdf
https://s3.amazonaws.com/ctr-med-7111/D7990C00003/e0de9a3b-3e99-46dd-a46f-c217b8279d7e/ffb71037-b725-4e35-a923-b2993a1fb05c/d7990c00003_CSR_synopsis_Redacted-v1.pdf
https://doi.org/10.30895/2312-7821-2023-11-3-279-291-table1
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