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Abstract

There is ample evidence confirming Lipoprotein (a) pathogenicity. As an independent
cardiovascular risk factor, Lp(a) can aggravate Cardiovascular Disease (CVD) in various
ways contributing to the development of atherosclerosis, thrombosis, and inflammation.
In this review, we will summarize currently available knowledge on Lp(a) physiological
and biochemical properties underlying its impact on CVD, as well as describe the
established mechanisms through which Lp(a) is involved in atherogenesis and CVD
progression. We will also look at various measures aimed at Lp(a) management and
alleviation of associated cardiovascular risk. Different Lp(a) measurement methods
will be considered. In the last section of the paper, we compare existing therapeutic
strategies for Lp(a) reduction and compare them by such parameters as clinical efficacy

in decreasing CVD risk, availability, tolerability, and safety.
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Abbreviations: Lp(a): Lipoprotein A; ApoA: Apolipoprotein A; CVD: Cardiovascular
Disease: CHD: Coronary Heart Disease; LDL: Low-Density Lipoprotein; ApoB:
Apolipoprotein B; LDL-R: Low-Density Lipoprotein Receptor; LDL-C: Low-Density
Lipoprotein Cholesterol; PCSK9: Proprotein Convertase Subtilisin/Kexin type 9; FH:
Familial Hypercholesterolemia; SMC: Smooth Muscle Cell; EC: Endothelial Cell;
e-ACA: epsilon-Aminocaproic Acid; sLBS: supported Lipid Bilayers; OSE: Oxidation-
Specific Epitope; oxPL: Oxidized Phospholipids; CAM: Cell Adhesion Molecules;
HUVEC: Human Umbilical Vein Endothelial Cells; ASCVD: Atherosclerotic
Cardiovascular Disease; LA: Lipoprotein Apheresis; CAD: Coronary Artery Disease;
MACE: Major Adverse Cardiovascular Event; SOC: Standard of Care; ASO: Antisense
Oligonucleotides; VLDL: Very Low-Density Lipoprotein

Introduction

After its discovery in 1963, Lipoprotein (a) was believed to have little significance. This
changed when plasma Lp(a) level appeared to be an independent causal risk factor for
CVD. The plasma Lp(a) level was also associated with myocardial infarction, ischemic
stroke, chronic kidney disease, and peripheral vascular disease [1]. According to recent
studies, approximately 20-25% of the population have an increased Lp(a) level (greater
than 30-50 mg/dL), which contributes to increased CVD risk. Some recent pieces of
evidence allow us to treat Lp(a) as the strongest genetic risk factor for CHD and the

only monogenic risk factor for aortic stenosis [2].

Despite the topic of apolipoproteins in the scope of atherosclerosis and CVS seeming
to be depleted, it is too soon to dismiss these molecules. In this review, we analyzed

the complexity of Lp(a) role in atherosclerosis. One of the main manifestations of this
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is the differences in the mechanisms of action of drugs, one way
or another used to treat atherosclerosis and affect Lp(a). In this
regard, the need arises again to further reassess the possibilities of
measuring Lp(a) levels, as well as to develop indices that would
reflect the complexity of the pathogenesis of atherosclerosis
and differences in Lp(a) levels due to natural differences in the

population (gender, ethnicity, age, etc.).

Features of the structure and application of Lp(a) as a target for
therapeutic intervention have already been described many times,
including recent reviews, such as papers by Likozar et al. [3], by
Saeed et al. [4], by Schwartz and Ballantyne [5], and by Di Fusco
et al [6]. These comprehensive reviews cover the effects of Lp(a) in
various cardiovascular pathologies and provide data on potential
treatment options. All these manuscripts describe Lp(a) structure
in details and analyze the background of lipoprotein a molecule,
its functions, and synthesis. In our review, we paid more attention
to atherosclerosis, rather than other cardiovascular pathologies.
We summarized current knowledge on the mechanisms by which
Lp(a) is involved in atherogenesis, underlying the wide range of
the connections between the disease and the molecule. To find this
information, we used PubMed and Google Scholar databases. We

mostly obtained papers published in recent five years, including
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Figure 1: Main cytokines produced by CD 4* T-lymphocytes.

older ones when it was necessary. To find initial publications,
e

we used keywords, such as “lipoprotein a”, “lipoprotein a in

atherosclerosis’, “lipoprotein a in thrombosis”, etc.
Literature Review
Lipoprotein (a) structure

The atherogenic and pro-thrombotic effect of lipoprotein (a)
(Lp(a)) leading to aggravation of ischemic CVD is largely due to
its structure. This particle is similar to Low-Density Lipoprotein
(LDL). It is cholesterol-laden as well; however, it contains one more
plasminogen-like glycoprotein, apoLipoprotein (a) (ApoA), which
is covalently bound to apolipoprotein B (ApoB), and thus it is
identified as a unique lipoprotein fraction [7]. While plasminogen
contains five various kringle shaped protein structures (I through
V) as well as a protease region, ApoA includes one plasminogen-
like kringle V structure, several plasminogen-like kringle IV
structures (type 1 to 10), and an inactive protease region [8]. The
size of the isoform depends on the amount of Kringle IV type 2
(KIV2) structures and is negatively associated with the amount of
the protein produced in the liver, presumably because intracellular
processing and degradation of larger isoforms takes longer time.

See schematic Lp(a) structure in Figure 1.

KIV1
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Thus, isoform size is also negatively associated with Lp(a) levels in
plasma, and in most subjects elevated Lp(a) levels are only observed
for small isoforms. Usually, Lp(a) concentrations are presented
as Lp(a) total mass in mg/dL. Another option that has recently
become more popular is to report particle number in nmol/L [9].
The third and less common alternative is Lp(a) cholesterol mass.
The differences between these options should be considered when

analyzing the results.
Lipoprotein (a) functions

Physiology: Apo(a) is primarily synthesized in the liver. However,
there is still a lot of debate regarding the exact production site
of Lp(a). While some studies suggest that the assembly site
is extracellular-cither on the surface of hepatocytes or in the
circulation-other studies point to an intracellular Apo(a) synthesis
[10]. Apo(a) is tethered to Apo B-100 by a specific disulfide bond
within the KIV-9 domain. Although plasma levels of Lp(a) are
mainly determined by Apo(a) synthesis, thorough understanding
of all the mechanisms involved in Lp(a) catabolism is required
in order to develop new strategies for improving Lp(a) clearance
[11]. Lp(a) catabolism is believed to be predominantly dependent
on the liver, although part of the clearance takes place in the
kidneys. There are many receptor types involved in the Lp(a)
clearance pathways, including the LDL-Receptor (LDL-R) [12].
Still, the exact involvement of LDL-R in Lp(a) clearance remains
unclear, despite certain homology between Lp(a) and HDL. The
research has shown somewhat controversial results. While in vitro
studies reported that Lp(a) clearance was based on binding to
human HepG2 hepatoma cells and fibroblasts viz the LDL-R,
other experiments demonstrated that patients with Familial
Hypercholesterolemia (FH) had the same Lp(a) clearance rates as
controls. In accordance with catabolic studies, circulating Lp(a)
levels increased together with LDL-R levels as a result of statin

administration [13,14].

By contrast, trials of Proprotein convertase subtilisin/kexin
type 9 (PCSK9) inhibitor evolocumab, which inhibits LDL-R
degradation, demonstrated a decrease in Lp(a) correlating with
LDL-cholesterol (LDL-C) lowering [15]. In a more recent study
involving patients with high Lp(a) levels treated with statins,
another PCSK9 inhibitor alirocumab was shown to enhance
Lp(a) catabolism by 28% [16]. Although the results of some
studies suggested that Lp(a) reduction as a result of treatment
with PCSK9 inhibitors involved LDL-R, in vitro studies clearly
demonstrated that PCSK9 inhibition lowered hepatic Apo(a)
synthesis. It is worth mentioning that Lp(a) catabolism was
increased by PCSK9 inhibitors only when used in combination
with statins [17]. This finding suggests that Lp(a) competes with
LDL tethering on LDL-R only when LDL concentrations are kept
low. Lower affinity of Lp(a) particles for the LDL-R compared to

LDL fraction further supports this theory. Furthermore, Lp(a)
clearance by other receptors from the LDL-R family could also
be improved as a result of PCSK9 inhibition [18]. This notion is
strongly supported by the results of evolocumab trials in patients
with homozygous FH since a considerable decrease in Lp(a)
levels (by 20%) took place despite the lack of functional LDL-R.
Therefore, the exact role of LDL-R in Lp(a) catabolism remains
unclear, although recently discovered gain-of-function mutation

in the LDLR gene may shed light on this matter [19].
Pathogenicity

Obviously, plasma Lp(a) levels vary between individuals. They are
determined genetically and are little or not affected by diet and

environment [20].

There are three main ways in which Lp(a) may be pathogenic: It
may induce atherosclerosis, promote inflammation, and lead to
thrombosis [21]. The most common Lp(a) measuring method is via
monoclonal anti-Apo(a) antibody, which allows to identify of the
Lp(a) levels. In clinical practice enzyme immunoassay (ELISA) is
also widely used. However, the ratio of mass to molar concentration
varies individually due to significant individual differences in the
molecular weight of Apo(a) particles [22]. As a result, it is difficult
to find a standard method for Lp(a) measurement. Furthermore,
specific ethnic and risk populations present with abnormal Lp(a)
levels which cannot be determined clinically. In general, median
Lp(a) concentrations depend on race/ ethnicity and can be affected
by certain conditions. Lp(a) levels vary between undetectable values
to over 1,000 mg/dL [23]. Many studies have demonstrated that
elevated levels of Lp(a) in plasma (50 mg/dL) are an independent
predictor and risk factor for CVD [24].

Atherosclerosis

TheApo(a) inLp(a) contributesto the developmentofatherosclerosis
by promoting Lp(a) retention as well as accumulation of Smooth
Muscle Cells (SMC) and vascular endothelial cells, which affects
endothelial function and leads to chemotactic activation of
macrophages and monocytes. Lp(a) attaches to vascular tissues
through a strong lysine binding site in Apo(a), resulting in
contraction and increased permeability of the endothelial layer
through rhoa/rho kinase/myptl-related pathways. Furthermore,
Apo(a) can be involved in the concentration-dependent SMC
rejection throughout migration assays as a result of rhoa/rho kinase
and integrin avf3 action. Lp(a) binding to macrophages by means
of high-affinity VLDL-R-induced endocytosis, leads to foam cell

formation and accumulation of cholesterol [25].

Thrombosis: Lp(a) can contribute to thrombosis through
various mechanisms, the main being obstruction of fibrinolysis.
Production of active plasmin can be impaired as a result of the

homology between plasminogen and Apo(a). At the same time,
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Lp(a) binds to fibrin, thereby competing with plasminogen and
impeding thrombolysis mediated by plasmin. The Apo(a) can also
obstruct platelet accumulation as it replaces fibrinogen and binds
to integrin allbP3, inhibiting plasminogen activation by means of

urokinase-type plasminogen activator action [26].

It was shown that Apo(a) and Lp(a) can directly suppress the
activation of tPA-mediated plasminogen on the surface of
monocytes, macrophages, and ECs [27]. The crucial role in this
effect appeared to be played by the lysine binding ability of Apo(a)
because treatment with the lysine analog, e-aminocaproic acid
(e-ACA), or perturbation of the sLBS could cancel this effect [28].
Lp(a) was suggested to inhibit plasmin formation by promoting
the expression of plasminogen activator inhibitors by ECs and
human monocytes [29]. Thus, Lp(a) treatment of ECs was
shown to reduce the expression of tPA. Various atherothrombotic
processes, i.e., angiogenesis, cell migration, and mural thrombus
formation can be mediated by the inhibition of pericellular
plasminogen activation [30]. In the same way, Lp(a)/Apo(a) can
attenuate fibrinolysis viz suppression of tPA-mediated plasminogen
activation on the surface of fibrin clots. Competitive inhibition
of the conversion of Glu-plasminogen to its more easily activated
form Lys-plasminogen by Lp(a)/Apo(a) has been shown to inhibit
plasminogen activation [31]. In addition, it has been shown in
vitro that Apo(a) is able to inhibit the binding of plasminogen to
its substrate fibrin. Due to the formation of a quaternary complex
with plasminogen, tPA, and fibrin, Apo(a) can inhibit the process
of fibrinolysis [32]. In vivo experiments on rabbit jugular vein
models and transgenic Apo(a) mice showed that the rate of clot

destruction in such models is lower than in wild-type samples [33].

In addition to the mechanism of competitive binding to
plasminogen and plasmin substrates, there are data on other
potential mechanisms. In the study of rs3798220 SNP LPA,
the rate of fibrinolysis for mutant Apo(a) containing fibrin clots
was lower than for clots treated with wild-type Apo(a) [34]. The
results of this study did not show differences in the ability of
mutant Apo(a) to inhibit plasmin formation, however, the authors
observed the ability of Apo(a) to modulate the architecture of
fibrin clots, so that they could resist lysis.

In addition to plasminogenrelated mechanisms, the involvement
of Apo(a) in thrombosis has been shown to increase thrombosis in
a Plg -/- mouse model [35]. In addition, Lp(a) has been shown to
potentially bind to an inhibitor of the tissue factor pathway and
inactivate it, enhancing platelet aggregation. Since Lp(a) can also
induce tissue factor expression on macrophages, these two effects
may result in uncontrolled activation of the tissue factor-mediated

coagulation cascade upon atherosclerotic plaque rupture [36].

Inflammation: Lp (a) is prone to oxidation. As a result of this
process, the Oxidation-Specific Epitope (OSE) is formed. OSE

consists predominantly of apoptotic cells and oxidized LDL,
sterols and phospholipids, contributing to both inflammation and

atherogenesis [37].

Certain pathogenic properties of Lp(a) are related to the lysine
binding sites in some of the KIV Apo(a) domains. For instance,
there are certain sites in KIV10 that allow for the covalent binding
of pro-inflammatory oxidized Phospholipids (oxPLs) [38]. Being
one of the main oxPL transporters, Lp(a) has high oxPL content.
Oxidized phospholipids promote inflaimmation and are also

involved in the development of atherosclerosis [39].

The pro-inflammatory effect of Lp(a) is also based on its ability to
induce inflammatory cytokines. Apo(a) promotes macrophages to
express monocyte chemotactic protein, TNF-a, and interleukin-8.
Furthermore, as mentioned above, Lp(a) can directly trigger the
chemotaxis of monocytes and attract them to the endothelium by

various mechanisms [40,41].

Endothelial dysfunction and vascular remodeling: Initial
atherosclerotic stages include endothelial dysfunction, which is one
of the key events in the disease pathogenesis. Lp(a) can participate
in the initial atherogenic processes via its Apo(a) component in
a way quite like the role of oxidized LDL [42]. Acquiring the
dysfunctional state, ECs become to act pro-inflammatory. The
expression of CAMs is known to attract proinflammatory cells to
the vessel wall. Studies have shown that the Lp(a) treatment of
HUVEC causes the overexpression of E-Selectin, VCAM1, and
ICAM1 [43]. A similar effect was demonstrated for LDL and
oxLDL [44]. Then, the ICAMI1-stimulating effect of Lp(a) in
HUVEC appeared to be caused solely by Apo(a), but not by Lp(a)
[45].

It was also shown that the lysine-dependent binding of Lp(a) to
b-integrin Mac-1 on THP-1 cells can stimulate EC-monocyte
adhesion. This, in turn, led to the overexpression of tissue factors

by monocytes [46].

Moreover, the treatment of HUVEC with recombinant Apo(a)
(r(ApoA)) resulted in a notable increase in the permeability of
HUVEC monolayers [47]. This can happen due to the induction
of actin cytoskeleton and intercellular adhesion junctions’ changes.
After r-Apo(a) treatment in HUVEC, synthesis and secretion of
prostaglandin E2 were also increased because of the stimulation
of nuclear translocation of b-catenine and enhanced expression of

cyclooxygenase-2 [48].

One of the critical roles in the process of atherogenesis is played
by the migration of ECs and VSMCs, which is important for the
remodeling that occurs inside the vessel and leads to the formation
ofa fibrous cap in a mature plaque [49]. Lp(a)/Apo(a) can stimulate
the growth and migration of ECs by inhibiting the amount of
transforming growth factor-b (TGF-b) generated by HUVEC
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[50]. A relationship was shown between this effect and the binding
of lysine to sLBS in KIV10 Apo(a) by binding to the aVb3 integrin
on the cell surface. Although, Lp(a) can suppress in vitro EC tube
formation by inhibiting the plasminogen activation system on the
cell surface [51]. Similarly, Apo(a) stimulated the migration and
proliferation of SMCs both in vitro and in mice. This was due
to a TGF-P inhibition-dependent mechanism that determines the
role of the KIV9 domain and its ability to inhibit the formation
of pericellular plasmin [52]. In rabbits expressing recombinant
human Apo(a), an increased rate of SMC proliferation was noted.
Competitive inhibition of activation of pericellular plasminogen
activation on the surface of ECs, monocytes, and macrophages in
vitro has also been shown in a KIV10 and KV-dependent manner
[53]. Notably, in coronary atheromas of patients, 90 and 31% of
macrophages and SMCs, respectively, were found together with
Lp(a) [54]. Taken together, these data underscore the ability of
Lp(a)/Apo(a) to affect vascular endothelial and smooth muscle cell
populations in a pro-atherogenic manner. The ability of Lp(a) to
stimulate inflammatory conditions in SMCs, ECs, monocytes,
and macrophages both in vitro and in vivo by initiating various
cell signaling processes suggests that Lp(a) may promote pro-
inflammatory phenotypes in the vasculature-key steps in the

initiation of atherosclerotic formation. Plaques [55,56].
Lipoprotein measurements

Median Lp(a) concentrations reported by different epidemiologic
studies vary a lot. The results can be affected by well-known ethnic
differences. However, the data may also vary depending on the
type of assay used. Reporting Lp(a) concentrations as total mass
concentrations (i.e., mg/dL) is the most common practice as well as
using various immunoassays, like immunoturbidimetric, which are
relying on antigen-antibody interaction [57]. However, recently it
has become more common to report particle number (i.e., nmol/L)
in such assays as the enzyme-linked immunosorbent assay and the
immunoturbidimetric assay. The third and far less common option
is to report Lipoprotein (a) cholesterol (Lp(a)-C), based on high-
performance liquid chromatography or electrophoresis. However,

this method does not work for high-throughput analysis [58].

Irrespective of the methodology used, a common difficulty has
been the lack of reference material or a calibrator to the results
could be traced, the target value being preferably reported as
particle number, since the size and content of the particles may
vary. Traceability to a single common reference value would allow
us to compare results from different assays and establish threshold
values indicating increased risk. Regular deviations by 13 mg/dL
(total mass) have been observed at a mean Lp(a) concentration of
57 mg/dL when applying 17 various immunoturbidimetric assays
without a common calibrator. The reported mean concentration

variations in comparable populations may be also due to the

difference between fresh vs. long-term frozen material [59]. The
Copenhagen General Population Study reported that the 80th
percentile of the concentration distribution for fresh samples was
equal to 41 mg/dL, and 33 mg/dL for samples stored on average
7 years at -80 Celsius. In addition, the measurement bias may be
related to Apo(a) size in some assays, which may also influence the

reported results [60].

The isoform-related bias may take place in assays where the Lp(a)
measurement is based on polyclonal antibodies directed at Apo(a),
as these methodologies imply that the degree of antibody binding
and the signal will not be affected by the size of the Apo(a) isoform.
However, substantial isoform-related measurement deviations
of >100% positive and >50% negative bias have been observed
[61]. Therefore, assays involving monoclonal antibodies directed
at Apo(a) domains that do not vary are theoretically preferable.
However, their development and implementation may be difficult,

especially when it comes to high throughput.

Thus, it turns out that the most commercially reasonable method
is to use polyclonal antibodies and try and reduce the isoform-
related bias as much as possible, for example, by using latex-
particle-enhanced immunoassays or calibrators where large
apoLipoprotein (a) isoforms are used for calibration points with
a lower concentration and small isoforms for calibration points
with higher concentration [62]. Noteworthy, the latter approach
may result in inaccurate measurements in case the patient does not
demonstrate the assumed inverse correlation between Lp(a) levels
and Apo(a) isoform size. However, there is little probability that
this will lead to serious medical consequences since presumably
few patients will reach the threshold Lp(a) values for the initiation
of Lp(a) treatment and corresponding decisions will be made based

on other factors as well [63].

Thus, Lp(a) measurements should be preferably carried out using
fresh samples. The assays should be well-validated, i.e., it should
be documented that the method provides acceptable accuracy,
precision, and linearity. Furthermore, the assay should be traceable
to an internationally established calibrator, such as the WHO SRM
2B primary reference material, which allows making sure that there
will be common cut-offs for high concentrations [64]. In cases
where there is no traceability, percentile cut points for the cohort
concentration distribution should be documented together with
the absolute values in order to establish at least some comparability
with other measurements. In addition, the assay provider should
report minimal Apo(a) isoform-related measurement bias.
Currently, there is consensus, that reporting particle number (i.e.,
nmol/L) should be used rather than the traditionally reported
total mass (mg/dL). Still, isoform-related measurement bias affects
all assays using polyclonal antibodies to a certain degree. As a

result, only the approximate value may be provided. Therefore,
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there is still some debate around the transitioning to nmol/L,
and whether commercially available, high-throughput assays not
prone to isoform-dependent bias should be developed prior to the

transitioning [65].
Lp(a) lowering therapies

It has been vastly reported that Lp(a) may increase risk of
(ASCVD);

randomized clinical trials data are lacking that would demonstrate

Atherosclerotic  Cardiovascular Disease however,
that lower Lp(a) levels are beneficial for the cardiovascular system.
In a study using genetic methods, Emdin et al. estimated how
Lp(a) reduction could be clinically beneficial [66]. For each
standard deviation reduction in Lp(a) of about 28 mg/dl, the
risk of stroke, peripheral vascular disease, coronary heart disease,
aortic stenosis, and heart failure was reduced by 13%, 31%,
29%, 37%, and 17%, respectively. Using the data from a vast
perspective European study, Afshar et al. estimated the effect of
Lp(a) lowering and discovered that keeping Lp(a) below 50 mg/
dL decreased the prevalence of aortic stenosis cases and myocardial
infarction cases by approximately 14% and 7%, respectively [67].
It means that Lp(a) lowering may significantly contribute to
reducing cardiovascular disease. As demonstrated by a Mendelian
randomized study, Lp(a) lowering by 100 mg/ dL reduces the
CVD risk to the same degree as LDL-C lowering by 38.67 mg/
dL; at the same time, lower Lp(a) seems to be clinically beneficial
regardless of the variation in LDL-C concentrations. Lamina et al.
in another Mendelian randomized study showed that it would be
necessary to reduce Lp(a) by 65.7 mg/dL to potentially achieve the
effect similar to a 38.67 mg/dL reduction of LDL-C on clinical

outcomes [68].

Lp(a) levels in plasma primarily depend on genetic factors, so they
cannot be substantially lowered by exercise, diet and other such
interventions and drug therapy is necessary to reduce them. Studies
have demonstrated that first-line statins lowering LDL-C slightly
increase Lp(a) [69]. Other LDL-C-lowering drugs, like ApoB-100
Antisense Oligonucleotides (ASO) and PCSK9 inhibitors have
been demonstrated to lower Lp(a) levels, but only by 20%-30%,
so clinical benefits are limited. Currently, the only method proved
by RCT and observational studies to significantly reduce both
cardiovascular events and Lp(a) levels is lipoprotein apheresis [70].
It is recommended by British and German guidelines; however,
it is expensive and invasive, which limits its clinical application.
At the same time, recently conducted phase 2 clinical trials have
proved that Apo(a) ASO IONIS-Apo(a)-LRX effectively reduces
Lp(a) levels and has good tolerance, so in the future it may be a
promising medication for elevated Lp(a) management [71]. We

summarized various therapeutic approaches and their mechanisms

in Table 1.

Table 1: Therapeutic approaches targeting Lp(a) and their

mechanisms.

Mechanism of Effect on Lp(a)
Therapy approach G ) level References
PCSK9 LDL-R mediated n/a [41]
Inhibitors+Statins Lp(a) clearance
PCSKO Inhibitors | MMiPiting Lp(a) -20% to 60% [42,43]
synthesis
Lipoprotein Removes Lp(a) from o

Apheresis blood 70% [47]
Targeted

IONIS-APO(a)RX | , SuPPression of -35% to 80% [54]

Apo(a) expression
via ASO

Mipomersen Inhibiting éPOB -25% [63]
synthesis.
Inhibiting

. microsomal o

Lomitapide triglyceride transfer 17% [64]
protein.

Niacin Unknown -31% [67]

Anacetrapib Unknown -15% to 40% [75]

PCSKO9 inhibitors: Itis traditionally believed that the Lp(a) lowering
action of PCSK9 inhibitors (PCSK9i) is based on enhancing
LDL-R mediated Lp(a) clearance. However, it has recently been
found that PCSK9 inhibitors lower Lp(a) in two ways. When used
alone, PCSKD9 inhibitors lower Lp(a) by inhibiting Lp(a) synthesis.
When used together with statins, PCSK9 inhibitors lower Lp(a) by
the acceleration of Lp(a) catabolism mediated by increased activity
of LDL-Rs [72]. Clinical trials demonstrated LDL-C reduction by
approximately 55% and Lp(a) reduction by ~30% (an approximate
2 to 1 ratio) due to PCSK9 inhibitors. Nevertheless, LDL-C and
Lp(a) response to PCSK9 inhibitors is not always concordant: In
patients who initially had elevated Lp(a), Lp(a) can lower by up
to 60% [73]. A FOURIER trial demonstrated that in patients
with ASCVD, increased levels of Lp(a) were associated with MI,
emergency revascularization, and cardiovascular death regardless
of LDL-C levels, and evolocumab reduced Lp(a) levels by 26.9%
[74]. At the same time, the PCSK9i appeared to be more effective
in patients who had higher initial Lp(a) levels. The analysis of the
ODYSSEY OUTCOMES trial showed that alirocumab reduced
Lp(a) concentrations as well as cardiovascular events [75]. Having
adjusted for cholesterol levels, individuals with higher initial
Lp(a) demonstrated a substantially greater reduction of MACE
events and Lp(a) concentrations. However, it is still unclear
whether the reduction in cardiovascular events during PCSK9
inhibitors therapy was associated with the Lp(a) decrease or with
a further LDL-C decrease due to statins. In another, multicenter
RCT study, 129 patients with NCEP high risk, mean LDL-C
3.7 (standard deviation 1.0) mmol/L, and median Lp(a) 200.0
(interquartile range 155.5-301.5) nmol/L were randomized to

monthly evolocumab 420 mg subcutaneously or placebo [76].

400 Interv. Cardiol. (2023) 15,516: 395-406



Review Article

Evolocumab reduced Lp(a) by 13.9% and LDL-C by 60.7%
compared to the placebo. However, computed tomography/18F-
fluorodeoxyglucose  positron-emission tomography has not
revealed any significant alterations in artery wall inflammation in
evolocumab patients vs. placebo. To sum it up, further research is
necessary to better understand the impact of PCSK9 inhibitors
on Lp(a) reduction, the scale of the reduction as well as possible

beneficial clinical applications.

Lipoprotein apheresis: Common lipid-lowering therapy currently
used does notsignificantly lower Lp(a) levels. Lipoprotein Apheresis
(LA) is clinically recommended for patients with progressive
ASCVD and high Lp(a) who do not respond to optimal therapy.
120 patients with progressive Coronary Heart Disease (CHD) and
Lp(a) = 60 mg/dL already receiving statins in maximum tolerable
doses were allocated for a longitudinal multicenter cohort study
where they received a combination of statins and LA [77]. The
results demonstrated that the median Lp(a) level was lowered
by 73%, from 112 to 30 mg/dL (P<0.0001), while the amount
of MACE cases per year was reduced per patient from 1.056 to
0.144. Another prospective multicenter study investigated LA
effects for two years in 170 patients with progressive Coronary
Artery Disease (CAD) and increased Lp(a) levels. major adverse
cardiac events (MACE) incidence was found to reduce by more
than 75% compared to two previous years and a 5-year follow-
up confirmed a lasting effect of LA on the MACE prevention in
individuals with CHD in progress and elevated Lp(a) [78].

In 2017, the LA effect was evaluated on patients with
hyperlipoproteinemia-complicated CAD in a randomized,
prospective trial. The study included 20 patients with LDL-C<4
mmol/L, Lp(a)>50 mg/dL, and refractory angina who randomly
received either weekly LA or sham surgery for three months
[79]. It was found that the LA group compared to the controls
demonstrated significant reduction of LDL-C, plasma Lp(a),
ApoB-100, HDL cholesterol, and triglyceride levels, together with
significant improvement of carotid atheroma burden, myocardial
perfusion reserve, angina symptoms, six-minute walk test, and
overall life quality. Nevertheless, since lipoprotein apheresis also
improved other lipid profile components, LDL-C in particular,
the clinical benefits could not be specifically attributed to Lp(a)
reduction. A Russian clinical study investigating effects of specific
Lp(a) apheresis on the regression of coronary atherosclerosis in
patients with high Lp(a) and stable CAD demonstrated that in
18 months the specific Lp(a) apheresis lowered Lp(a) by 73% as
well as improved minimal lumen diameter and coronary stenosis
percentage [80]. Thus, Lp(a) = 60 mg/dL is considered by British
and German Guidelines to be the cutoff point for lipoprotein
apheresis as a preventive measure against recurrence of CVD. LA
clinical application is only limited by its costly, time-consuming

and invasive nature.

IONIS: APO(a)-RX and APO(a)-LRX: Lp(a)-lowering therapies
described above are not specific to Lp(a) and sometimes not
efficient enough. Since the Lp(a) particle includes the Apo(a)
as the characteristic component, it is possible to learn whether
reduction of Lp(a) brings cardiovascular benefits using drugs
that would specifically target Apo(a) [81]. The first medication
to decrease Lp(a) specifically is Apo(a) ASO. In the blood,
hepatocytes take up subcutaneously injected Apo(a) ASO which
binds directly in the nucleus to Apo(a) mRNA. It leads to the
antisense: mRNA complex destruction by RNase H1 and targeted
suppression of Apo(a) synthesis, which subsequently reduces Lp(a)
concentrations in plasma. IONIS-APO(a)RX, previously referred
to as ISIS-APO(a)RX is an ASO medicine of second generation
[82]. It was evaluated in Phase 1 of a clinical trial on 47 healthy
subjects 18 to 65 y. 0. who had body mass index <32 kg/m2 and
Lp(a) concentration in plasma > 25 nmol/L (10 mg/dL) [83]. They
were randomized so that 37 patients received IONIS-APO(a)RX
in a single dose of 50 mg, 100 mg, 200 mg, or 400 mg, or 6 doses
of 100 mg, 200 mg, or 300 mg with the total dose of 600 mg,
1200 mg, or 1800 mg, while ten participants were administered
placebo. It was found that in a single-dose group (ISIS-APO(a)RX
50 to 400 mg) Lp(a) concentration was not decreased by day 30; at
the same time, the six-dose group (ISIS-APO(a)RX 100 mg, 200
mg, or 300 mg) demonstrated reduced concentrations of Lp(a) by
39.6%, 59.0%, and 77.8% respectively, depending on the dosage.
Moreover, both groups demonstrated a significant decrease in
OxPL-Apo(a) and OxPL-ApoB-100 concentrations in plasma and

good dose tolerance.

To make uptake by hepatocytes faster and more specific, a ligand-
conjugated form of IONIS-APO(a)RX was developed, IONIS-
APO(a)-LRX (AKCER-APO(a)-LRX with N-Acetylgalactosamine
complex (GalNAc 3) modified molecule [84]. Resultantly, the
drug potency was more than 30 times increased. Safety and efficacy
of IONIS-APO(a)-LRX was assessed in Phase 1 of a clinical
experiment on healthy individuals who had Lp(a) levels above 75
nmol/L. It was found that IONIS-APO(a)-LRX in multiple doses
(10 mg, 20 mg, or 40 mg) injected subcutaneously 6 times during
a three-week period decreased Lp(a) concentrations in plasma
by 66%, 80%, and 92% (P<0.05), respectively, and tolerability
was good. Results of Phase 2b of another sham-controlled study
in 286 individuals with elevated Lp(a) levels ( = 60 mg/dL) and
established cardiovascular disease have recently been reported
at the AHA Scientific Sessions [85]. The trial assessed IONIS-
APO(a)-LRX safety and eflicacy; the patients were randomized
to be administered IONIS-APO(a)-LRX 20 mg weekly, 20 mg
biweekly, 20 mg monthly, 40 mg monthly, or 60 mg monthly
for half a year to a year. The percentage change from the initial
level at six months was chosen as the primary efficacy endpoint;

two secondary efficacy endpoints included the number of subjects
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whose Lp(a) lowered to the target value (below 50 mg/dL) and
the average percentage change of OxPL-Apo(a), OxPL-ApoB-100,
ApoB-100, and LDL-C from the baseline level at six months. It
was found that IONIS-APO(a)-LRX 20 mg administered weekly,
20 mg biweekly, 20 mg monthly, 40 mg monthly, and 60 mg
monthly, reduced Lp(a) from baseline by 80%, 58%, 35%, 56%,
and 72%, correspondingly. The percentage of subjects whose Lp(a)
achieved the targeted level was 97.7%, 64.6%, 25%, 62.5%, and
80.9%, respectively, without serious adverse events in any group.
The ability of IONIS-APO(a)-LRX to reduce the risk of CVD in
elevated Lp(a) patients is the area that warrants further research

[86].

Postmenopausal estrogen replacement: Within the frames of the
Heart and Estrogen Replacement Study, it was reported that a
combination of progestin plus estrogen decreased Lp(a) and CVD
in women after menopause with high Lp(a) levels. The results
were both clinically and statistically significant when compared
with the placebo group [87]. However, the analyses were made
post hoc and without further testing in Women’s Health Initiative
trials or elsewhere. Consequently, estrogen replacement cannot be
advised as therapy preventing cardiovascular disease for this type of

patients, as potential benefits need to be confirmed.

Antisense oligonucleotide targeting Lp(a) mRNA: The only
treatment that specifically reduces Apo(a) expression as well as
Lp(a) synthesis by the liver is nucleotide-based therapy. Second
generation of ASO targeting LPA mRNA was developed and
tested. The first prototype was APO(a)-Rx; in two-phase trials it
demonstrated significant Lp(a) reduction and good tolerability.
Its ligand-conjugated version, APO(a)- LRx, has a triantennary
Acetylgalactosamine moiety (GalNAc3) allowing liver-targeting
through rapid clearance by the hepatic asialoglycoprotein receptor
[88]. APO(a)-LRx demonstrated a 30 times higher potency than
APO(a)-Rx with a ten-fold smaller dose to reach similar Lp(a)-
lowering action in a phase 1/2 trial involving healthy subjects
with Lp(a)>75 nmol/L. Phase 2 study including patients with
increased Lp(a) (over 60 mg/dL) and established CVD receiving
SOC therapy showed that APO(a)-LRx in highest doses (20
mg weekly and 60 mg every 4 weeks) produced 80% and 72%
Lp(a) reduction, respectively [89]. The drug demonstrated good
tolerability and safety, and the most frequent side effects were
reactions at the injection site. Recently a pivotal Phase 3 study
was designed called Lp(a)HORIZON (NCT04023552) that
enrolled 7680 subjects with diagnosed CVD and Lp(a) = 70 mg/
dL for 80 mg APO(a)-LRx injections or placebo monthly for 4 to
5 years [90]. The trial that began in December 2019 is planned
to complete in April 2024. It will be the only placebo-controlled
study apart from MultiSELECT trial of LA that will show whether
significant Lp(a) reduction can lead to positive clinical outcomes
in CV patients [91].

Besides ASO, under development now are small interfering RNA
(siRNA)-based medications aimed at Lp(a) specifically. In 2020, a
phase 2 trial (NCT04270760) started to continue till April 2023
[92]. Its aim is to evaluate the Lp(a) percent change in patients
with Lp(a) above 150 nmol/L and with established atherosclerosis
receiving AMG 890 (olpasiran) therapy. Another phase 1 trial
(NCT04606602) with SLN360 is evaluating olpasiran tolerability
and safety [93]. SiRNA may be potentially more patient-compliable
compared to ASO as they may be injected less frequently.

Mipomersen and lomitapide: Mipomersen and lomitapide
are known to reduce liver expression of Apo-B that contains
LDL, VLDL, and lipoproteins. Mipomersen is used in liver-
focused treatment, while lomitapide also reduces the secretion
of chylomicrons by the intestine. Mipomersen is an antisense
oligonucleotide inhibitor targeted to apolipoprotein B mRNA
in humans and causing duplex degradation by ribonuclease H
[94]. In patients with Familial Hypercholesterolemia (FH), it is
reported to lower Lp(a) by 21% to 30%, however, its mechanism
is uncertain and may be driven by ApoB synthesis suppression and
subsequent reduction in VLDL secretion. Lomitapide inhibits
microsomal triglyceride transfer protein in the intestines and
the liver, thus reducing newly synthesized ApoB lipidation and
promoting its degradation. It was reported to reduce Lp(a) by
19% in 56 weeks, but without further reduction [95]. Both drugs
cause serious adverse effects, like hepatic steatosis and liver enzyme
increase, so in the future, they will hardly be indicated for specific
Lp(a) reduction. Lomitapide has been approved for CV risk and
LDL-C reduction in homozygous patients with FH. Mipomersen
is not available in the United States [96].

Niacin: Niacin lowers Lp(a) and improves the lipogram results
(decreases TG, increases HDL-C, and decreases LDL-C). Its effect
is dose-dependent; niacin in doses of 1500-3000 mg leads to 20%-
40% reduction in Lp(a) [97]. Formerly, it was recommended by
2010 EAS guidelines as a Lp(a)-lowering drug, but not any longer
due to the results of AIM-HIGH [98], and HPS2-THRIVE [99],
trials which found neutral cardiovascular outcomes. In the AIM-
HIGH trial, a niacin extended-release form in doses of 15002000
mg/day was used for LDL-C reduction together with 40-80 mg/
day of simvastatin and, in some patients, with 10 mg/day of
ezetimibe [98]. It was reported that Lp(a) reduction was 21%
vs. 6% in the placebo group, however, CV risk was not reduced,
though it had been predicted by initial Lp(a) and on-treatment
Lp(a) concentrations. A larger HPS2-THRIVE clinical trial
involving 25,673 patients studied whether using a combination of
niacin and laropiprant together with statin therapy with or without
the addition of ezetimibe would improve cardiovascular outcomes
in patients with high-risk and CVD history [99]. Unfortunately,
Lp(a) was evaluated only in 3978 patients from China and the UK

whose baseline and follow-up measurements had been provided.
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Niacin provided an overall Lp(a) reduction by 31% with great
variety depending on the baseline concentration of Lp(a); at
that, participants with the lowest baseline concentration of Lp(a)
demonstrated a stronger Lp(a) reduction. However, the trial did
not ascertain how this Lp(a) reduction could be translated into
CV risk decrease. Niacin impact in patients with elevated Lp(a)
has never been specifically clinically investigated in a randomized

trial, so necessary data are lacking.

CETP inhibitors (CETPi): CETP inhibitors have either been
declined regulatory approval (like anacetrapib) or were unsuccessful
because of doubtful cardiovascular benefit and adverse effects,
like evacetrapib or torcetrapib [100]. However, one of CETP
inhibitors, dalcetrapib, is still being tested for secondary prevention
in the current Dal-GenE study involving patients with a certain
favourable genotype [101]. According to the dal-OUTCOMES
study, dalcetrapib showed marginal effect on Lp(a) in subjects
whove had acute coronary syndrome [102]. The only CETPi
which showed positive results in phase 3 of a trial, was anacetrapib,
reducing Lp(a) concentrations by 25% in subjects with diagnosed
CVD, according to the REVEAL trial [71]. Previously the drug
had been demonstrated to reduce Lp(a) by 32% in patients with
homozygous familial hypercholesterolemia in the REALIZE study
[103], and by 36% in subjects with elevated cardiovascular risk,
according to the DEFINE trial [104]. Another study on a Japanese
cohort of patients with dyslipidemia receiving statin treatment also
showed a 48% reduction in Lp(a) after anacetrapib administration
for half a year [105].

Unlike PCSKi, anacetrapib suppresses Lp(a) synthesis by 40%
rather than enhances its clearance, resulting in a subsequent
decrease in Lp(a) levels by 34%-39%. Still, no proof has been
shown that anacetrapib-induced Lp(a) decrease results in lower
CV risk [106]. The understanding of the drug’s potential in CVD
risk reduction could be complemented by a post hoc analysis. As a
result of a dou btful medical effect and safety concerns provoked
by its long half-life in tissues, anacetrapib has not been approved.
However, a more recent drug with a similar effect on Lp(a) levels,
obicetrapib, has been demonstrated to reduce Lp(a) levels by
35% in 3 months in the TULIP phase 2 study and is still being
investigated [107].

Discussion and Conclusion

In this paper, we have reviewed the existing knowledge on Lp(a).
Some of the pathogenic properties of Lp(a) have been described as
well as its involvement in the promotion and aggravation of CVD.
Studies have shown that Lp(a) can contribute to CVD in several
different ways. Therefore, Lp(a) may be a potential therapeutic
target in CVD treatment.

Various Lp(a) management methodologies have been compared.

While Lp(a) measurement is currently mostly carried out
via immunoassays, and the results are reported as total mass
concentrations (i.e., mg/dL), reporting particle number (i.e.,
nmol/L) may become a more beneficial strategy. The main
challenge currently affecting Lp(a) assessment is the lack of an
internationally established calibrator, which indicates a need for
more research in this area. Also, the lack of generally accepted
measurement methods, as well as the understanding of the meaning
of raw measurements allow suggesting that the Lp(a) measurements
can be used as a basis for some index calculations. At least the
triglyceride-glucose index and atherogenic index of plasma, and
various ratios are used to assess the risks for cardiovascular disease.
The wide range of implications of Lp(a) in atherosclerosis illustrate

the relevance of this molecule in the scope of CVD prediction.

'The last section of the paper is dedicated to Lp(a) lowering methods.
Despite the lack of established and commonly accepted treatment
practices involving Lp(a), numerous studies indicate that its
reduction may be an up-and-coming strategy in CVD treatment
and prevention. Thus, there is no doubt that this problem should
be further investigated. This means that we should improve our
understanding of mechanisms of Lp(a) level lowering, and develop

more effective approaches.
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