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Abstract

This review summarizes our current knowledge and understanding of the biosynthesis and assembly of lipoprotein(a) [Lp(a)] with a focus on
diagnostic and therapeutic implications. Lp(a) is composed of a low-density lipoprotein (LDL)-like particle and the covalently bound
apolipoprotein(a) [apo(a)]. Our understanding of the physiology and pathophysiology of the atherogenic Lp(a) has considerably increased
over the past decades. The precise mechanisms regulating the biosynthesis, secretion, and assembly of Lp(a) have been extensively
investigated but are, nevertheless, still incompletely understood or, at least, controversially discussed. Lp(a) plasma concentrations are
mainly determined by synthesis and, to a minor extent, also by catabolism. Assembly of Lp(a) occurs in a complex 2-step procedure, starting
with an intracellular non-covalent association between lysine-binding sites on apo(a) and lysine residues on apoB-100, the two major protein
components of Lp(a). The final assembly of Lp(a) occurs extracellularly and/or transiently associated with the cell membrane by covalent
disulfide bonding from newly synthesized apolipoprotein(a) and circulating LDL. Lp(a)-lowering therapies have been developed that
specifically inhibit apo(a) biosynthesis and Lp(a) particle assembly. The inhibition of Lp(a) assembly raises interesting questions regarding the
quantification of Lp(a) since it leads to the release of substantial amounts of LDL-unbound apo(a), which is co-measured by routine
laboratory assays. The complex biosynthesis and assembly pathway of Lp(a) has been intensively investigated since its discovery more than
60 years ago. It is not only of basic-scientific interest but also concerns actual issues of diagnosis and therapy of elevated plasma
concentrations of this enigmatic lipoprotein.
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1. Introduction

Although lipoprotein(a) [Lp(a)] was first described more than 60 years ago as an antigen variant of low-density lipoprotein (LDL) by the
Norwegian human geneticist Kare Berg!'l, fundamental knowledge of Lp(a) biology remains incomplete. Lp(a) has been an attractive
study target for clinical and theoretical investigations since elevated blood concentrations of Lp(a) have been identified as an
independent risk factor for atherosclerotic diseases such as coronary artery disease, aortic valve calcifications, peripheral vascular
disease, and stroke>’l. Despite considerable research efforts over the past decades, crucial questions concerning the physiological as
well as the pathophysiological function of Lp(a), its biosynthesis and particle assembly, removal, and degradation have remained
incompletely understood!*®l. This article summarizes our current knowledge of the biogenesis of this enigmatic lipoprotein with
particular focus on the Lp(a) assembly process and its possible implications for the diagnosis and treatment of elevated Lp(a)
concentrations.

Lp(a) consists of an LDL-like particle and the large, highly glycosylated, and hydrophilic apolipoprotein(a) [apo(a)] that is covalently
linked via a single disulfide bond to the apolipoprotein B (apoB)-100 moiety of LDL (Figure 1). The lipid composition of Lp(a) is very
similar but not identical to that of LDL; therefore, it is often referred to as an “LDL-like” particlel’l. Its hydrated density is higher due
to the presence of apo(a) (1.040 g/mL - 1.125 g/mL)®.. The seminal sequencing work of McLean et al. led to the discovery of a high
degree of homology between apo(a) and the fibrinolytic proenzyme plasminogen!’.

Plasminogen is composed of five different kringle domains (KI-KV) linearly arranged in the form of a pearl string. Kringles are
cysteine-rich protein structures formed by three intramolecular disulfide bonds (“bridges”) resulting in tri-loop structures that
resemble a Danish pretzel. Apo(a) is considerably larger than plasminogen due to multiple copies of the KIV domains (1-10) that are
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75%-85% homologous to those of plasminogen. KIV encoding domains KIV-1 and KIV-3 to KIV-10 occur only once and differ by minor
variations in amino acid composition, whereas KIV-2 motifs vary in copy number (from 3 to > 40-fold) and are completely identical at
the amino acid sequence levell'’l. This KIV-2 copy number variation results in a remarkable apo(a) isoform, and hence Lp(a) particle
size heterogeneity among populations!'!l. The KIV domains are followed by a KV domain highly homologous to a respective domain in
plasminogen. The C-terminus of apo(a) contains a region with high sequence homology to the protease domain of plasminogen,
which is catalytically inactive in apo(a)!2l,
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Figure 1. Lipoprotein(a) assembly is a complex multi-step pathway. Lp(a) consists of an LDL-like particle and the covalently linked apo(a), which is built of an inactive protease
domain, a Kringle V domain, and identical (KIV-2) as well as non-identical (KIV-1 and KIV-3-to-KIV-10) repeats of Kringle IV domains. The number of identical KIV-2 repeats
differs largely between individuals (from 3 to > 40-fold) and represents the basis of the remarkable size polymorphism of apo(a). After biosynthesis in the rough ER, apo(a)
undergoes presecretory degradation in the ER, cytosol, and pre-Golgi compartments as an important determinant of secretion and, finally, circulating plasma concentration
of Lp(a). The non-repetitive KIV-10 domain has been shown to possess a carrier function for OxPI, which are believed to play a crucial role in the pathogenicity of Lp(a).
Apo(a)/Lp(a) synthesis can be specifically inhibited by antisense/RNAi medication against apo(a). The first assembly step is a non-covalent association between lysine-binding
sites on Kringles IV-7 and IV-8 and lysine residues of apolipoprotein B-100, taking place intracellularly within the secretory pathway. This association can be inhibited by
substances such as muvalaplin by interfering with lysine-binding sites on apo(a), which results in diminished secretion and subsequent plasma concentrations of Lp(a). The
intracellular sorting receptor sortilin plays a further role by interfering in a complex fashion with the non-covalent association between apo(a) and apoB. The final step of
assembly to the mature Lp(a) particle occurs by disulfide linkage between Cys4057 on Kringle IV-9 on apo(a) and Cys4326 on apolipoprotein B-100. This process may take
place either on the plasma membrane (with apo(a) still transiently bound to the cell surface) or in the circulation. LDL: low-density lipoprotein; Apo(a): apolipoprotein(a);

apoB: apolipoprotein B; ER: endoplasmic reticulum; OxPI: oxidized phospholipids.

Lp(a) concentrations vary widely within populations, from less than 1 nmol/L to more than 300 nmol/l, and are extremely
non-normally distributed!™!'l. More than 90% of the variance in Lp(a) plasma concentrations is under genetic control and determined
primarily by the apo(a) genel'?l. Lp(a) plasma concentrations are inversely correlated with the number of KIV-2 repeats in the gene
and, hence, with the molecular weight of the apo(a) isoform. Individuals carrying alleles with a low copy number of KIV-2 repeats on
average (thus with a low-molecular weight isoform) have high Lp(a) plasma concentrations, whereas those with high KIV-2 copy
number alleles (resulting in high molecular weight isoforms) express lower Lp(a) plasma concentrations!! !4,
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2. Biogenesis of Apo(a)

Early kinetic studies using radiolabeled lipoproteins suggested that Lp(a) represents an “independent” lipoprotein species and not a
metabolic product of other apoB-containing lipoproteins such as very low-density lipoproteins (VLDL)!!*l. However, more recent
kinetic studies described a more complex metabolic scenario, as apolipoprotein E from VLDL seems to determine, to a substantial
extent, Lp(a) production!'l,

Several in vivo kinetic studies in humans have shown that Lp(a) plasma concentrations are almost exclusively determined by
Lp(a)/apo(a) synthesis and not by degradation. Individuals with different Lp(a) concentrations and apo(a) isoforms have different
production rates but similar catabolic rates of Lp(a)l'’-'’l. More recently, a large in vivo turnover study in humans using stable isotopes
corroborated and extended the earlier findings by reporting an exclusive association between apo(a) production rates and Lp(a)
concentrations only in individuals with small apo(a) isoforms, whereas in those with large apo(a) isoforms, the association was found
with both production and, to a smaller extent, catabolic rates?l. Another recent kinetic study in humans confirmed the results of
Chan et al. by showing again significant associations of Lp(a) concentrations with both production AND catabolic rates!?!l. This
indicates that Lp(a)/apo(a) catabolism may play a minor but significant role in determining Lp(a) concentrations in individuals with
large apo(a) isoform size, in line with reports of elevated Lp(a) concentrations in patients with chronic kidney disease, preferably in
carriers of large apo(a) isoforms!/??l. Based on these studies and findings of renovascular arteriovenous differences in Lp(a)
concentrations, a substantial role of the human kidney for the removal of Lp(a) from circulation has been postulated!(?3-24,

The determination of apo(a) isoforms before and after therapeutic liver transplantation in humans elegantly demonstrated that
circulating plasma apo(a)/Lp(a) is derived almost exclusively from the liver!?l. Since apo(a) is not expressed in classic animal models
such as mice, rats, and rabbits and is barely produced by cultured transformed human cell lines like HepG2[%271, alternative in vitro
cell model systems, such as primary cultures of baboon hepatocytes and human HepG2 cells transfected with different recombinant
apol(a) constructs, have been developed to examine the biosynthesis of apo(a)/Lp(a). Finally, work on transgenic mice expressing both
human apo(a) and apoB, as well as cell culture studies on primary hepatocytes from such animals, added significantly to our
knowledge about the biogenesis of Lp(a)?%2],

Studies in primary baboon hepatocytes!®’l, primary hepatocytes from mice transgenic for human apof(a) and apoB-100, and in the
human hepatoma cell line HepG2 recombinantly expressing apo(a)i*'3? revealed that post-translational mechanisms largely influence
the Lp(a) production rate and subsequently also its plasma concentration. As with most secretory proteins, apo(a) is synthesized, not
surprisingly, as a precursor, which is processed to its mature form by glycosylation and folding in the endoplasmic reticulum (ER),
where it is retained for a prolonged period. Proper N-linked glycosylation in the ER and interactions with chaperons such as calnexin
and calreticulin are required for apo(a) maturation and secretion. Nascent apo(a) undergoes extensive presecretory degradation in
the ER, post-ER/pre-Golgi compartment[??-3334 and, possibly, also in the cytosol (Figure 1). Residence time in the ER is apo(a)
size-dependent: large isoforms are retained longer than smaller ones. This complex maturation process can at least partly explain the
correlation between apo(a) size and plasma Lp(a) concentrations in humans and baboons!*’l. To investigate the mechanisms
underlying this prolonged and isoform-dependent ER retention of apo(a), the influence of glycosylation, folding, and intracellular
degradation on apol(a) secretion was examined in the baboon hepatocyte and various transfected cell models. N-glycosylation of
apol(a) is required for its proper intracellular processing since secretion of apo(a) from N-glycosylation-defective cells is blocked or
significantly reduced, depending on the apo(a) sizel***"l. White and coworkers investigated the presecretory degradation of apo(a) and
demonstrated a role of the cytosolic proteasome machinery for a regulatory apo(a) degradation*+3¢l. The authors observed an
accumulation of the intracellular apo(a) precursor as well as an increased secretion of mature apo(a) when proteasomal degradation
was blocked by specific inhibitors. A number of secretory and membrane proteins are now known to undergo quality control,
including retention in the ER, retrotranslocation into the cytosol, and subsequent proteasomal degradation*"l. Surprisingly, apo(a)
degradation was inhibited by brefeldin A, and the accumulating apo(a) remained sensitive to endoglucosaminidase H, suggesting that
an unusual transport of apo(a) to a post-ER, pre-medial Golgi compartment followed by retrotranslocation into cytosol might be
required for this processi*!l. An accumulation in an ER-to-Golgi intermediate compartment with subsequent degradation by the
proteasome complex has been described for misfolded membrane proteins!‘’), but so far never for secretory proteins.

Taken together, these results suggest that Lp(a) plasma concentrations are controlled to a significant extent by complex apo(a)
isoform-dependent intracellular processing at several “stations” along the secretory pathway, representing a rather unique cellular
basis for a strictly genetically controlled secretory protein complex.

3. Sites and Mechanisms of Lp(a) Assembly

The sites and mechanisms of Lp(a) particle assembly from apo(a) and apoB-100 have received significant scientific attention for three
decades and have been investigated in transfected HepG2 and baboon cell model systems, but also in transgenic mice and by in vivo
turnover studies in humans. Depending on the strategy used, these studies came to partly disagreeing conclusions!*>*11,
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3.1 In vitro cell culture studies

There is overwhelming evidence and general agreement that Lp(a) particle assembly is a two-step process (Figure 1). The assembly
starts with a non-covalent interaction via weak lysine binding sites between apo(a) KIV-7/KIV-8 and specific lysine residues of
apoB-100, followed by covalent bond formation between the two molecules[*?l. The key question, which has also therapeutic
relevance, is where these two processes occur (intracellularly, extracellularly, or both). The answers were partially controversial and,
as said above, depended on the used systems of investigation.

The majority of earlier studies in HepG2 cells recombinantly expressing apo(a) have revealed that Lp(a) assembly occurs
extracellularly with secreted apo(a) and extracellularly available LDL. Covalently formed apo(a)-apoB complexes could not be detected
intracellularly!*3#]. These findings were supported by analysis of homogenates from human livers, which contained apoB and apo(a)
but no complexes thereofl*®l, Furthermore, it has been shown in transfected Chinese hamster ovary cells that recombinantly
expressed and secreted apo(a) is able to assemble into Lp(a) in the culture medium with exogenously added human LDLF’L Similar
assembly experiments in transfected glycosylation-defective cells revealed that neither N-linked nor O-linked glycosylation of apo(a)
is necessary for Lp(a) assembly!3¢-371,

After adding anti-apo(a) antiserum to baboon hepatocyte culture medium, White et al. did not detect any assembled Lp(a), which
excludes an intracellularly formed and covalently linked apo(a)-apoB complex[*’l. Similar experiments were also performed in HepG2
cells and led to the same results!*!l. Non-covalent intracellular associations between apo(a) and apo B, as described more recentlyl*®],
could not have been detected with these methods. In the baboon hepatocyte model, it was demonstrated that extracellular assembly
takes place, at least in part, on the surface of the plasma membrane, involving apo(a), which is transiently associated with the plasma
membranel’’l. The same authors demonstrated that antibiotics like neomycin are able to inhibit the release of apo(a) from the baboon
hepatocyte plasma membranel*’l. Neomycin has been shown to be one of the few drugs capable of reducing Lp(a) concentrations
in vivol>°l. An enzyme with oxidase activity, present in culture supernatants from hepatocytes, responsible for extracellular bond
formation between apo(a) and apoB-100, was described by Becker et all>!], and argues for a final extracellular assembly of Lp(a).

An exclusively extracellular assembly of Lp(a) was also strongly suggested in stably transfected HepG2 cellsl*?l. Aside from other
approaches, the authors investigated transfected HepG2 cells to see if they would form intracellular apo(a)/apoB complexes under
conditions where the secretory pathway was inhibited at restricted temperatures. These experiments showed that neither at 15 °C
(where secretory proteins accumulate in the ER) nor at 20 °C (which blocks the secretory pathway at the trans-Golgi-network level)
could covalent apo(a)/apoB complexes be observed. Mature Lp(a) was detected only in cell culture medium after incubation at 37 °C.
Again, initial non-covalent intracellular associations between apo(a) and apoB would not have been seen under those conditions.

Besides these seemingly clear data, the literature also contains reports suggesting an intracellular assembly of Lp(a) in humans.
Edelstein et al. found apo(a)-apoB-containing particles in cell lysates from primary human hepatocytes!>?l. Oleate stimulated apoB
secretion and the formation of such particles, suggesting that apo(a) secretion is coupled to triglyceride synthesis and secretion.
Similar results were obtained in transfected HepG2 cells!®3l. An intracellular apo(a)-apoB complex was also observed in HepG2 cells
transfected with an apo(a) minigenel>!l. The physiological relevance of these findings, however, remains questionable, since the
transfected apo(a) consisted of only the signal sequence, six non-identical KIV domains, the KV and the protease domain, and
completely lacked the repetitive KIV-2 domains. Although this domain is not essential for Lp(a) assembly, an Lp(a) particle with such a
small apo(a) isoform has never been observed in humans and may be structurally totally different from a native Lp(a) particle.

In a more recent study, Youssef et al. demonstrated lysine-dependent non-covalent apo(a)-apoB-100 complexes throughout the
whole secretory pathway within hepatocytes[‘8l. This intracellular non-covalent interaction was investigated by
immunoprecipitation, immunofluorescence, and proximity ligation assays. This first step in the Lp(a) assembly process precedes
specific disulfide bond formation between the free cysteine in apo(a) KIV-9 and the unpaired cysteine at amino acid 4326 within the
N-terminal domain of human apoB-100, which occurs extracellularly and/or on the hepatocyte membrane (Figure 1). The authors
used HepG2 cells stably expressing apo(a) carrying mutations at the two lysine-binding sites in KIV-7 and KIV-8 and could
demonstrate non-covalent complexes between apo(a)/apoB in lysates from wild-type cells but not from those transfected with the
lysine-binding deficient mutant. These findings have important implications for therapeutic strategies regarding the development of
Lp(a)-lowering substances interfering with Lp(a) assembly. Inhibitors of the non-covalent interaction between apo(a) and apoB, which
are in development and already at various stages of clinical trials, such as muvalaplin, may have to be taken up into the liver to be
effectivel>l

The above-described intracellular initial non-covalent association between apo(a) and apoB seems to be also regulated in a complex
fashion by sortilin, acting as a sorting receptor involved in Golgi-to-lysosome trafficking!*’l. Overexpression of sortilin increased and
its inhibition decreased apo(a) secretion in genetically modified HepG2 cells, without binding to either apo(a) or Lp(a), indicating that
this effect was likely indirect via the availability of apoB.

Taken together, the majority of investigations in various in vitro cellular models reveal an extracellular assembly process of Lp(a). The
assembly occurs, however, in two subsequent steps, starting as an intracellular non-covalent association between distinct
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lysine-binding sites on apo(a) and lysine residues on the apoB-100 moiety of LDL, followed by covalent disulfide bonding between the
two proteins, which takes place, at least partly, by transient attachment to the plasma membrane of hepatocytes.

3.2 Studies in transgenic mice

Metabolic studies in transgenic mice were shown to be compatible with both an intracellular and extracellular assembly of Lp(a).
Double transgenic human-apo(a)/apoB-100 mice produced mature Lp(a) in the circulation, whereas free apo(a) was virtually absent,
supporting the intracellular assembly of Lp(a)i?!l. In apo(a) transgenic animals, most apo(a) circulates as lipoprotein-free protein and
does not bind mouse LDL, which evidently lacks structural requirements for association with human apo(a)°”.. Intravenous injection
of human LDL, but not of mouse LDL, into the mice resulted in the formation of human Lp(a), suggesting an extracellular assembly,
albeit under very non-physiological conditions!®!l. These results, therefore, have to be considered with caution, since the used animal
models are highly artificial, because wild-type mice do not produce apo(a)/Lp(a).

3.3 In vivo human kinetic studies

Human kinetic studies using the stable isotope enrichment technology have provided results supporting intra- as well as
extracellular assembly, or were compatible with processes in both locations!>* 4. The first study (unfortunately being only published
as a congress abstract) in ten normolipidemic subjects strongly argues for an intracellular assembly of Lp(a)°?l. Production rates for
apo(a) and apoB in Lp(a) were very similar and significantly different from those of apoB in LDL, which argues for separate apoB pools
for LDL and Lp(a) secretion and an intracellular assembly process of Lp(a). These data were later supported by a similar investigation
in 12 female probands and by Frischmann et al., who investigated nine normolipidemic, healthy probands!®!-°4, The authors again
found a tracer enrichment at similar rates for both protein components of Lp(a), resulting in nearly identical fractional synthetic rates
comparable to published results from turnover studies with radiolabeled Lp(a).

There are, however, also reports from in vivo kinetic studies in support of extracellular Lp(a) assembly processesl>?¢4l. The
discrepancies are not fully understandable but could be due to different study groups and different modeling strategies.

3.4 Lp(a) in hypo-, abetalipoproteinemia (ABL) and lecithin:cholesterol acyltransferase (LCAT) deficiency

Several investigations in patients diagnosed with various rare genetic dyslipidemias have demonstrated that additional structural and
compositional properties of LDL are required for proper Lp(a) biosynthesis and assembly.

Hypobetalipoproteinemia, caused by mutations in the gene for apoB and leading to various truncated forms of apoB, has been shown
to result in normal or reduced plasma concentrations of Lp(a), depending on the resulting size of apoBI®°l,

In contrast, very low plasma levels of apo(a) have been reported in patients with autosomal recessive ABLI°l. Apo(a) was found in the
plasma of these patients as a lipid-poor complex with trace amounts of apoB, as well as in free, uncomplexed form. These data
therefore suggest that a defectively assembled apoB-containing lipoprotein is barely secreted and only poorly assembles with apo(a)
to form Lp(a).

Lp(a) assembly is also impaired in patients diagnosed with the rare deficiency of LCAT, an enzyme which is responsible for the
esterification of cholesterol in plasma and, subsequently, for the lipid composition of all major lipoproteins!®®l. The authors
investigated two families with five members homozygous for LCAT deficiency, who completely lacked Lp(a) and apo(a). The LDL
fraction of the patients was unable to form Lp(a) with recombinant apo(a) in vitro. Treatment of LCAT-deficient plasma with
exogenously added active LCAT restored the ability of LDL to assemble Lp(a) normally. From these results, the authors concluded that
conformational properties of LDL, in this case depending on the lipid composition of LDL, are also required for proper Lp(a) assembly.

3.5 Reasons for reported discrepancies

The conflicting results regarding the sites of Lp(a) assembly are most likely due to the quite different research models and
experimental approaches used. As an example, let us look at the various cellular models: Almost all investigated hepatocytes produce
a lipoprotein pattern which differs substantially from that in human plasma. For example, primary cultures of baboon hepatocytes
secrete 80% of their apoB as VLDL[®], which does not associate with apo(a) (see Section 3.2). As a consequence, a large portion of
apo(a) is found in free, non-lipoprotein-bound form in the cell culture media. HepG2 cells, on the other hand, secrete triglyceride-rich
lipoprotein particles with LDL density!’’), that do not exist at all in human plasma. Nevertheless, they do bind secreted apo(a) in vitro
to assemble Lp(a) extracellularly!’>-*°l, Since such particles, however, do not form Lp(a) intracellularly, they may not meet there or,
alternatively, the nascent lipoproteins undergo specific processing and modulation that enables extracellular Lp(a) formation. Very
few reports demonstrate a direct synthesis of LDL by cultured human hepatocytes!’"-’2l. Only in one of them, were the secreted
lipoproteins characterized in detail: hepatocytes secreted VLDL, LDL, and HDL particles; their protein moiety represented 44%, 20%,
and 36%, respectively, of the total secreted lipoprotein protein!’!l. These in vitro data were challenged by several in vivo kinetic studies
in humans and can be summarized as follows: ApoB-containing lipoproteins are secreted by the liver as a heterogeneous spectrum of
VLDL particles which, in a stepwise process, are converted in plasma to LDL by lipolytic enzymes!’?l. Although this metabolic cascade
generates the majority of circulating LDL, direct secretion of LDL particles by human hepatocytes is not explicitly excluded.
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Very recently, apo(a) secretion was reported from human induced pluripotent stem cell-derived liver organoids (hiPSCs)"!l. These
organoids were developed as a new in vitro model to study human lipoprotein metabolism in the liver and resemble very closely the
in vivo situation. Although the authors did not characterize the secreted apo(a) (for example, whether it is secreted as lipoprotein or
in free, non-LDL-bound form), this model certainly offers an opportunity to study a number of unsolved metabolic questions,
including the topic of this review article.

4. Implication for Diagnosis and Therapy of Elevated Lp(a) Concentrations

Since Lp(a) concentrations are almost exclusively determined by their hepatic synthesis, all major recent attempts to specifically
reduce elevated concentrations of Lp(a), independently of other lipids/lipoproteins, have been pursued by pharmacologically
interfering with the biosynthesis of apo(a) in the liver[’°l. Initial studies with novel therapeutic approaches demonstrated that Lp(a)
concentrations were lowered by 80% with an antisense oligonucleotidel’’l and by up to 98% with RNA interferencel’’-’8! (Figure 1).
These agents are currently being investigated in large clinical trials to evaluate the effect of Lp(a) on cardiovascular disease
reduction. According to their mode of action, this treatment leads to decreased formation of apo(a), with subsequent reduction in
Lp(a) particle concentrations.

More recently, a novel oral small molecule therapy for lowering increased Lp(a) concentrations has been developed as an alternative
to the injectable antisense/RNAi approachest>>7%-80, The mode of action of these substances differs completely from that described
above. Muvalaplin, its best-known representative so far, is a small-molecule inhibitor of Lp(a) formation by inhibiting the intracellular
non-covalent association between the lysine-binding sites on KIV-7 and KIV-8 and lysine residues on the N-terminal apoB-100 moiety
of LDLI8] (Figure 1). This compound has been initially successfully tested in transgenic mice and cynomolgus monkeys and is also
already at the stage of clinical trials. Muvalaplin has been reported to reduce plasma Lp(a) concentrations by 90%[7>l.

The results from studies with inhibitors of Lp(a) assembly have raised a few interesting questions, which are intensively discussed at
the moment:

(1) Assuming that the non-covalent association between apo(a) and apoB-100 that was shown in a hepatocyte model*® occurs also
intracellularly in humans, the results with muvalaplin provide a very strong argument for an intracellular assembly of Lp(a)-at least
regarding its initial, most likely rate-limiting, first step of a non-covalent association between the two protein components of Lp(a).
This conclusion can, however, be drawn only if muvalaplin is able to cross cellular membranes to act intracellularly. This has, to our
knowledge, not been demonstrated so far.

(2) The administration of compounds that inhibit Lp(a) assembly (wherever it occurs) also has far-reaching consequences for
measuring Lp(a) concentrations. Due to its mode of action, it does neither inhibit biosynthesis of apo(a) nor of apoB-100, but leads
instead to substantial amounts of circulating “free” (= LDL-unbound) apo(a), together with the (drastically diminished) remaining
properly assembled Lp(a)®!l. Most commercial Lp(a) assays (including those used in clinical routine laboratories) are based on
immunoturbidimetric methods that employ anti-apo(a) polyclonal antibodies and therefore measure both apo(a) in the Lp(a) particle
as well as “unbound” apo(a)®?.. In healthy individuals, “unbound” apo(a) circulates at very low concentrations (less than 5% of total
apo(a)), is heavily fragmented, and is excreted into the urinel®3-%°l. In situations/patients under muvalaplin treatment, modified Lp(a)
assays have therefore to be applied that measure only LDL-bound apo(a). Such an assay was recently reported and consists of a
double-antibody strategy using, for example, ELISAs with anti-apo(a) and anti-B antibodies!®!l. With this Lp(a)-particle-specific assay, it
could be shown by comparison with commercial double-anti-apo(a)-sandwich strategies that commercial assays underestimate the
efficacy of Lp(a) lowering of muvalaplin by 17-18%.

(3) The substantial generation of free (= non-LDL-bound) apo(a) by muvalaplin raises, however, new interesting questions. First of all,
how does this “free” apo(a) look like? Is it intact or, as in healthy, untreated individuals, also fragmented/degraded? If intact, is it still
able to bind and carry OxPI, which are believed to be a key element for the pathogenicity of Lp(a)®71? Unfortunately, no information
regarding the molecular structure of the “free” apo(a) in treated patients has been provided so far. In healthy, untreated individuals, a
substantial fraction of the OxP1 on Lp(a) is covalently bound to the KIV-10 domain of apo(a); the remaining OxPl stays bound to the
lipid moiety of Lp(a) (Figure 1)i%1, It is tempting to speculate that, assuming substantial amounts of OxP1 on intact LDL-unbound apo(a)
generated by treatment with muvalaplin, it would be difficult to seriously measure the “truly” pathological concentrations of Lp(a). It
remains to be seen in further studies whether these considerations have any clinically relevant consequences.

5. Conclusion

Cellular, transgenic animal expression systems using wild-type and mutated forms of apo(a) and apoB, as well as human in vivo
kinetic studies, have significantly enhanced our understanding of the complex mechanisms of the biosynthesis, secretion, and
assembly of Lp(a). The secretory pathway of apol(a) is strictly regulated by intracellular retention and partial degradation. Lp(a)
assembly has been demonstrated in most model systems in two steps, starting with a non-covalent attachment of several kringle
domains to lysine-rich regions on apoB within hepatocytes. The second step represents membrane-associated and/or extracellular
covalent disulfide linkage between the only unpaired cysteine residue on KIV-9 and a cysteine at the C-terminal domain of apoB.


https://doi.org/10.70401/alr.2026.0006

Adv Lipoprotein(a) Res. 2026;1:202505 | https://doi.org/10.70407/alr.2026.0006 Page 7 of 10

Further research will be required to completely identify the precise, complex mechanisms of Lp(a) assembly. This knowledge has
undoubtedly helped to develop strategies for lowering the atherogenic plasma concentrations of Lp(a), but has raised new,
interesting questions regarding its diagnosis and treatment.
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