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Abstract 

In recent years, the leverage on available genetic information and a better understanding of the genetic bases of dyslipidemias 

has led to the identification of potential new avenues for therapies. Additionally, the development of new technologies has 

represented the key for developing novel therapeutic strategies targeting not only proteins (e.g. the monoclonal antibodies and 

vaccines) but also the transcripts (from Antisense Oligonucleotides (ASOs) to small interfering RNAs) or the genomic 

sequence (gene therapies).   

These pharmacological advances have led to successful therapeutic improvements, particularly in the cardiovascular arena 

since we are now able to treat rare, genetically driven, and previously untreatable conditions (e.g: familial 

hypertriglyceridemia or hyperchylomicronemia).  

In this review, the pre-clinical pharmacological development of the major biotechnological cholesterol lowering advances 

will be discussed, describing facts, gaps, potential future step forwards and therapeutic opportunities.  

 

Introduction 

The biotechnological option for anti-cholesterol drugs: an overview. 

Statins, fibrates and ezetimibe represented for decades the most effective cholesterol-lowering small molecules for 

treating dyslipidemias. Historically large trials demonstrated that statins reduce up to -23% the risk of developing 

cardiovascular diseases (CVD) [1] representing, so far, the first choice in the management of hypercholesterolemia. Later on, 

the IMPROVE-IT trial reinforced the concept of “the lower, the better”, showing that the reduction provided by statins can 

be further extended by adding ezetimibe [2]. Furthermore, recent data from the REDUCE-IT demonstrated that the addition 

of a specific omega-3 formulation (Icosapent ethyl) lowered the CVD risk in patients still on statin treatment [3]. Thus, the 

most recent guidelines from both the European Society of Cardiology/European Atherosclerosis Society and the American 

College of Cardiology/American Heart Association integrated all these evidence supporting the earliest and most effective 

reduction of plasma Low-Density Lipoprotein Cholesterol (LDL-C) levels proportionally to the degree of residual CVD risk 

[4]. 

Genome Wide Association Studies (GWAS) and Mendelian randomization approaches discovered new genetic 

mediators of cholesterol and lipid metabolism, including Proprotein Convertase Subtilisin Kexin Type 9 (PCSK9), 

Angiopoietin Like-3 (Angptl3) and Apolipoprotein CIII (ApoCIII). In addition to these genetic linkage, further studies 

identified other key players, such as Lipoprotein(a) (Lp(a)), that are causally associated with cardiovascular disease. 

Altogether these findings contributed to a significant step forward in the understanding of complex pathophysiological 

frameworks of common dyslipidemias, of some genetic conditions associated with elevated cardiovascular risk (e.g. 

heterozygous Familial Hypercholesterolemia (FH)) and of rarer conditions (such as FH in homozygosity or Familial 

Chylomicronemia).  

 Monoclonal antibody-based therapies are well known therapeutic choices among clinicians, as they allow a 

therapeutic intervention against different targets. However, they are costly, and need frequent injections thus lowering 

patients’ compliance. Vaccination could circumvent at least some of these drawbacks. As alternatives, new biotechnological 
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tools have been developed to provide powerful lipid-lowering activity. These advancements have been developed with the 

precise aim of targeting either the DNA or the transcript of the final protein. Adeno-associated viral (AAV) vectors, Clustered 

Regularly Interspaced Short Palindromic Repeats associated to Cas9 (CRISPR-Cas9), or the “Chimeric Antigen Receptor T 

cell” (namely CAR-T system) represent the first case. Vice versa, RNA silencing (like those against Proprotein Convertase 

Subtilisin Kexin Type 9 (PCSK9) and Apolipoprotein (a)), or Antisense Oligonucleotides (ASOs) (like those against 

Apolipoprotein (a) (apo(a)) and Angplt3) are the main tools developed for the latter (Figure 1).  

 

 

Biotechnological strategies targeting proteins  

 

Monoclonal antibodies against PCSK9 and Angptl3 

In the last decade, the development and use of monoclonal antibodies (mAbs) in multiple therapeutic areas have been 

a major breakthrough following the development of mAbs against PCSK9 or Angptl3 (Figure 2). In the cardiovascular field, 

mAbs against PCSK9 have been recently marketed and they are very effective at reducing plasma cholesterol levels, and 

consequently atherosclerosis, in experimental animal models and in humans. 

Unlike polyclonal antibodies, mAbs are monospecific antibodies, usually of the Immunoglobulin (Ig)G type, made by 

identical immune cells that are all clones of a unique parent B cell. Their superiority for therapeutic purposes stands on the 

elevated specificity of their binding site to the epitope of the target protein and on a relatively long half-life. In fact, IgG serum 

half-life is modulated by their interaction with the Fc neonatal receptor (FcRN) that, at acidic pH, binds the IgG and prevents 

lysosomal degradation [5]. In addition, their cellular re-cycling mediated by the reticuloendothelial system (RES) [6] prolongs 

their half-life [7]. MAbs are eliminated from the circulation following two distinct pathways: an antigen-specific target-

mediated disposition, in which antibodies bind their target antigens and are cleared via endocytosis and lysosomal degradation, 

and a nonspecific elimination through the phagocytic and endothelial cells of the RES [6]. Hepatic and renal function do not 

significantly affect mAbs metabolism or excretion, therefore their clinical efficacy is not significantly modified in renal or 

liver disease-affected patients. In addition, mAbs undergo a metabolic disposition that does not appreciably interfere with 

other small drug elimination from the body [8]. Based on these characteristics, mAb-based therapy has become an effective 

way for treating many pathologies. 

In the search for effective therapeutic interventions to modulate PCSK9 levels and activity, specific neutralizing mAbs against 

PCSK9 have been developed. These mAbs bind selectively to extracellular PCSK9 thus preventing its interaction with the 

LDL receptor (LDLR), that is free to recycle on the surface of hepatocytes and bind to new LDL particles, thus leading to the 

reduction of plasma LDL cholesterol (C) levels. Two fully human mAbs, Alirocumab (a 146 KDa fully human IgG1) and 

Evolocumab (a 141.8 KDa fully human IgG2), have been approved by FDA and EMA as mAbs binding PCSK9, preventing 

the degradation of LDLR. This, in turn, promotes the reduction of LDL-C plasma levels (up to 65% for alirocumab and 80% 

for evolocumab in humans, following an injection every two or four weeks) and the risk of recurrent ischemic cardiovascular 

events [9–11]. 

In pre-clinical studies, alirocumab showed a high affinity binding to all species of recombinant PCSK9 proteins tested under 

neutral (pH 7.4) and acidic (pH 5.5) conditions (KD range 0.58 to 14.5 nM at pH 7.4). Alirocumab has no ex vivo Fc effector 

function activity and does not induce antigen-dependent cell cytotoxicity or complement-dependent cell cytotoxicity in the 
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presence or absence of PCSK9 since the complex of alirocumab and human PCSK9 is unable to bind C1q, the first step in the 

activation of the complement cascade [9]. Alirocumab, like all IgG antibodies, can cross the placenta, most probably through 

an FcRn-mediated mechanism. Concentrations of total alirocumab were detectable in infant monkeys on the seventh day after 

birth, confirming exposure in utero. Weekly administration of alirocumab did not affect the pharmacokinetics (PK) of daily 

administered atorvastatin and of its active metabolites. Intravenous or subcutaneous (SC) injection of alirocumab reduces, in 

a time and dose-dependent manner LDL-C, apolipoprotein B (apoB) and total cholesterol (TC) levels in different rodent 

models, and blocks the effects of PCSK9 in cynomolgus monkeys and Sprague-Dawley rats [9]. In the ApoE*3Leiden-CETP 

mice, a well-established mouse model of hyperlipidemia that shows the typical features of human familial 

dysbetalipoproteinemia, which is characterized by accumulation of remnant lipoproteins and an increased VLDL-C to LDL-

C ratio, alirocumab alone dose-dependently reduced TC and TGs and further decreased TC in combination with atorvastatin 

[12]. Alirocumab decreased also atherosclerotic lesion size, severity, and composition by reducing monocyte recruitment and 

increasing smooth muscle cell and collagen content. There was no hepatic lipid accumulation, nor changes in fecal output of 

biliary acids or neutral sterols. A similar approach was used in another study performed in apoE*3Leiden mice that were 

treated with alirocumab, evinacumab (a mAb inhibitor of Angptl3, see below) and atorvastatin for 25 weeks. The triple 

treatment reduced plasma TC up to 80%, non-HDL-C up to 91%, and lesion size up to 50% in the thoracic aorta with an 

improvement of lesion composition [13]. This study also highlighted the therapeutic potential of the coadministration of drugs 

with different pharmacological effects. Three variants of alirocumab were prepared by inserting two or three amino acid 

substitutions in the Fc fragment of the mAb. These substitutions improved  half-life of mAbs by 2 to 5-fold by enhancing its 

binding to the FcRN [14]. The lipid-lowering effect was also improved and the mAbs required a less frequent administration 

and lower doses thanks to the improved recycling of the mAb into the circulation. 

Evolocumab is pharmacologically active in all species and binds PCSK9 with an equilibrium dissociation constant of 4 pM 

for humans and cynomolgus, and 160 pM for mice, and a half-maximal inhibition (IC50) of about 2.1 nM [15]. In mice, 

evolocumab reduced TC in a time- and dose-dependent manner [16]. In cynomolgus monkeys, after evolocumab injection, 

PCSK9 levels decreased by 97% in 15 minutes, and remained at this level for 3 days, returning to base-line only after 10 days 

[16]. In a mouse model of thrombosis, evolocumab reduced the PCSK9 pro-thrombotic effects, thus suggesting the use of 

PCSK9 inhibition to prevent thrombotic complications [17]. More recently evolocumab was able to prevent a high-fat high-

cholesterol diet-induced hyperlipidemia and atherosclerotic plaque formation in a genetically modified hamster model [18]. 

Both alirocumab and evolocumab display nonlinear PK due to their target-mediated elimination, a small volume of 

distribution (3.5 L and 3.3 L respectively [14,15]) indicating a limited tissue distribution, and an absolute bioavailability after 

SC injection of 75% for alirocumab and 82% for evolocumab [19]. Both mAbs did not show any gender differences, 

unforeseen accumulation or time-dependent changes in pharmacokinetics after multiple doses [9]. 

To overcome the limitations caused by the need for multiple mAb injections, more recently a DNA-encoded mAb (DMAB) 

targeting PCSK9 has been engineered. A single intramuscular injection in mice led to a robust production of DMAB within 

days, with peak levels by 1-week after administration, that lasted for up to 2 months, leading to a reduction of TC by up to 

10% and of non-HDL-C by up to 29% [20]. DMAB levels could be boosted by repeated administrations. 

 

The mAb-based technology has been also used for interfering with Angptl3, an inhibitor of the Lipoprotein Lipase (LPL), 

that has been approved in U.S. for the treatment of homozygous FH patients [21]. Peripheral and endothelial lipases hydrolyze 
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TGs contained in VLDL favoring their conversion into LDL. While in a physiological condition the resulting increased 

amount of LDL is efficiently taken up by hepatocytes, in the presence of hypercholesterolemia or FH, due to deficiency of 

LDLR, LDL accumulates in the circulation. Evinacumab is a mAb that inhibits Angptl3, thus favoring the activity of 

peripheral lipases contributing to the reduction of LDL-C levels. Evinacumab displays anti-atherogenic activity in rodents 

[13,22], and potent and consistent TG and LDL-C lowering effects (by 40% in healthy volunteers [23] and up to 49% in 

subjects with homozygous FH [24]). In a recent phase III study on 59 homozygous FH patients (of whom 94% on statins, 

77% on PCSK9 inhibitor, 75% on ezetimibe, 25% on lomitapide, and 34% undergoing apheresis, as standards of care), the -

47.1% in the reduction of LDL-C with evinacumab (as compared to standard of care only) was maintained for the 24 months 

observational period [24]. It is of note that in this study the effect of evinacumab was comparable between subjects with 

complete LDLR deficiency (null-null mutations) as well as in patients with a partial LDLR deficiency (that is those with 

either two non-null alleles or one null and one non-null allele). This observation might further imply that the inhibition of 

Angptl3 activity in the periphery increases the uptake of VLDL remnants by hepatocytes and, in turn, reduces the pool of 

LDL even when the LDLR is not present. This possibility opens the way towards new therapeutic opportunities, since the 

inhibition of the circulating form of Angplt3 might provide an added value, even beyond anti-PCSK9 mAbs, for the treatment 

of the most sever genetically determined FH. The pharmacodynamics properties of this compound include i) a high affinity 

to the binding sites of the circulating form (about KD=0.261.28 nM in human, non-human primates, rats and mice) [25] and 

ii) a low plasma IC50= 2.99.6 nM [25].  

By contrast to the inhibition of angptl3, that of angptl4 using mAbs is currently less advanced, and its hypothetical clinical 

use still under scrutiny [26]. 

 

Vaccination against PCSK9 

Vaccination against PCSK9 may also provide a promising approach for the treatment of hypercholesterolemia 

allowing a better compliance. Many different experimental pre-clinical approaches have been tested. In the first one, mice 

were immunized with human recombinant PCSK9, using a DNA-oligonucleotide as an adjuvant, causing a 40% reduction of 

TC [27]. In another study, a panel of short non immunogenic peptides mimicking PCSK9 epitopes were linked to a potent 

carrier protein, the keyhole limpet hemocyanin (KLH), used as a source of foreign T helper epitopes thus imparting 

immunogenicity to the conjugate. In mice and rats, this vaccine elicited a high-titer antibody response against PCSK9 that 

persisted for almost one year with a half-life of about 4 months, much longer than the half-life of mAbs [28]. TC levels were 

reduced by up to 30%, and LDL-C up to 50% in treated animals. The same peptide-based vaccine reduced systemic and 

vascular inflammation and atherosclerotic lesion size in the aorta of APOE*3Leiden.CETP transgenic mice [29]. In another 

study in apoE KO mice, the peptide vaccine was administered three times at 2-week intervals maintaining anti-PCSK9 

antibody peak levels for up to 24 weeks with no activation of T-cells, and reducing plasma TC, VLDL and chylomicron levels 

[30]. Unfortunately, the downside of this technical approach is the induction of undesirable anti-KLH antibodies which can 

mask peptide epitopes impairing antibody production. To circumvent this problem, the KLH was camouflaged with serum 

albumin creating a hybrid nanocarrier with PCSK9 peptide anchored onto the surface [31]. The production of nontarget 

antibodies was almost eliminated and the LDL-C lowering potential of the vaccine was improved.  

A different approach exploited the ability of virus-like particles (VLPs) to display on their surface a battery of self-antigens 

in a highly dense, repetitive format thus inducing a strong antibody response against self-antigens with production of IgG. In 
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this way, VLP display could be used to target self-molecules that are causing a series of chronic pathologies. In mice, VLP-

based vaccines, targeting five regions of PCSK9 predicted to be involved in LDLR binding, caused a significant reduction of 

total and free cholesterol and of TG levels (up to −60%). In macaques, the vaccination caused a reduction of TC by −19%, 

LDL-C by −32%, TG by −15%, and of apoB by -30% [32]. A modified VLP-based vaccine raised by using a peptide spanning 

prodomain and catalytic domain of PCSK9 (named PCSK9Qβ-003) decreased plasma PCSK9 levels, and upregulated hepatic 

LDLR, SREBP-2, HNF-1 and HMGCoA reductase expression in LDLR KO mice [33]. Interestingly, the same vaccine 

improved also renal lipid accumulation and fibrosis by regulating fatty acid beta-oxidation in LDLR KO mice [34] and 

attenuated atherosclerotic plaque progression by modulating reverse cholesterol transport and inhibiting inflammatory cell 

infiltration and apoptosis in apoE KO mice [35]. 

An immunogenic fused PCSK9-tetanus (IFPT) peptide was incorporated on the surface of nanoliposomes and injected four 

times at bi-weekly intervals in atherosclerotic mice. It reduced PCSK9 plasma levels by 59%, TC by 45%, LDL-C by 52% 

and VLDL-C by 19% after the fourth vaccination. The reduction was long-lasting with a LDL-C decrease by up to 42% after 

16-weeks and an increased production of IL-10 and IFN-gamma [36].  

In addition, the combination with genome-editing technologies, such as CRISPR-Cas9, led to a vaccine variant that may give 

better response in patients. Researchers generated a CRISPR construct that introduced a site-specific nonsense mutation in 

PCSK9 gene similar to the loss of function (LOF) mutations identified in humans. This approach took advantage of the fact 

that the CRISPR-Cas9 tool is particularly efficient in the liver, where it can edit a much higher proportion of cells than in 

other tissues. A single injection of an adenovirus containing CRISPR-Cas9 system directed against PCSK9 may silence more 

than 50% of hepatic PCSK9 genes leading to a 90% decrease of PCSK9 plasma levels and a 35-40% reduction of LDL-C in 

mice [37]. No off-target mutagenesis was detected in 10 selected alternative sites. 

 

 

Biotechnological strategies targeting DNA 

 

Viral vectors 

Gene therapy and DNA editing are two independent strategies developed to induce permanent changes in the DNA 

sequence, either ameliorating or repressing a gene function. Gene therapy consists in the insertion of a genetic sequence 

required for coding for a specific functional protein that is lacking in a pathological condition. The insertion is done by 

injecting a biological (e.g. viral) or non-biological (lipid-, peptide- or polymer-based carriers) vector which will integrate its 

genetic information into the genome of the patients in whom it is lacking since inception. This approach was at the basis of a 

gene therapy using the adeno-associated viral (AAV) vector “alipogene triparvovec” for the treatment of severe 

hypertriglyceridemia, a genetic condition in which LPL deficiency causes a massive elevation of plasma TG levels, due to 

impaired lipolysis of circulating chylomicrons and triglycerides-rich lipoproteins (TGRLs). The rationale of adding extra-

copies of functionally LPL directly into the muscle tissue of an LPL deficient patient paved the road for the development of 

a nonreplicating and nonintegrating AAV vector of serotype 1 (AAV1), engineered to deliver a naturally occurring gain-of-

function (GOF) LPL gene variant (S447X), carried by 20% of the general population and associated with an increased TGRL 

turnover. AAV1-LPLS447X was produced by baculovirus-based production in insect cells [38], giving rise to the so called 

“alipogene tiparvovec”. After a single administration, the adenoviral genome persisted in the myocytes for up to one year and 
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was responsible for the reduction by 90% of TGs in mice and -77% in humans. Commercial concerns, technical difficulties 

(e.g: multiple serial injection under anesthesia regimens), insufficient PK data and criticism regarding immune-inflammatory 

safety have been raised (accumulation of circulating T cells-mediated antibodies against the AAV1 capsid and lymphocytic 

infiltration in the spleen [39,40]) and lead to withdrawal of this drug in 2012. 

 

CRISPR-Cas9-based approaches against Pcsk9 and Angptl3 

DNA editing, acting on the DNA at the level of the cross-over in meiosis, represents a step-forward contributing to 

the phenotypic difference of the probands as compared to the rest of consanguineous family members. This ambitious aim 

has been recently achieved by developing the CRISPR-Cas9 system. This system, since its discovery in 2012, is based on the 

same evolutionarily conserved mechanisms by which bacteria produce a transcript for protection against exogenous DNA. In 

fact, the system harnesses the CRISPR DNA fragments that specific prokaryotic organisms (for example Streptococcus 

Pyogenes [41,42]) use to guide the activity of the Cas9 enzyme to recognize and cleave specific complementary DNA strands 

to the CRISPR sequence. Upon finding an RNA harboring the spacer sequence, the CRISPR-associated Cas9 proteins will 

recognize and cut foreign pathogenic DNA and introduce specific mutations at a desired location in the host genome [42]. 

Previous classical viral vector-based techniques (e.g.: alipogene triparvovec) introduced constructs integrating at specific 

target sites by homologous recombination and relied on viral vector delivery of therapeutic transgenes that could cause 

insertional oncogenesis and immunogenic toxicity. As compared to these approach, CRISPR-Cas9, by generating targeted 

double strand breaks and by controlling the specificity of homology directed repairs (HDR) system, provides superior 

specificity for the target site as compared to classical viral vectors. CRISPR-Cas9 no longer requires modular protein assembly 

but merely the modification of few nucleotides of the targeting RNA guide. The simplicity and efficacy of the resulting 

CRISPR/Cas9 system make effective gene editing broadly accessible and versatile towards a vast number of genes. Also, 

recent development harnessing Cas-9 based incorporations of alternative RNA-aptamer-binding molecules, opened new 

avenues in the possibility of CRISPR-mediated transcriptome modulation and cell reprogramming [43]. 

CRIPR-Cas9 represents a promising approach to modulate key proteins involved in plasma lipid metabolism, due to its durable 

effects without the need for repeated administrations. The experience with this technique in lipidology is at an initial stage, 

with Angptl3 gene editing being the pioneering approach contributing to the improvement of CRISPR-Cas9 based strategy 

(Figure 3). Angptl3 targeting represented a step forward also for CRISPR-Cas9 itself being the first based Cas9 editor (namely 

BE3), a last generation version designed to overcome undesired effects of this technology, such as on-target mutagenesis from 

DNA double-strand breaks, off-target mutagenesis from insufficient specificity of guide RNA (gRNA), or inefficient on-

target mutagenesis due to low-rate homology-directed repair. After injection of the BE3 with Angptl3-targeting gRNA at the 

codon Gln-135 of the ANGPTL3 locus (BE3-Angptl3) (as compared to the BE3 with no gRNA), mice showed highly efficient 

editing, with +35% increase in ANGPTL3 edited alleles (with no evidence of off-target mutagenesis), associated with 50% 

reduction in circulating angptl3 protein, 35% reduction in fasting TG, and 20% reduction in cholesterol levels. In 

hyperlipidemic LDLR knockout mice, the injection of BE3-Angptl3 significantly reduced TG by 56% and cholesterol by 51% 

[44]. However, little is known about its safety profile; of interest, the significant reduction in hematopoietic stem cells content 

in bone marrow, observed in ANGPTL3 full knock-out mouse [45], was not observed following the use of this gene-editing 

system. 
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Following Angptl3, also PCSK9 became targetable by CRISPR-Cas9. An initial approach used gRNA to the codon Trp-159 

of the PCSK9 locus (“BE3-pcsk9 w159”) [46] (Figure 3), with significant LDL-C reductions in mice, although lower as 

compared to the Angplt3-based CRISPR-Ca9 approach. Vice versa, more recently CRISPR base guides and editors, that were 

loaded onto lipid nanoparticles to specifically reach the liver, provided an almost total PCSK9 lowering effect (-90%), 

resulting in the reduction of up to -60% in LDL-C in nonhuman primates that lasted for up to 8 months after a single injection 

[47].  

 

CAR-T 

 CAR-T therapy consists in the infusion of autologous T-cells that have been engineered to express a chimeric antigen 

receptor (CAR) on their cell surface (Figure 1). The resulting cell will express a significant amount of engineered 

transmembrane receptors harboring an extracellular ScFV domain, that will be specific for the target protein, and an 

intracellular CD3 ζ domain with tyrosin-kinase activity, that will be responsible for the CAR-T activation upon recognition 

of the target. In hypercholesterolemia, the CAR-T option has been conceived for the reconstitution of the LDLR in case of 

genetic deficiency. In fact, the re-injected autologous engineered CAR expressing leukocytes home back to the hematopoietic 

niche and locally foster the establishment of a new cell lineage expressing the LDLR. 

The long-term effect of these options is still debated and the oscillatory concentration of circulating reinjected T cells leaves 

unresolved the question whether the expansion of the genetically modified CARs is proportional to the kinetics of CAR-T 

cells engraftment. Furthermore, the homing capacity of CAR-T engineered T cells could be a critical problem, in light of 

recent data testing the use of such treatment for solid tumors [48]. This aspect might be even more relevant for anti-

atherosclerotic therapies which require large extraction of the cells at the site of action. Finally, detailed PK studies are also 

required for these strategies to interpret the favorable, but variable, efficacy profiles among individuals.  

As for the safety profile, as compared to adenoviruses, today patient-derived autologous cells are known to have the advantage 

of a lower genotoxic potential and lower risk of insertional oncogenesis as compared to the inoculation of a heterologous 

engineered viral or HIV-derived lentiviral DNA vectors.  

 

Biotechnological strategies targeting gene transcripts 

 

Intervening on RNA has so far required the development of gene silencing tools (Figure 4). By silencing gene 

expression (not its structure) these strategies rapidly and effectively modulate the functionality and activity of downstream 

transcripts. Small interfering RNAs (siRNAs) are a very promising example of this approach since they lead to the degradation 

of different targets (not only mRNA, but also transcription factors, non-coding RNAs or microRNAs), when guided to their 

target mRNA by a specific RNA-induced silencing complex (RISC). This in turn represses gene activity and prevents the 

coding of altered proteins associated diseases. Low stability in circulation and appropriate targeting susceptibility to 

endonucleases were initial siRNA pitfalls, but further biotechnological refinements (either by inclusion into lipid 

nanoparticles, to enhance penetration in the nucleus of hepatocytes, or by synthesis of glycoconjugates to favor siRNA 

resistance against endonucleases) improved these unfavorable PK properties. 

By contrast to siRNA, the principle of the antisense oligonucleotides (ASOs) approach, is to inoculate a specific 

single-stranded DNA molecule (sequences of 15 up to 100 nucleotides) complementary to a specific mRNA sequence, 
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preventing its ribosomal translation and promoting its degradation by enzymes with RNase H activity. Thanks to their 

structure and favorable PK profile (high affinity for circulating proteins), ASOs rapidly distribute in the body, reaching 

maximal hepatic concentrations in 3-4 hours following SC injection. These PK advantages led to a significant impulse in the 

use of ASOs, with a valuable success against a higher number of players in lipid metabolism as compared to siRNAs. In fact, 

a siRNA against PCSK9 (Inclisiran) has reached the market while ASOs against the atherogenic Apo(a), Angptl3 and 

Apolipoprotein CIII (apoCIII) are under development. However, thrombocytopenia represents a common side effect of 

different ASOs [49], that has been also encountered in randomized trials against these proteins. In a recent conference-abstract, 

two CpG-rich phosphorothioate deoxyoligonucleotide (PS ODN) sequences ASOs (818290 and 120704) and two non-CpG 

2'-MOE containing sequences ASOs (104838, causing liver and spleen sequestration of platelets, and 501861) were titrated 

both in whole blood and in platelet-rich plasma [50]. Of note, only the two CpG-rich PS ODN ASOs triggered a spontaneous 

platelet aggregation in platelet-rich plasma, which was reverted by the injection of a tyrosine-kinase inhibitor [51]. By 

contrast, platelet aggregation was observed in all four ASOs tested. Thereby, these data suggest that the effect of ASOs on 

platelet stability is independent of the presence of the 2I-MOE sequence and that cellular mechanisms controlled by the activity 

of tyrosine-kinase should be better deciphered. 

 

siRNA to modulate PCSK9 expression 

Inclisiran is a SC delivered and a long-acting synthetic siRNA that binds to PCSK9 mRNA favoring its degradation, 

thus leading to PCSK9 plasma levels reduction, increase of LDLR expression and reduction of hypercholesterolemia. 

Inclisiran is an oligonucleotide conjugated to a trivalent N-acetylgalactosamine (GalNAC) carbohydrate residue that ensures 

a liver specific uptake by the asialoglycoprotein receptors (ASGPRs) selectively present on the extracellular surface of 

hepatocytes [52]. The three GalNAC molecules are attached to the 3’ terminal of the siRNA by using a triantennary spacer 

thus increasing the affinity for ASGPR [53]. Thanks to the GalNAC residues, the majority of the dose is delivered to the liver. 

This modification allows also for an increased potency, reduces off-targets effects and reduces dose requirements thus 

lowering production costs [54,55]. Following an acidification of the endosome, the GalNAC-siRNa complex dissociates from 

the ASPGR. Part of the oligonucleotides remains trapped inside the endosomes, serving as an intracellular deposit for the 

drug, and only a small amount is released slowly over time and loaded into RISC [56,57]. The binding to RISC guides the 

siRNA to PCSK9 mRNA blocking its translation and targeting it to RISC-mediated degradation (Figure 5). This strand-RISC 

complex has a short plasma half-life, but a prolonged functional half-life in hepatocytes (it remains intact and is able to block 

and degrade repeatedly PCSK9 mRNA molecules up to several weeks [55,57]). Additional phosphorothioate, 2’-O-methyl 

nucleotide and 2’-fluoro nucleotide modifications have improved the stability against nucleases and biological activity [53]. 

After a SC injection, inclisiran reaches its maximal concentration and area under the curve in a linear relationship with its 

dose [58]. Peak plasma levels of inclisiran occur about 4 hours after first administration [59]. No drug is detectable in plasma 

within 24 to 48 hours after dosing, with principal elimination through the urinary route [60,61]. This PK profile support the 

efficacy of the compound, since the intravenous injection of this siRNA in animal models causes reduction of up to -70% in  

PCSK9 protein at a dose of 1 mg/kg of body mass, and up to -85% at the dose of  3 mg/kg that lasted almost one month, with 

parallel reduction of -60% in LDL-C, and a slow return to baseline levels in three to four months [62,63]. The promising pre-

clinical results were maintained also in humans where inclisiran injection resulted in the reduction of PCSK9 levels up to 

84%, and of LDL-C up to 52% [64]. Inclisiran has a good safety profile, with myalgia, headache, fatigue, nasopharyngitis, 
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back pain, dizziness, diarrhea, and hypertension as the most common adverse events reported [65]. By contrast, inclisiran did 

not affect liver or kidney functions, creatine kinase, high-sensitivity C-reactive protein, or platelet levels [66] and rarely caused 

symptoms of immune system activation [67]. Anti-inclisiran antibodies were present at low tit er, mostly transiently, in about 

2% of the patients treated with the drug, but they were not associated with any changes in pharmacological activities or clinical 

parameters [64]. Inclisiran did not cause any sign of peripheral neuropathy, a phenomenon generally observed with other 

siRNAs [68]. This evidence may be explained by the peculiar structure of the GalNAC conjugation with synthetic strands 

bound in inclisiran, that strongly limit its peripheral tissue activity.  

 

siRNAs to modulate apo(a) expression  

Specific RNA targeting has been recently directed against the apo(a), a single molecule characterized by repeated 

copies of a proxy structure of the plasminogen kringle (KIV), covalently bound to the apolipoprotein B-100 (apoB-100) of an 

LDL by a disulfide bond. Lysine-binding sites present in some of the kringles are the functional clues for the molecular 

pathology of Lp(a), as the KIV10 contains both a strong leucine-binding site that allows the interactions with fibrin and 

binding sites for oxidized phospholipids (oxPL). This structure forms the Lp(a) that i) promotes the adhesion of circulating 

cells on vascular endothelial barrier; ii) activates endothelial remodeling promoting metabolic reprogramming, and iii) induces 

inflammatory activation of tissue resident macrophages in atherosclerotic lesions, through oxPL locally released. Up to 90% 

of plasma Lp(a) levels are genetically driven by the LPA locus in humans, being the primary contributor for inter-individual 

differences in apo(a) length. Apo(a) is determined by the copy number of KIV2 region, and it is inversely related to circulating 

lipoprotein levels. These fundamental observations rationalized the development of a liver-specific inhibition of Lp(a) 

expression to blunt its hepatic production, rather than targeting its circulating form (Figure 4). 

In this attempt, a brand-new RNAi therapeutic compound (“Olpasiran” or “AMG 890”) has been designed. The long-range 

goal was a larger time-window with less-frequent dosing schedules [69]. After a single injection of the maximal dose (225 

mg), concentrations below 10 ng/ml can be found in plasma 24 hours later, in line with the PK profile of other small interfering 

molecules. In transgenic mice and non-human primates, three weekly SC injections resulted in 85% up to 98% reduction of 

Lp(a) level lasting for more than one month, while in humans with elevated Lp(a) similar reduction rates remained stable over 

six months. In terms of safety, no particular concerns of toxicity were reported [70]. 

Additional data are still required, and a further development of this promising biotechnological approach will bolster the 

cardiovascular drug pipeline in the near future. 

 

ASOs to modulate apo(a) expression 

So far, promising experiences have been gathered by studies where the AOS approach was tested against apo (a). 

When a human apo(a)-specific ASO was tested in either a mouse model expressing a human LPA construct (8K-LPA mouse), 

a mouse model expressing the human APOB and the human LPA construct (8K-LPA), or a mouse model expressing the 

natural human apo(a) gene in a yeast artificial chromosome (12K-LPA) [71]), the greatest efficacy was observed in the third 

model, in which the hepatic apo(a) mRNA expression was reduced by up to 87% compared with the 52% reduction observed 

in the first and second mouse models. Accordingly, circulating protein levels were reduced by 84% and oxPL content by 65%. 

These findings translated at clinical level, since a randomized clinical trial showed that this ASO, at the maximal dose of 20 
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mg weekly, robustly reduced circulating Lp(a) by 70% up to 92% in patients with elevated Lp(a) and in those with 

atherosclerotic cardiovascular disease [72]. 

These important pharmacological effects are supported by the PK profile of these compounds. Both -APO(a)Rx and APO(a)-

LRx oligonucleotides, administrated subcutaneously, are characterized by the implementation of phosphodiester groups and 

deoxyribose or 2I-O-methoxyethil-modified ribose (“2I-MOE ASOs”) at their extremities. This provides significant 

pharmacokinetic and pharmacodynamics advances, including an increased affinity for the target, hepatic tissue specificity, a 

reduced susceptibility to cellular endonuclease activity, an elevated protein binding and a delayed urinary elimination [73]. 

Together these properties allowed a significant reduction (up to one log10-fold) of the required dose to halve basal Lp(a) 

levels, while increasing its bioavailability (compared with the ASO lacking the 2I-MOE modification). 

Due to the potential involvement of Lp(a) in fibrinolysis, a possible effect of such treatments in platelets count has been 

controversially discussed in the literature with some in favor [74–78] and other against [79,80]. The efficacy of these 

compounds on the remodeling of the atherogenic oxidized phospholipids characterizing Lp(a) still remains to be analyzed 

[81].  

 

ASO to modulate Angptl3 

The development of the ASO against Angtpl3 (IONIS-ANGPTL3-LRx) showed robust efficacy in pre-clinical 

models, where it provided important anti-atherosclerotic effects in LDLRKO mice reducing TG up to 63% as compared to 

untreated animals. Silencing Angtpl3 mRNA also exerted anti-cholesterol effects that appeared to be independent from the 

residual activity of the LDLR. In fact, a dual Angptl3 and PCSK9 siRNA injected in heterozygous LDLRKO mice induced 

cumulative LDL-C reduction as compared to what observed with the single siRNAs silencing either PCSK9 or angptl3 alone. 

In addition, Angptl3 RNA silencing reduced VLDL size and lipid content [82] and did not provide robust LDL-C lowering in 

mice with genetic deficiency of endothelial lipase [83]. These observations suggest that cholesterol-lowering and LDL 

reduction might more likely depend on an enhanced catabolic rate of all cholesterol rich lipoproteins. In parallel, encouraging 

data came from clinical observations, where in phase 1 studies anti-Angplt3 ASO provided dose-dependent reductions in TGs 

(63%). IONIS-ANGPTL3-LRx demonstrated a similar PK profile as compared to those against apo(a). In fact, this ASO 

showed a half-life of about 3-5 weeks and a linear, dose-dependent, increase of maximum plasma concentration within 10-60 

mg doses, after a rapid systemic distribution [84]. 

 

ASO to modulate ApoCIII expression 

ApoCIII is a glycoprotein principally produced in the liver and in the intestine and it increases TG levels by an “LPL-

dependent” mechanism, where apoCIII inhibits LPL-mediated lipolysis of remnant cholesterol particles (RLPs). LOF genetic 

mutations in APOC3 locus result into a reduction up to -43% in TGs, and the heterozygous APOC3 genetic inhibition results 

into higher conversion of VLDL to LDL and, to a minor extent, in poorly increased hepatic uptake of RLPs. APOC3 LOF 

variants result into an extremely reduced risk of coronary calcifications, confirming that specific inhibition of apoCIII might 

exert peculiar anti-atherosclerotic effects by rescuing the activity of lipases and reducing cholesterol content in RLPs. Such 

strategies have been initially developed in 2015, and recently the first mRNA antisense oligonucleotide showed massive TG 

reduction in patients affected by Familial Chylomicronemia Syndrome (FCS), who display TGs> 1000 mg/dl even in fasting 

due to a complete absence of LPL.  
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The ASO sequence was coupled to a N-Acetylgalactosamine moiety (namely AKCEA-APOCIII-LRx or “Volanesorsen”) to 

improve specific uptake in the liver and increase its potency by at least fifteen folds as compared to the non-conjugated 

compound. The compound proved its efficacy in primates [85] as well as in rodents, where fasting hepatic APOC3 mRNA 

inhibition in LDLR deficient mice reduced TGs by about 40% [85]. Clinically, apoCIII inhibition by ASO was effective in 

FCS patients, where a -70% reduction in TG content of RLPs under an apoC-III targeted therapy clearly demonstrates that 

the benefit from such treatment comes also from the rescue of a second, “LPL-independent”, mechanism, by which apoCIII 

reduces the cholesterol content of remnant particles produced by the liver. However, such reduction were not achieved nor in 

double-blind, placebo-controlled, dose-escalation study in healthy subjects [86], neither in patients with diabetes-associated 

atherogenic dyslipidemia [86]. 

Volanesorsen rapidly distributes systemically, it has a long half-life and exhibits a consistent hepatic extraction useful for its 

pharmacodynamics interaction (it is eliminated via urinary route in 24 hours after injections, when the hepatic concentration 

is 50% lower than that in kidneys) [85,87]. 

The extraordinary efficacy of Volanesorsen initially corresponded, despite an overall acceptable safety profile, to a significant 

occurrence of severe thrombocytopenia [86]. In fact, 15 out of 33 patients of the APPROACH trials initially treated with this 

compound presented thrombocytopenia, with reductions of platelets count up to 100,000 cells/uL, which required dose de-

escalation or even the exit from the study for some patients [84]. The conjugation with a GalNAC residue in the AKCEA-

APOCIII-LRx demonstrated important reduction in the occurrence of these side effects in healthy humans [88]. Further studies 

regarding the safety of this biotechnological strategy in contrasting thrombocytopenia is the aim of a planned Phase III trial 

which will enroll subjects with hypertriglyceridemia and established cardiovascular disease (ISIS 678354; ClinicalTrials.gov 

Identifier NCT03385239). 

 

Conclusions 

In recent years, the learning from genetics led to the development of new approaches in modulating the production 

or function of the identified targets using state-of-the-art technologies. Potential pharmacological targets, validated by 

biological and genetic studies can now be modulated by these new biotechnological tools, which allow to intervene also at 

the genomic or transcriptomic levels. Different experimental approaches have been attempted: besides very promising 

therapeutic tools such as ASOs, mAbs, siRNAs and CRISPR-Cas9, a more recent approach led to the development of vaccines 

against PCSK9. However, we must keep in mind that these interesting and potentially very effective interventions still require 

(except for anti-PCSK9 mAbs) their validation in reducing cardiovascular risk in cardiovascular outcome trials and must 

demonstrate their long-term safety. An in depth understanding of the pre-clinical aspects of these drugs, including the study 

of their PK properties, might help in this direction as well as in setting concomitant therapies in high and very-high risk 

patients.  

What will the future hold? To date we have used the classical pharmacological approach of reducing the activity/quantity of 

key proteins or enzymes. Some of the new technologies (e.g. CRISP-Cas9) can now be exploited to upregulate or modulate 

the production/activity of targets that in some pathologies are downregulated or even completely knocked-out: a completely 

new field in pharmacology. 
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Figure legends 

Figure 1 - Summary of biotechnological strategies currently in clinical practice, under development or withdrawn 

for reducing cholesterol. The figure summarizes the different biotechnological approaches based on their site of injection 

(Alipogene Triparvovec), their metabolic target (gene editing, gene silencing or antibodies against PCSK9, Apo(a), ApocIII, 

Angptl3, Angplt4) or their cell target (CAR-T approach). 

Figure 2 – Pharmacological effects of the monoclonal antibodies against Angptl3 and Pcsk9. The black line with black 

turbot at the end indicates an inhibitory effect. LDL= Low Density Lipoproteins; LDL-R= LDL receptor; TGRLs= 

Triglyceride Rich Lipoproteins. 

Figure 3 – CRISPR-Cas9 based gene editing of ANGPLT3 and PCSK9 genes. 

Figure 4 – Pharmacological effects of the biotechnological anti-Apo(a) approaches. The red line with the red cross at the 

end indicates the inhibitory effect of Apo(a) ASOs. The blue line symbolizes the Apo(a) RNA-interfering approach. 

Figure 5 – Inclisiran; molecular structure and pharmacological mechanism. Panel (A) summarizes the molecular 

structure of Inclisiran. Different colored dots represent the biotechnological changes in the nucleotide structure. Panel (B) 

resumes the passages from the entry of Inclisiran in the hepatocyte via the interaction with asialoglycoprotein receptors 

(ASGPR) up to the degradation of PCSK9 mRNA induced by the siRNA guide of Inclisiran and the RNA-induced silencing 

complex (RISC). 
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