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Abstract
Low-density lipoprotein cholesterol (LDL-C) plays a central role in the progression of atherosclerosis. Statin therapy for lowering LDL-C reduces the risk of atherosclerotic cardiovascular disease and is the recommended first-line treatment for patients with high LDL-C levels. However, some patients are unable to achieve an adequate reduction in LDL-C with statins or are statin intolerant; thus, PCSK9 inhibitors were developed to reduce LDL-C beyond statin therapy. PCSK9 monoclonal antibodies dramatically reduce LDL-C levels and cardiovascular risk, and promising new PCSK9 inhibitors using different mechanisms are currently being developed. The absolute benefit of LDL-C reduction depends on the individual absolute risk and the achieved absolute reduction in LDL-C. Therefore, PCSK9 inhibitors may provide the greatest benefits from further LDL-C reduction for the highest risk patients. Here, we focus on PCSK9-targeted therapies and discuss the challenges of LDL-C reduction for prevention of atherogenic cardiovascular disease.
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Introduction
[bookmark: _Hlk17357155]Low density lipoprotein (LDL) particles constitute more than 90% of the plasma apolipoprotein B100 (apoB)–containing atherogenic lipoproteins that carry the majority of circulating cholesterol. Evidence from genetic, observational and clinical studies have shown that LDL is a causal factor of atherosclerotic cardiovascular disease (ASCVD) and lowering LDL cholesterol (LDL-C) levels reduces its incidence (Ference et al., 2017). Hence, the clinical benefit of LDL-C lowering is widely accepted. Current guidelines recommend hydroxymethylglutaryl (HMG)-CoA reductase inhibitors (statins) as a first-line LDL-C lowering drug in primary and secondary prevention (Catapano et al., 2017; Grundy et al., 2018). However, despite use of the maximum tolerated dose of statins, statin therapy may not sufficiently reduce ASCVD risk in some individuals. Therefore, a high event rate (residual risk) may remain in patients with statin intolerance, those with very high LDL-C levels from a genetic basis or in those with multiple comorbidities who are likely to have a high event rate despite statins. Proprotein convertase subtilisin/kexin type 9 (PCSK9) has emerged as a promising therapeutic target to substantially reduce LDL-C and ASCVD risk. PCSK9 regulates expression of the hepatic LDL receptor (LDLR), which plays a major role in removing LDL from the circulation. This review discusses the role of PCSK9 in lipid metabolism, current therapeutic agents that target PCSK9, and the challenges of lowering LDL-C for ASCVD prevention.

LDL and ASCVD risk
Initiation of atherogenesis begins with retention of apoB-containing lipoproteins and remnants, which enter and are retained in the subendothelium, depending on their concentration in the circulation (Boren and Williams, 2016; Tabas et al., 2007). Elevation of circulating LDL-C levels to >0.5-1.0 mmol L-1 increases LDL retention in a dose-dependent manner and leads to atherosclerotic plaque development. LDL accumulated within the arterial wall is exposed to oxidising factors, leading to aggregation of oxidised LDL particles that contribute to the progression and formation of fatty steaks. Leukocytes begin to adhere to the arterial endothelium and penetrate the endothelial cells as an innate immunological response to injury. Oxidised LDL particles and remnants are recognised by scavenger receptors on monocytes/macrophages, and macrophages that have taken up these oxidised LDL particles and remnants convert to cholesterol-laden foam cells. These foam cells stimulate pro-inflammatory mediators that propagate the inflammatory response. Lesion progression in the atrial intima involves proliferation and migration of smooth muscle cells from the media as well as production of interstitial collagen and elastic fibers (Hansson and Jonasson, 2009; Libby et al., 2011). Therefore, prolonged periods of elevated LDL levels promote atherosclerotic plaque progression due to the retention and accumulation of greater numbers of cholesterol-rich lipoproteins, leading to the initiation/progression of ASCVD (Ference et al., 2017; Goldstein and Brown, 2015). 

Effects of statins on cardiovascular outcomes
Evidence from large-scale randomised clinical trials has shown that statin therapy reduces LDL-C levels, and risk of ASCVD is proportional to the achieved absolute reduction in LDL-C (Baigent et al., 2005). The Cholesterol Treatment Trialists’ (CTT) meta-analysis of data from 170,000 participants across 26 randomised trials using intensive statin therapy revealed that reducing LDL-C levels by 1 mmol L-1 resulted in a 10% relative reduction in all-cause mortality [relative risk (RR), 0.90; 95% confidence interval (CI), 0.87–0.93] and 22% relative reduction of major vascular events (RR, 0.78; 95% CI, 0.76–0.80) (Cholesterol Treatment Trialists et al., 2010). In contrast, mendelian randomisation analysis demonstrated that long-term exposure to lower levels of LDL-C resulted in a considerably greater reduction in coronary heart disease (CHD) risk a difference in LDL-C start early on average over 52 years of follow up (Ference et al., 2012). For example, individuals who had 1 mmol L-1 difference from birth thus lower exposure from early in life had an almost threefold greater reduction in risk of CHD for each 1 mmol L-1 lowering of LDL-C compared with those who began treatment with pharmaceutical agents later in life. These results show clinical evidence that early initiation of LDL-C reduction therapy and its continuation provides longer-term benefits throughout life including benefits on all-cause mortality. Therefore, total duration of LDL-C reduction as well as the magnitude of the reduction in LDL-C are important for reducing the risk of ASCVD.

Side effects of statins
Although statins are well tolerated, they have rare but potential adverse events which may limit their more widespread uptake. These include statin-associated muscle symptoms (SAMs), onset of type 2 diabetes mellitus (DM), rare hepatotoxicity, small excess risk of haemorrhagic stroke (Mach et al., 2018). Of these, muscles symptoms and the effects on glucose homeostasis appear the most frequent. In registries and observational studies with statins, SAMs were the most reported adverse event in 7% to 30% of the patient population (Stroes et al., 2015). Mild symptoms occur in approximately 5% to 10% of patients annually and are often intermittent, while the incidence of life-threatening rhabdomyolysis is quite rare (1 in 100,000 per year). Statin therapy is frequently discontinued despite increasing the risk of ASCVD (Daskalopoulou et al., 2008). The internet survey of statin user showed predominantly statin-related effects led to statin nonadherence or discontinuation in 65% of patients who received statins previously (Cohen et al., 2012; Stroes et al., 2015). In a retrospective cohort study including 107,835 patients to evaluate discontinuation of statins in routine care, nearly 1 in 5 patients discontinued all use of statins for at least 12 months. Approximately 18% of the primary reasons were statin-related events; however, more than 90% of patients who were rechallenged with statins were able to tolerate them long term (Zhang et al., 2013). On the other hand, evidence from previous studies suggested that statins affect glucose homeostasis, although the mechanisms of action remain unclear. A meta-analysis of randomised control trials indicated that statin therapy was associated with an increase in the risk of new-onset DM in 1 in 1000 patients per year of exposure, while there was a decrease in new ASCVD events in five cases (Sattar et al., 2010). Another meta-analysis of five studies, including a total of 32,752 patients treated using high-dose compared with moderate-dose statins, showed that intensive statin therapy resulted in a statistically significant higher incidence of new-onset DM compared with moderate dose [odds ratio (OR), 1.12; 95% CI, 1.04–1.22]. This meta-analysis was also associated with fewer cardiovascular events (OR, 0.84; 95% CI, 0.75–0.94) (Preiss et al., 2011). Statins are associated with a slight increase in relative and absolute risk of new-onset DM. However, there are greater benefits of LDL-C reduction compared with the risk of developing DM.

Future challenges of LDL-C reduction therapy
Magnitude of LDL-C reduction
Despite the beneficial effects of intensive statin therapy, statin monotherapy may fail to achieve the target LDL-C levels recommended by the guidelines in 40% to 50% of patients (Gitt et al., 2012; Wong et al., 2015). The IMProved Reduction of Outcomes: Vytorin Efficacy International Trial (IMPROVE-IT) that included 18,144 patients who recently experienced acute coronary syndromes and had baseline LDL-C levels of 1.3–3.2 mmol L−1 assessed the effects of further reduction in LDL-C levels on cardiovascular outcomes using the cholesterol absorption inhibitor, ezetimibe, in addition to statins (Cannon et al., 2015). Simvastatin/ezetimibe combination therapy reduced the median time-adjusted average LDL-C level by 1.4 mmol L−1 after one year and resulted in a reduced risk of major vascular disease without any increase in serious adverse events. These results suggested that further LDL-C reduction by addition of a nonstatin lipid-lowering drug to statin therapy improves cardiovascular outcomes in high-risk patients. 
In some patients however, maximally-tolerated dose of statin in combination with ezetimibe are not sufficient to attain guideline-recommended goals when cholesterol levels are very high, such as those with familial hypercholesterolaemia (FH). Furthermore, ASCVD risk is not abolished despite significant reductions in LDL-C levels in major statin trials. Plasma LDL-C is the total amount of cholesterol contained apoB containing LDL particles; therefore, LDL-C and apo B are usually concordant. However, plasma LDL-C and apoB particles can be discordant as a result of increased atherogenic apoB-containing lipoproteins and remnants in patients with metabolic syndrome, DM or hypertriglyceridaemia. The Framingham Offspring Study showed that in terms of population distribution of LDL-C and apoB, LDL-C levels of 2.6 mmol L−1 were equivalent to apoB levels of approximately 0.8 g L−1 (Contois et al., 2009; Contois et al., 1996). A previous study using a large database of patients with combined hyperlipidaemia showed that despite 60% of patients with −triglyceride levels of 2.3–5.6 mmol L−1 achieving target LDL-C levels of <2.6 mmol L−1, only 17% attained apoB levels of <0.9 g L−1. Furthermore, 36% were unable to achieve apoB levels <0.9 g L−1 despite attaining LDL-C levels <1.8 mmol L−1 (Stein et al., 2005). As apoB reflects risk of ASCVD more accurately than LDL-C in some cases (Ference et al., 2019), statin monotherapy may not be sufficient to decrease apoB-containing lipoproteins in people with high apoB burden such as those with DM, mixed dyslipidaemia and who are known to be at high ASCVD risk.

Adherence
Poor adherence leads to inadequate LDL-C reductions with statin therapy, leading to increased ASCVD risk and mortality rates in a clinical setting (Banach et al., 2016; De Vera et al., 2014). The proportion of ASCVD events that were attributed to poor adherence to medication alone was estimated at up to 9% in Europe (Chowdhury et al., 2013). The various barriers to adherence for statin therapy include patients, physicians and health care systems (Brown and Bussell, 2011; Wei et al., 2013). The major reasons behind poor adherence and discontinuation were associated with muscle side effects, costs and perceptions of inconvenience and uncertainty about efficacy (Fung et al., 2018). The Understanding Statin Use in America and Gaps in Patient Education (USAGE) survey, a cross-sectional, self-administered internet-based survey of 10,138 adults, revealed that 35% of patients who discontinued statins were dissatisfied with the explanations about treatment and management provided by their physicians (Wei et al., 2013). Statin therapy should be initiated following discussions between patients and their physicians to ensure that patients are informed and have an adequate understanding of the advantages and disadvantages of treatment prior to giving consent in order to successfully maintain treatment over a long period of time. In addition, physicians understand the effectiveness and risks of adverse events and need to provide the necessary guidance and appropriate treatment to promote a good patient–physician relationship. Patients who may not see the benefit or have low perception of ASCVD risk are often reluctant to use medication for long periods of time and are more likely to reduce medication-taking behaviours (Fung et al., 2018; Latry et al., 2011). In particular, patients receiving statins for primary prevention may be less willing to comply. However, better adherence is associated with lower risk of adverse outcomes (Wei et al., 2002). A retrospective cohort study including patients new to lipid-lowering therapy showed that adherent patients participating in high-intensity therapy had a 40% lower risk of ASCVD compared with nonadherent patients participating in low-intensity therapy (Khunti et al., 2018). Intervention tailored to each patient’s requirements using optimal treatment, education about the treatment, regular monitoring and feedback, reminder systems and reducing regimen complexity may be effective to achieve adequate reduction in LDL-C levels and improve cardiovascular outcomes (Kripalani et al., 2007).

Within-person variability over time
Broad individual variability in LDL-C reduction response to lipid-lowering therapy has been demonstrated in even clinical trials including patients who are more compliant with treatments compared with in a clinical setting (Ridker et al., 2016). Variation in statin-induced LDL-C reduction is related to nonadherence of patients, which is affected by various factors, including side effects. However, the variability may be moderately associated with treatments and multiple patient characteristics, such as sex, age, race, DM, baseline lipid levels, diet and physical activity. The indiVidual patient data meta-analysis Of statin therapY in At risk Groups: Effects of Rosuvastatin, atorvastatin and simvastatin (VOYAGER) meta-analysis observed variability in LDL-C reduction with treatments using individual data collected from 32,258 patients. The standard deviation (SD) of the mean reduction in LDL-C levels ranged from 12.8% to 17.9% among treatments with different statins types and/or doses (Karlson et al., 2016). In a meta-analysis of pooled patient-level data, analysis from 27 clinical trials that included 21,671 patients using statin/ezetimibe and statin-alone therapy, variability in response to treatment appeared to be related to the LDL-C lowering efficacy, and combination therapy was associated with lower variation (Descamps et al., 2015). Hence, a tailored approach using optimal treatments is necessary to consistently attain the target for individual patients. 
Furthermore, variability in LDL-C has been shown to be an independent predictor of cardiovascular event risk as well as variation in blood pressure and body weight (Bangalore et al., 2017a; Bangalore et al., 2017b; Rothwell et al., 2010). In the TNT trial that included 10,001 patients with atorvastatin, each 1-SD increase in visit-to-visit LDL-C variability increased the risk of any cardiovascular event up to 11%, independent of achieved LDL-C levels (Bangalore et al., 2015). In a meta-analysis of intensive statin trials including 38,153 patients, >40% of patients were unable to reach a target of LDL-C <1.8 mmol L−1, though patients who achieved LDL-C levels <1.3 mmol L−1 showed a significantly lower risk of cardiovascular events compared with those with LDL-C levels of 1.8–2.6 mmol L−1 (Boekholdt et al., 2014). Therefore, achieving lower LDL-C levels and sustaining these levels considerably without major variations in outcomes is essential to derive the greatest benefit in individual patients. 

Current status in PCSK9-targeting therapy
PCSK9 plays a major role in the regulation of cholesterol homeostasis. It binds to LDLRs on the liver surface and promotes the PCSK9–LDLR complex for endosomal and lysosomal degradation in hepatocytes. This degradation, in turn, promotes LDLR recycling to the liver cell membrane, leading to a reduction in LDL uptake and an increase in plasma LDL levels (Benjannet et al., 2004; Maxwell and Breslow, 2004; Park et al., 2004). In 2003, mutations in the PCSK9 gene were discovered in French families with autosomal dominant hypercholesterolaemia but were not seen in either LDLR or apoB genes (Abifadel et al., 2003). Thus, PCSK9 was identified as a third causative gene for FH though PCSK9 variants (Wang et al., 2016). An observational cohort study showed that gain-of-function PCSK9 mutations result in increased circulating LDL-C levels as well as increased risk of ASCVD risk (Do et al., 2015). In contrast, loss-of-function PCSK9 mutations were shown to be associated with increased LDLR and lifetime, lower LDL-C levels and substantially lower risk of CHD (Benn et al., 2010). A Mendelian randomisation study reported that 3363 African Americans with a PCSK9 nonsense variant had an 88% lower risk of ASCVD risk (Cohen et al., 2006). Moreover, individuals with severe loss-of-function PCSK9 mutations have very low LDL-C levels (<0.5 mmol L−1) from birth but appear to be healthy and without physical and neurological disorders (Zhao et al., 2006). These findings suggest that PCSK9 is a promising therapeutic target for LDL-C reduction therapies for ASCVD prevention and lead to the development of PCSK9 inhibitors.

The biology of PCSK9
PCSK9 expression and structure
The 22-kb PCSK9 gene is located on chromosome 1p32 and comprises 12 exons encoding a 692-amino acid protein (Seidah and Prat, 2007). PCSK9 promoters contain a sterol regulatory element (SRE) region that facilitates transcription of PCSK9. PCSK9 expression is predominantly regulated transcriptionally by sterol regulatory element-binding protein (SREBP)-2, a membrane-bound transcription factor that regulates expression of genes involved in cellular lipid homeostasis (Burke et al., 2017). Among the three SREBP isoforms in liver, SREBP-1c preferentially activates transcription of genes requited for fatty acid synthesis, while SREBP-2 preferentially activates genes involved in cholesterol synthesis and uptake, such as LDLR, PCSK9 and HMG-CoA (Horton et al., 2002). While PCSK9 expression is regulated by both SREBP-1c and SREBP-2 at the transcriptional level via the SRE within the PCSK9 proximal promoter, sterol-dependent expression of PCSK9 is predominant regulated by SREBP-2; therefore, PCSK9 transcription via SREBP2 is upregulated by low levels of intracellular cholesterol in hepatocytes (Jeong et al., 2008). In addition, hepatocyte nuclear factor (HNF)-1α cooperates with SREBP-2 during PCSK9 transcription. The PCSK9 promoter site contains a HNF-1α binding site located between the SRE and Sp1 sites (Li et al., 2009). It was shown in vivo and vitro that HNF-1α activity is associated with PCSK9 transcription and thus LDLR expression. Statins inhibit HMG-CoA reductase, the rate-limiting enzyme in the cholesterol biosynthesis pathway, which reduces endogenous cholesterol synthesis, induces SREBP-2 activity, increases LDLR expression and promotes circulating LDL clearance. However, SREBP-2-induced PCSK9 expression attenuates the cholesterol-lowering effect of statins via LDLR degradation due to PCSK9 (Horton et al., 2007). This mechanism in part explains the observation that doubling the statin dose may result in only a 6% absolute decrease in LDL-C levels. The dual regulation of LDLR and PCSK9 by SREBP-2 involves cholesterol synthesis and uptake.
PCSK9 is also known as Neural Apoptosis Regulated Convertase-1 (NARC-1) and is the ninth member of the subtilisin family of kexin-like proprotein convertases, which are highly expressed in the liver, and to a lesser extent in the small intestine, pancreas, kidney, central nervous system and vascular wall (Seidah et al., 2003). PCSK9 is primarily synthesised as an inactive zymogen, proPCSK9 (74 kDa), composed of a single peptide, a prodomain, a catalytic domain and a cysteine- and histidine-rich C-terminal domain (Benjannet et al., 2004). The C-terminal domain comprises three modules (M1, M2 and M3). Maturation and secretion of PCSK9 were inhibited by M1 and M3, while M2 was required as a chaperone for LDLR degradation (Tveten et al., 2012; Zhang et al., 2008). After being cleaved from the proPCSK9 signal peptide in the endoplasmic reticulum (ER), the peptides cannot exit the ER until autocatalytic cleavage is performed at position Gln152 of the mature PCSK9. The cleaved prodomain remains noncovalently bound to the catalytic site to assist the proper folding of mature PCSK9 as a chaperone, which prevents further other proteins and peptides from binding to the catalytic sites and inhibits proteolytic activity of PCSK9 via the secretary pathway. Thus, PCSK9 is secreted from the ER as an inactive mature PCSK9/prodomain complex (Seidah et al., 2014). 

PCSK9 function in lipid metabolism
The LDLR ectodomain consists of an N-terminal ligand-binding domain and an epidermal growth factor (EGF) precursor homology domain (EGF-A, EGF-B, β-propeller and EGF-C domain). Normally, LDLRs on the surface of the liver bind circulating LDL and LDL/LDLR complexes are internalised via clathrin-mediated endocytosis. At low pH, the endosome disrupts the allosteric association of LDL with LDLR (Brown and Goldstein, 1986). LDL is released for degradation in the lysosome, while the LDLR is recycled to the cell surface. LDLR expression is predominantly regulated at the transcriptional level via a negative feedback mechanism via the intracellular cholesterol pool. Meanwhile, the PCSK9 catalytic subunit directly binds to the EGF-A domain of the LDLR on the cell surface, and the PCSK9/LDLR complex enters the endosomal pathway (Piper et al., 2007). Acidic pH in the endosomal compartment enhances the affinity of PCSK9 binding to the LDLR, and LDL is released from the LDLR. The C-terminal domain of PCSK9 is not directly involved with LDLR binding, which is essential to induce LDLR degradation (Poirier et al., 2016; Tveten et al., 2012). These processes promote lysosomal degradation of the PCSK9-LDLR complex, and thus increase serum LDL levels by preventing LDLR recycling to the membrane (extracellular pathway). On the other hand, PCSK9 is directly sorted from the trans-Golgi network to the lysosomes as the PCSK9/LDLR complex in the cell (intracellular pathway), leading to intracellular degradation of the LDLR in lysosomes without recycling to the cell surface (Burke et al., 2017; Poirier et al., 2009) (Figure 1). Furthermore, PCSK9 can bind to several receptors of other LDLR superfamily members, such as the very-low-density lipoprotein receptor, apolipoprotein E receptor-2 and LDLR-related protein 1 via its EGF-A binding domain, leading to degradation of these receptors (Seidah et al., 2014). It was reported that PCSK9 is associated with CD36, CD81, apolipoprotein B48 and Niemann–Pick C1-like 1 protein in lipid metabolism (Levy et al., 2013; Wicinski et al., 2017).

PCSK9 monoclonal antibodies as a novel therapeutic approach
Efficacy and safety of PCSK9 monoclonal antibodies
As a first approach to PCSK9 inhibition, monoclonal antibodies (mAbs) were used to inhibit PCSK9 binding to the LDLR. During the development of a humanised mAb, bococizumab (RN316/PF-04950615) was terminated in phase III trials due to an anticipated attenuation of LDL-C lowering and immune response (Ridker et al., 2017), and two fully human anti-PCSK9 mAbs , alirocumab (SAR236553/REGN727) and evolocumab (AMG145), were approved for the treatment of hypercholesterolaemia by the US Food and Drug Administration and European Medicines Agency (Robinson et al., 2015; Sabatine et al., 2015). These two PCSK9 mAbs bind the catalytic domain of PCSK9 with high specificity and block the extracellular interaction between PCSK9 and the EGF-A domain of the LDLR (Figure 1).
Neutralisation of PCSK9 mAbs leads to significantly reduced LDL-C levels by 50% to 60% without serious adverse events in patients with maximally-tolerated statin therapy. It also reduces lipoprotein(a), apoB, very low-density lipoprotein, and plasma-free PCSK9. In addition, there is no wide individual variability in response. The reduction in LDL-C levels with evolocumab is ≥50% in more than 90% of patients and ≥30% in more than 99% of patients (Qamar et al., 2019). The Global Assessment of Plaque Regression With a PCSK9 Antibody as Measured by Intravascular Ultrasound (GLAGOV) trial assessed the effect of the PCSK9 mAb, evolocumab, in addition to statin therapy on coronary atheroma volume in 968 high-risk patients with at least one nonsignificant coronary artery lesion with diameter stenosis of >20%, which was measured using intravenous ultrasound imaging. Combined statin and evolocumab therapy resulted in a 0.95% decrease in percentage atheroma volume after 78 weeks, whereas statin therapy alone resulted in a 0.05% increase (Nicholls et al., 2016). Moreover, a meta-analysis of large randomised control trials to evaluate the efficacy of PCSK9 mAbs indicated a significant reduction in major cardiovascular events (Navarese et al., 2015; Ray et al., 2016). 
Currently, the efficacy of these PCSK9 mAbs was evaluated in two large-scale cardiovascular outcome trials. The Further Cardiovascular Outcomes Research with PCSK9 inhibition in Subjects with Elevated Risk (FOURIER) study into the PCSK9 mAb, evolocumab, was a large cardiovascular outcome clinical trial that included 27,564 high-risk patients with stable ASCVD and LDL-C ≥1.8 mmol L−1 on optimised statin therapy with or without ezetimibe (Sabatine et al., 2017a). At 48 weeks, the mean percentage reduction in LDL-C levels with evolocumab was a 59% at 12 months, from a median baseline value of 2.4 mmol L−1 to 0.8 mmol L−1. In addition, a 15% relative reduction in major adverse cardiovascular events [hazard ratio (HR), 0.85; 95% CI: 0.79–0.92] was observed after a median follow-up duration of 2.2 years. Furthermore, the ODYSSEY OUTCOME trial using the PCSK9 mAb, alirocumab, studied 18,924 high-risk patients who had experienced a recent acute coronary syndrome and with LDL-C levels ≥1.8 mmol L−1 despite receiving intensive or maximally-tolerated statin therapy (Schwartz et al., 2018). Treatment with alirocumab resulted in a 61% reduction at 12 months in LDL-C levels and a 15% reduction in major adverse cardiovascular events (HR, 0.85; 95% CI, 0.78–0.93) as well as a 15% reduction in all-cause mortality (HR, 0.85; 95% CI, 0.73–0.98) over a median follow-up of 2.8 years. These two trials demonstrate the impact of PCSK9 inhibition in patients with a higher risk of ASCVD despite maximally-tolerated statin therapy.

Practical challenges of PCSK9 monoclonal inhibitors
Although PCSK9 mAbs appear to safely considerably reduce LDL-C levels and lower variability, some issues have emerged about its administration route, patient adherence, storage and cost-effectiveness. PCSK9 mAbs require subcutaneous injections once or twice a month. Long-term adherences to biological therapies are necessary to achieve optimal outcomes in the management of chronic disease. In a pooled data analysis from six clinical trials of alirocumab, long-term treatment adherence to self-injection was assessed. Self-injection of alirocumab was associated with high levels of adherence over a period of at least one year. Treatment-emergent adverse events, including injection-site reaction to discontinuation, were infrequent (Farnier et al., 2017). However, the use of injectable PCSK9 mAbs for asymptomatic patients may be difficult in a primary care setting, unlike in clinical trials, because initiation of PCSK9 mAbs requires training for administration, long-term maintenance of the recommended schedule of injections and adequate refrigerator storage. These limitations may lead to poor adherence to treatment as well as statin therapy. In addition, the high cost of treatment may have a negative impact on the use of PCSK9 mAbs. Therefore, it remains doubtful whether adherence to injection of PCSK9 mAbs would be higher compared with other LDL-C therapies in clinical practice.
Moreover, PCSK9 mAbs are generally not cost effective for the majority of the patient population at current prices due to the considerable manufacturing costs (Korman et al., 2018). The starting cost of PCSK9 mAbs was approximately $14,000 USD per person per year in the United States and $5000–$7000 USD per person per year in Europe, suggesting a challenge for these drugs in terms of widespread use (Arrieta et al., 2017; Whayne, 2018). More recently these have been reduced by 60% in North America. Nevertheless, the cost-effectiveness of PCSK9 mAbs is expected to be improved by selecting specific high-risk patients with established vascular disease, particularly patients with high baseline LDL-C levels, who achieve better cost effectiveness (Rosenson et al., 2018). Improving the cost-effectiveness will make effective lipid-lowering drug therapy available to a wider range of high-risk patients.

As with all new therapies PCSK9 mAbs have the potential for side effects with theoretical concerns related to achieving very low LDL-C levels and unknown functions of PCSK9. This is because cholesterol is an essential component of the nervous system, and PCSK9 has been shown to play an important role in neurogenesis, neuronal migration and apoptosis (Norata et al., 2016). However, most cells make their own cholesterol and babies are born with LDL-C levels of 0.4 mmol L-1. In a meta-analysis of 11 studies to evaluate the long-term safety of PCSK9 mAbs, adverse neurocognitive effects were observed in a subgroup analysis of outcome studies with larger sample sizes and longer follow-ups (Khan et al., 2017). Moreover, 17 randomised control trials including 13,083 patients with primary hypercholesterolaemia showed that the use of PCSK9 mAbs was associated with an increased incidence of neurocognitive adverse events (Lipinski et al., 2016). However, these did not include formal assessment of cognition but rather Medical Dictionary for Regulatory Activities terms which were heterogeneous. In addition, lifelong exposure to low LDL-C and PCSK9 levels with a PCSK9 loss-of-function mutation and achieving very low LDL-C levels <0.8 mmol L−1 via intensive statin therapy were not associated with neurocognitive impairment (Everett et al., 2014; Postmus et al., 2013). In the Evaluating PCSK9 Binding antiBody Influence oN cognitive in HeAlth cardiovascular Risk Subjects (EBBINGHAUS) study that included 1974 patients from the FOURIER trial, adverse effects of evolocumab on cognition were not observed. Furthermore, cognitive function was not affected by LDL-C levels, and cognitive performance in patients with LDL-C levels of 0.6 mmol L−1 was same as that of patients with higher LDL-C levels (Giugliano et al., 2017). On the other hand, LDLR promotes clearance of apolipoprotein E, which is responsible for the formation of amyloid-β that causes Alzheimer’s disease in the central nervous system (Swiger and Martin, 2015). Therefore, PCSK9 inhibition may exhibit a protective effect against this disease despite concerns about the influence on central nervous system lipid homeostasis.

Several clinical studies have revealed that PCSK9 inhibitors did not increase new onset of DM (Sabatine et al., 2017b). A recent meta-analysis of 18 studies using PCSK9 mAbs including 26,123 participants without DM demonstrated that PCSK9 mAbs were not associated with new onset and glucose homeostasis (Cao et al., 2018a). However, in mendelian randomization studies PCSK9 variants that mimic the effect of life-long exposure to PCSK9 inhibitors, have been associated not only lower LDL-C levels but also increased risk of DM. (Schmidt et al, 2017; Ference et al., 2016). Moreover, PCSK9 deficiency in experimental models increased LDLR expression and cholesterol accumulation in pancreatic islet, and were associated with impaired glucose metabolism and reduced insulin secretion (Da Dalt et al., 2019). It has been reported that decreased cholesterol levels in pancreatic beta cells due to PCSK9 ultimately increased beta cell function and insulin secretion, and PCSK9 directly increases insulin secretion in pancreatic delta cells (Ciccarelli et al., 2018). In physiological condition, insulin regulates PCSK9 expression via SREBP-1c in the liver, and thus, PCSK9 is secreted in an insulin-dependent fashion and is associated with underlying carbohydrate metabolism (Filippatos et al., 2017). Therefore, these findings suggest that PCSK9 might play an important role in the pancreas to maintain physiological balance and glycaemic control. Though PCSK9 mAbs therapy target only circulating PCSK9, intracellular PCSK9 in hepatocellular or other tissues may have an impact on glucose homeostasis. Until longer-term data on safety of PCSK9 inhibitors are available it may be sensible to consider monitoring for changes in glycaemic parameters as part of good clinical practice.

PCSK9 is secreted by smooth muscle cells, endothelial cells and macrophages in atherosclerotic plaques, suggesting PCSK9 might be involved in the inflammatory response in atherosclerotic lesions (Figure 2). Recent basic research has reported that PCSK9 degrades LDLR on the surface of macrophages, which induces proinflammatory cytokine production and infiltration of inflammatory monocytes into atherosclerotic plaques (Ferri et al., 2012; Norata et al., 2016; Ricci et al., 2018; Giunzioni et al., 2016). Experimental studies suggest that locally PCSK9 from smooth muscle cells decreases LDLR expression on monocytes and inhibits chemokine receptor type-2 (CCR2)-dependent monocytes chemotaxis. It has been suggested that PCSK9 might reduce intracellular cholesterol via reducing LDLRs on monocytes trapped in plaque, potentially leading to an increase in local inflammation through inhibition of monocytes migration (Grune et al., 2017). Additionally, PCSK9 also modulates other LDLR family members such as LDLR-related protein1 (LRP1), apolipoprotein E receptor 2 (ApoER2), and CD36 on macrophages, which enhances the local inflammatory response (Overton et al., 2007). However, a meta-analysis of randomized clinical trials of PCSK9 MAbs showed no impact on circulating high-sensitivity C-reactive protein (hs-CRP) levels (Cao et al., 2018b). In addition, adding PCSK9 MAb to statin therapy has not been shown to decrease hs-CRP levels though the elevation of hs-CRP was associated with increased cardiovascular risk. In the FOURIER trial even though evolocumab did not reduce hs-CRP, patients with high hs-CRP derived similar relative but greater absolute benefits than those with lower hs-CRP levels (Bohula et al., 2018). These data imply that despite LDL-C lowering there is likely to be a residual inflammatory risk despite PCSK9 inhibitor therapy (Pradhan et al., 2018). Therefore, the evaluation of further combination therapy with the anti-inflammatory drug, such as canakinumab, to PCSK9 inhibitors may offer further insights into whether this is a useful approach.

Potential of new therapeutics targeting PCSK9
Use of PCSK9 mAbs may substantially reduce LDL-C and improve cardiovascular outcomes despite an acceptable risk of adverse events. However, the high manufacturing costs and inconvenience of subcutaneous injections 12–24 times per year are barriers to access to PCSK9 mAbs. New, promising therapeutics to inhibit PCSK9 are being developed based on the biology of PCSK9 and may have advantages over PCSK9 mAbs, such as cost-effectiveness, administration route, storage, adherence, longer-term effects and safety. Recently, alternative approaches involve gene editing or silencing technology, small-molecule and mimetic peptides and vaccinations. Among these PCSK9 inhibitors, small interfering RNA (siRNA) has completed phase II trials and is due to report phase 3 data in 2019. Nevertheless, the off-target effects of new PCSK9 inhibitors remain unknown; therefore, further studies are required to elucidate the physiological effects of the new mechanisms and assess the long-term safety of treatment using these new PCSK9 inhibitors (Table 1).

siRNA
siRNAs are approximately 20–25 bp long double-stranded RNA molecules, consisting of two short-stranded RNA molecules, a sense (passenger) strand that has the same sequence as the target mRNA (messenger RNA) and an antisense (guide) strand that has a sequence complementary to that of the target mRNA. The passenger strand of the siRNA duplex is cleaved and degraded, and the single-guide strand is incorporated into the RNA-induced silencing complex, achieving sequence-specific gene silencing via catalytic cleavage and degradation of the target mRNA (Bernards, 2006; Carthew and Sontheimer, 2009). siRNA molecules can be relatively easily synthesised in large amounts (Figure 3). ALN-PCS was initially developed as a PCSK9-specific siRNA that inhibits PCSK9 synthesis via delivery in lipid nanoparticles. This new therapeutic mechanism rapidly and substantially lowered PCSK9 mRNA and LDL-C levels. Use of ALN-PCS via intravenous administration for 60 minutes in healthy volunteers showed a 70% reduction in PCSK9 mRNA and protein levels and a 40% reduction in plasma LDL-C levels at the highest dose (Fitzgerald et al., 2014). However, the formulation to limit the injected volume and to improve hepatic uptake to reduce potential side effects and also to improve efficacy was required to effectively deliver a subcutaneous formulation (Nair et al., 2014).
Inclisiran (ALN-PCSsc:ALN-60,212) is a fully chemically modified, stabilised PCSK9-specific siRNA composed of one 2’-deoxymethyl-modified nucleotide, 11 2’-fluoromethyl-modified nucleotides, 32 2’-O- methyl-modified nucleotides and a triantennary N-acetylgalactosamine (GalNAc) conjugated to the 3’-end of the passenger strand. GalNAc is specifically recognised by the asialoglycoprotein receptor that is highly expressed on the surface of hepatocytes. This specific binding can elicit robust RNAi-mediated gene silencing only in hepatocytes via a low-volume subcutaneous injection, while plasma inclisiran concentrations fall to undetectable levels within 24 hours. This delivery approach can inhibit any off-target effects in various extracellular tissues that express PCSK9. In ORION-1, a phase II randomised clinical trial, the efficacy, safety and tolerability of inclisiran were evaluated in patients with a history of ASCVD or high ASCVD risk with elevated LDL-C levels, despite having received the maximum tolerated doses of lipid-lowering therapy (Ray et al., 2017). A two-dose starting regimen of inclisiran resulted in mean percentage reductions of PCSK9 and LDL-C levels of approximately 70% and 50% after 180 days, respectively, with good safety and tolerability. These results suggested that administration once or twice per year by a health care provider could produce long-lasting and substantial lowering of LDL-C levels, which may offer improvement in medication adherence and, subsequently, low interpatient variability in response to treatment. However, the mechanisms of the long-lasting effects remain unclear. In addition, the magnitude of the effect of inclisiran on all lipoprotein levels is similar to that of PCSK9 mAbs despite a reduction in not only extracellular but also intracellular PCSK9 by inhibiting PCSK9 synthesis in hepatocytes (Ray et al., 2018). The function of intracellular PCSK9 is also unclear. Further investigation into the effect of inclisiran in a pharmacokinetic study and safety monitoring over a long period of time is required and would help elucidate the potential effects and safety of intracellular PCSK9 inhibition. Currently, phase III trials for inclisiran are ongoing in different patient populations with a history of ASCVD or ASCVD risk equivalents (ORION-10 and ORION-11) or FH (ORION-9). Cardiovascular outcomes trials with >15000 participants will also begin enrolling in 2019. The important advantage of inclisiran is its ability to be health care administered, meaning adherence is overcome, long duration of effect provides persistence (how long someone takes a medication) and everyone responds meaning that within person variability is reduced. 

Small molecules and mimetics
PCSK9 small-molecule inhibitors that disrupt the interaction between PCSK9 and LDLR are challenging therapeutic approaches. Small-molecule inhibitors can be administered orally without adverse events, including pain due to injection. Simple and convenient administration may be acceptable in a broader patient population, and thus, PSCK9 small molecules in combination with statins would be a useful strategy. In addition, production of these inhibitors is easier and cheaper than that of PCSK9 mAbs. However, the relatively large size of the flat interface of small molecules makes it difficult to specifically bind to the site of interaction between the PCSK9 catalytic domain and the EGF-A domain of LDLR (Lo et al., 2011). Furthermore, oral delivery requires stability and potency to prevent proteolytic degradation in the gastrointestinal tract and avoid off-target interactions by broad blood distribution. 
Therefore, there are major limitations to their development, and alternative strategies to inhibit expression and secretion of PCSK9 have also be considered. For example, a new cholesteryl ester transfer protein inhibitor, K-312, decreased activation of SREBP-1 and 2 that regulate the PCSK9 promoter. In cholesterol-fed white rabbits, K-312 administration resulted in reduced PCSK9 mRNA levels in the liver, reduced LDL-C levels and increased HDL-C levels (Miyosawa et al., 2015). Additionally, a third-generation synthetic sirtuin-1 (SIRT1)-activating compound, SRT-3025, was shown to be an allosteric activator of SIRT1 and is currently being investigated as an inhibitor of PCSK9 secretion. SIRT1 is a member of the sirtuin family of nicotinamide adenine dinucleotide-dependent deacetylases and is important in the regulation of metabolic homeostasis including hepatic lipid metabolism (Ye et al., 2017). In vivo, SRT3025 was shown to attenuate PCSK9 secretion, lower PCSK9 levels and increase LDLR expression in hepatocytes (Miranda et al., 2015). However, these drugs require further study to clarify their precise mechanisms of action and safety to progress development as new therapeutic molecules for LDL-C reduction.
Mimetic peptides have been developed as therapeutic alternatives that bridge the gap between small molecule and large antibodies, and biologically mimic the peptide structure of target proteins (Craik et al., 2013). Peptides have the potential for highly specific binding with low immunogenicity as inhibitors of protein–protein interactions. PCSK9 peptides that mimic the EGF-A and EGF-B binding sites of the LDLR were designed as competitive PCSK9 inhibitors, which bind to the catalytic domain of PCSK9 and thus hinder the interaction between PCSK9 and LDLR. Approaches from a different perspective were attempted for the catalytic domain, prodomain and C-terminal domain of PCSK9. These mimetic peptides derived from PCSK9 fragments decreased degradation of LDLR by intervention of PCSK9–LDLR formation (Alghamdi et al., 2015; Du et al., 2011).

Adnectin
Adnectin is a small and compact protein based on the 10th type III domain of human fibronectin, which possesses a β-sheet sandwich fold with diversified loops similar to the antibody variable region, but without sequence homology to immunoglobulins. Its variable loops can be efficiently designed to introduce a surface that binds therapeutically relevant targets with high affinity and specificity (Lipovsek, 2011; Ramamurthy et al., 2012). Adnectin BMS-962476 is a PCSK9-targeting polypeptide conjugated with polyethylene glycol to enhance its pharmacokinetics and binds to the human PCSK9 surface with a subnanomolar affinity and hinders interactions primarily between PCSK9 and the EGF-A domain of LDLR (Mitchell et al., 2014). The highly stable PCSK9-binding adnectin has the functional properties of inhibitory PCSK9 mAbs but fits between peptides and immunoglobulins in the molecular size range. Bacterial expression systems have facilitated easier and cheaper production of adnectin compared with that of antibodies. Preclinical studies using cynomolgus monkeys revealed that adnectin rapidly lowered free PCSK9 levels by over 99% and LDL-C levels by up to 55%, while plasma total PCSK9 levels increased sixfold compared with the baseline (Mitchell et al., 2014). In the first human study on statin background therapy, a single subcutaneous maximum dose of adnectin reduced free PCSK9 by more than 90% and LDL-C levels by 48% from baseline without significant safety signals (Stein et al., 2014). These findings indicate that adnectin is an effective and well-tolerated PCSK9 inhibitor without serious adverse effects, and this drug represents a promising alternative to mAbs. Recently, a phase 2 clinical trial assessed the efficacy and safety of LIB003 that is a recombinant fusion protein linking Adnectin with human serum albumin. The fusion of the albumin component extended the plasma half-life of this therapy to 12-15 days. In patients with LDL-C levels more than 2.1 mmol/L (80 mg/dL) on maximally tolerated statin therapy, adding LIB003 300mg reduced LDL-C levels by more than 70% and monthly administration were well-tolerated (Stein, et al., 2019). However, further studies are required to investigate the effects in larger numbers of patients as well as long-term safety.

Clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9)
CRISPR/Cas9 is an effective genome-editing tool that allows for quick destruction or editing of a target gene, which is not only more accurate but also faster and cheaper than previous genome-editing method. This system was adapted from a naturally occurring genome-editing function found in bacteria. Two components of single-guide RNA (sgRNA) and Cas9 form a complex to cleave target DNA sites. The 5’-end 20-nucleotide sequence of sgRNA recognises and hybridises with a complementary target sequence that is located directly adjacent to a short sequence known as a protospacer-adjacent motif (PAM) (Jinek et al., 2012). The Cas9 endonuclease binds with PAM to make a double-strand break, which triggers DNA repair via non-homologous end-joining (NHEJ) or homology-directed repair (HDR) (Doudna and Charpentier, 2014). NHEJ introduces unpredictable patterns of destructive insertions or deletion to the DNA target site. In contrast, HDR causes knock-in that results in precise insertion of point mutations or fragments of desired sequence at the target locus with exogenous DNA repair template (Ran et al., 2013). 
The CRISPR/Cas9 system has been shown to disrupt the PCSK9 gene efficiently in the mouse liver, resulting in reduced plasma PCSK9 protein levels and increased hepatic LDLR levels. In addition, subsequent 35% to 40% lower plasma cholesterol levels were consistent with the 36% to 52% lower levels observed in PCSK9-knockout mice observed previously (Ding et al., 2014). PCSK9 loss of function is associated with substantial reduction of not only PCSK9 and LDL-C but also CHD risk. This finding suggests that the PCSK9 genome-editing technique may be a promising strategy to permanently reduce risk of ASCVD in patients with hypercholesterolaemia. However, one major concern is the high frequency of off-target mutations at sites other than the intended target site (Zhang et al., 2014). Improving CRISPR–Cas9 specificity is essential to detect accurate off-target sites and minimise off-target mutations without compromising on-target activity. This technique requires further investigation and dialogue before it can be used as a commonly accepted clinical approach in human genetics.

Vaccination
Active immunisation against PCSK9 was developed as a new alternative to PCSK9 mAb therapy for sustained reduction of LDL-C levels. Antibody responses against self-antigens such as PCSK9 are induced by efficient activation of self-reactive B cells and are provoked by the presence of foreign T helper cell epitopes or antigen multivalency. Increasing the antibody valency can enhance the induction of strong, high-titre, long-lasting autoantibody responses against self-antigens (Chackerian and Remaley, 2016).
The peptide-based anti-PCSK9 vaccine, AT04A, consists of short peptides that mimic fragments of the mature human PCSK9 protein, conjugated to a foreign carrier protein that provides a source of T helper cell epitopes (Landlinger et al., 2017). It stimulates the immune system to generate persistent, high-affinity PCSK9-specific antibodies that block the ability of PCSK9 to bind to the LDLR. In vivo, vaccine-generated PCSK9 antibodies reduce total cholesterol by 30% and LDL-C by 50%. The half-life of AT04A is approximately 4 months, resulting in sustained reduction in cholesterol levels for at least one year. In mice, a booster experiment showed that revaccination successfully reactivated the PCSK9 antibody response one year after the initial immunisation, revealing the potential to boost immunisation annually (Galabova et al., 2014). On the other hand, virus-like particle (VLP)-based vaccines also elicit strong antibody responses against self-antigen by self-assembly of the viral structure protein without a viral nucleic acid. The PCSK9-VLP vaccination reduced LDL-C levels by 10% to 15% and LDL particle levels by 28% in macaques (Crossey et al., 2015). A PCSK9 active vaccination is a promising approach to induce therapeutic effects similar to those provided by passive administration of mAbs, but with far fewer administrations and lower costs. While previous studies appeared to show acceptable safety levels, it is possible that antibody-dependent cell-mediated cytotoxicity or complement-dependent cytotoxicity with nonspecific cell destruction could be caused by an active immunisation (Civeira and Jarauta, 2017). Evaluation of long-term safety and identification of an optimal immunisation scheme is necessary in large number of patients. Phase I clinical trials (AT04A and AT06A) are currently underway.

Possible new therapeutic approaches
Inhibition of mediators in the PCSK9 secretory pathway could offer effective therapeutic options in the future. For instance, sortilin, which is encoded by the gene SORT1 is a high-affinity sorting receptor for PCSK9 is a promising target. In the late secretory pathway from the trans-Golgi network to the plasma membrane, sortilin facilitates PCSK9 secretion. In vivo, sortilin-deficient mice have been shown to have lower circulating PCSK9 levels, leading to an increase in LDLRs on the surface of hepatocytes. Overexpression of sortilin increases circulating PCSK9 levels and a significant positive correlation has been observed between sortilin and PCSK9 levels in healthy individuals (Gustafsen et al.,2014). An alternative target is Sec24a, a protein which is incorporated into the coat protein complex II (COPII)-coated vesicles, and plays an important role in the transportation of PCSK9 from the ER to the Golgi apparatus. In SEC24a-deficient mice circulating PCSK9 levels are lower and intracellular PCSK9 levels higher, leading to an increase in LDLR expression (Chen et al., 2013). The pharmacological inhibition of these functions may be a useful approach to inhibit PCSK9 secretion. Nevertheless, the precise mechanism and the utility as a PCSK9 inhibitor are still unclear.
On the other hand, there are natural inhibitors of PCSK9 and modulating these offers the possibility to inhibit PCSK9. Berberine (BBR) is a natural inhibitor of PCSK9 expression. BBR is a plant isoquinoline alkaloid isolated from Chinese herbs, which has various pharmacological effects on not only lipid metabolism but also carbohydrate metabolism, immune system, and endothelial function (Imanshahidi and Hosseinzadeh, 2008). BBR increases the expression of LDL-coding genes independent of intracellular cholesterol levels and downregulates PCSK9 transcription by decreasing HNF-1a and SREBP-2 levels in hepatocytes (Cameron et al., 2008). Moreover, quercetin-3-O-beta-glucoside (Q3G) present in a broad range of fruits and vegetables, reduces PCSK9 secretion and to increase LDLR expression. Q3G inhibits not only SEC24a expression but also intracellular sortilin protein and its m-RNA levels (Mbikay et al., 2014). However, further investigation of these mechanisms is required not only to assess effects on PCSK9 but also other pathways before these molecules can be progressed to the next stage as new therapeutic options.

The challenges of lipid-lowering therapy for cardiovascular disease risk
The 2016 European Society of Cardiology/European Atherosclerosis Society guidelines recommended a target or percentage-based reduction in LDL-C based on individual risk and baseline LDL-C levels (Catapano et al., 2017). Patients with documented ASCVD, DM, chronic kidney disease and FH were at very high risk, while all other patients were assessed using the SCORE system that estimates the 10-year cumulative risk of ASCVD based on age, sex, smoking, systolic blood pressure and total cholesterol. The target LDL-C levels were <1.8 mmol L−1 for patients with a very high total cardiovascular risk, and <2.6 mmol L−1 for patients with a high total cardiovascular risk or a reduction of at least 50% from baseline. In contrast, the 2013 American College of Cardiology/American Heart Association cholesterol (ACC/AHA) guidelines recommended the use of statins in all high-risk patients with a percentage reduction in LDL-C based on statin intensity without specific LDL-C targets (Stone et al., 2014). However, the 2018 ACC/AHA guidelines were extensively updated, and recommend applying not only the risk assessment using pooled cohort equations but also the consideration of individual risk-enhancing factors in a process of shared decision-making via clinician–patient discussions to achieve LDL goals for high-risk patients and a stepped approach towards adding nonstatin drug therapy (Grundy et al., 2018). For very high-risk patients with multiple high-risk conditions, ezetimibe was added to the maximum tolerated dose of statin, followed by PCSK9 inhibitors if LDL-C levels remain ≥1.8 mmol L−1. Both guidelines include lifestyle modifications to improve lipid profiles, a tailored approach to management based on individual risk and patient–doctor communication as well as regular monitoring of response to treatment and possible toxicity. In addition, if high-risk patients show an inadequate response to maximally-tolerated statins or statin intolerance, combination therapies using ezetimibe and PCSK9 inhibitors are considered after discussion of their potential benefits and harm between the clinician and the patient.
Adding PCSK9 inhibitors for inadequate effects of statins has been shown to achieve a substantial reduction in LDL-C levels and lower rates of cardiovascular outcomes without serious side effects for high-risk patients. Furthermore, new therapeutics targeting PCSK9 inhibition could potentially improve adherence, cost effectiveness and variability to treatments. Therefore, a more detailed strategy is required to identify appropriate patient populations who may benefit from adding PCSK9 inhibitors for ASCVD prevention. An observational study including 6904 patients with established vascular disease using the Second Manifestations of Arterial Disease score for 10-year risk of vascular disease demonstrated a wide variation in vascular event risk, and many patients remained at >20% in an estimated 10-year risk of vascular events, even if guideline-recommended targets were reached according to secondary prevention (Kaasenbrood et al., 2016). This excessive risk suggests a part of the need to reduce and optimise control of residual risk. Moreover, the CTT meta-analysis of individual data from 27 randomised trials using statin therapy demonstrated an absolute risk reduction in major vascular events was approximately 11 per 1000 over 5 years for each 1 mmol L−1 reduction in LDL-C levels, even in patients with a lower risk of major vascular events at baseline. In addition, as the overall risk is higher, statin therapy provides greater benefits from further reductions in LDL-C levels (Cholesterol Treatment Trialists et al., 2012). Hence, these results indicate that part of patient population requires further reduction in LDL-C levels due to high individual risk and high LDL-C levels despite use of statin therapy, such as patients with FH and statin intolerance, although not all patients require additional therapy, and PCSK9 inhibitors that can substantially reduce LDL-C will likely be the most effective approach for these patients.
The present guidelines may not sufficiently identify individual risk factors for ASCVD; therefore, a more suitable assessment of cardiovascular risk and a more appropriate reduction in LDL-C levels are required. Currently, the updated 2018 AHA/ACC guidelines included risk-enhancing factors that provide better personalised perspectives of individual risks, such as family history of premature ASCVD, high-risk ethnicity, metabolic syndrome, chronic kidney disease, history of premature menopause or preeclampsia, chronic inflammatory conditions and other high-lipid biomarkers such as apoB, lipoprotein(a) and hs-CRP. In addition, coronary artery calcium scoring is also added to assess subclinical atherosclerosis (Lloyd-Jones et al., 2018). Hence, the more precise absolute risk estimation will enable directly understanding prognosis and identification of patients at sufficient risk to merit treatments. Some attempts have been made to derive secondary prevention risk tools such as, the Thrombolysis In Myocardial Infarction Risk Score for Secondary Prevention (TRS 2°P) is a simple and useful nine-point risk stratification tool, including older age, smoking, hypertension, DM, peripheral artery disease, previous stroke, previous coronary artery bypass graft, history of heart failure and renal dysfunction. Among patients using statins and/or ezetimibe in IMPROVE-IT, higher-risk patients identified using TRS 2°P gained greater benefit from further reduction in LDL-C by adding ezetimibe (Bohula et al., 2017). Alternatively, a meta-analysis of randomised control trials using statins, ezetimibe and PCSK9 mAbs showed that intensive LDL-C reduction in patients with higher LDL-C at baseline was associated with a lower rate of ASCVD outcomes. As the relative risk reduction of ASCVD events is proportional to the absolute reduction in LDL-C levels, higher starting LDL-C levels provide a further absolute reduction in LDL-C, which may lead to a greater absolute benefit from further LDL-C lowering (Robinson et al., 2016). Consequently, the crucial factors that determine the benefit from any LDL-C lowering therapy are individual global risk and baseline LDL-C levels. Early detection of patients at high risk of ASCVD and titration of treatment to global risk are important. In addition, the reduction of ASCVD risk in LDL-C lowering therapy depends on the magnitude of the LDL-C reduction and the duration of periods of low LDL-C levels. Therefore, adding PCSK9 inhibitors at the early stage to those at highest risk especially when LDL-C is high will provide significant ASCVD risk reduction cost effectively at current process with monoclonal antibodies but more so if new therapies which are potent, durable and with acceptable side effects are developed. 

 Nomenclature of Targets and Ligands 
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).
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Figure legend

Figure 1 
PCSK9 mechanism of action and PCSK9 monoclonal antibody. The secreted PCSK9 from Golgi apparatus can be sorted directly to lysosome as a PCSK9-LDLR complex or be secreted into the plasma and then internalized with LDLR to intracellular degradation. PCSK9 promotes the degradation of LDLR in both intracellular and extracellular pathways, resulting in the reduction of LDL clearance from the circulation. PCSK9 monoclonal antibodies inhibit the binding between PCSK9 and LDLR extracellularly. 

Figure 2 
The role of PCSK9 in vascular and atheroma. PCSK9 secreted from smooth muscle cells, macrophages, and endothelial cells, which increase atherosclerotic plaque inflammation. LDLR, LDL receptor; LRP-1, LDLR-related protein1; ApoER2, apolipoprotein E receptor 2. 

Figure 3 
The inhibition of PCSK9 synthesis by small interfering RNA. GalNA-conjugated siRNA binds to the asialoglycoprotein receptor on hepatocytes with high selectivity, which can be delivered via endocytosis. The antisense strand of the siRNA duplex is incorporated into the RISC and cleaves mRNA encoding PCSK9 specifically. RISC, ribonucleic acids-induced silencing complex







Table 1 The comparison among different approaches to PCSK9 inhibition
	　
	Structure
	Mechanism of action
	Dosing
	Administration route
	LDL-C reduction
	Specificity
	Adverse event risk
	Current phase
	References

	
	
	
	
	
	
	
	
	
	

	Monoclonal antibody
	Protein
	Inhibition of the extracellular PCSK9-LDLR interaction 
	Once or twice a month
	Subcutaneous 
	~60%
	High
	Low
	Clinically available
	1, 2

	
	
	
	
	
	
	
	
	
	

	siRNA
	Double-stranded RNA
	PCSK9 synthesis inhibition through RNA interference 
	  Twice yearly
	Subcutaneous 
	~50%
	High
	Low
	Phase 3 on going
	3

	
	
	
	
	
	
	
	
	
	

	Adnectin
	Protein
	Inhibition of the extracellular PCSK9-LDLR interaction 
	 Monthly
	Subcutaneous 
	 50~70% 
	High
	Low
	Phase 2
	4, 5

	
	
	
	
	
	
	
	
	
	

	CRISPR-Cas9
	RNA-guided DNA endonuclease 
	Permanent alteration of PCSK9 with genome editing
	Single injection
	Intravenous 
	~40% (Total cholesterol)
	Low
	High
	Preclinical
	6, 7

	
	
	
	
	
	
	
	
	
	

	Vaccination
	Peptide
	Active immunization to induce autoantibodies against PCSK9
	 Yearly
	Subcutaneous 
	 ~15% 
	High
	Low
	Phase 1 
	8, 9

	
	
	
	
	
	
	
	
	
	

	Mimetic peptide
	Peptide
	Inhibition of the extracellular PCSK9-LDLR interaction with PCSK9 or EGF-A domain mimetics
	 Daily
	Intravenous 
	~60% 
	High
	Unknown
	Preclinical
	10, 11

	
	
	
	
	
	
	
	
	
	

	Small molecules
	Protein
	Inhibition of the intracellular or extracellular PSK9-enzyme/receptor interaction 
	Daily or every few days
	Oral, subcutaneous, or intravenous 
	~50%
	Unknown
	Unknown
	Preclinical 
	12, 13

	
	
	
	
	
	
	
	
	
	



1, Robinson et al. (2015); 2, Sabatine et al. (2015); 3, Ray et al. (2017); 4, Mitchell et al. (2014); 5, Stein et al. (2019); 6, Ding et al. (2014); 7, Jiang and Doudna. (2017); 8, Landlinger et al. (2017); 9, Crossey et al. (2015); 10, Zhang et al. (2008); 11, Alghamdi et al. (2015); 12, Miyosawa et al. (2015); 13, Miranda et al. (2015).
