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a b s t r a c t
Hypercholesterolemia, is a prominent risk factor for cardiovascular disease (CVD). Undestanding of the biochemical mechanisms that regulate the expression of the low density lipoproteins receptor (LDLR) and the hepatic
clearance of LDL cholesterol (LDL-C) paved the way to the statin therapy as the gold standard for CVD prevention.
The discovery of proteins that regulate – at a post-translational level – the activity of the LDLR has been a major
breakthrough in developing new cholesterol-lowering drugs. Proprotein convertase subtilisin/kexin type 9
(PCSK9) is a key modulator of the LDLR degradation in the liver. Genetic studies conﬁrmed that in humans
PCSK9 mutations associate with hypercholesterolemia and hypocholesterolemia (gain-of-function or loss-offunction variants respectively). Moreover, PCSK9 is up-regulated by statin treatment and limits the efﬁcacy of
these agents. These ﬁndings led to the development of PCSK9 inhibitors. Anti-PCSK9 monoclonal antibodies
showed encouraging results and are currently being evaluated in phase III clinical trials. The aim of this short review is to describe the new frontier of PCSK9 inhibition in the treatment of hypercholesterolemia. Emphasis here
is given to critical emerging issues linked to PCSK9 physiology and pharmacology, which will require future investigation to deﬁnitely address the potential of anti-PCSK9 drugs in clinical practice.
© 2014 Elsevier Inc. All rights reserved.
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1. Introduction
Hypercholesterolemia, characterized by elevated levels of circulating low-density lipoprotein cholesterol (LDL-C), is a key risk factor in
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determining cardiovascular disease (CVD) [1]. The standard of care for
the treatment of hypercholesterolemia is based on the administration
of statins, that have been proven to be effective in reducing LDL-C and
cardiovascular risk. However a considerable number of patients, particularly at high and very-high risk, require LDL-C lowering larger than
currently achievable with statins alone or combination with other
lipid-lowering drugs [2,3]. In addition, some patients are intolerant or
respond very little to statins. Studies of the mechanisms that regulate
low density lipoprotein receptor (LDLR) activity at the post-translational
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level, allowed the identiﬁcation of proteins that may be pharmacologically targeted to improve plasma lipid proﬁle in patients with dyslipidemia.
Of particular relevance has been the discovery of PCSK9 as the third locus
associated with autosomal dominant hypercholesterolemia (ADH) [4].
Genetic studies demonstrated that gain-of-function PCSK9 variants lead
to hypercholesterolemia, whereas loss-of-function mutations associate
with low LDL-C and reduced CVD risk. Biological research concomitantly
elucidated mechanisms involved in the PCSK9-induced LDLR degradation,
showing that PCSK9 is secreted and binds the LDLR at the cell surface of
hepatocytes, thus inhibiting the recycling of the LDLR to the plasma
membrane and dampening LDL clearance [5]. Interestingly PCSK9 is upregulated by statins, thus limiting the efﬁcacy of treatment with these
agents [6]. The observation that genetic deletions of PCSK9 in mice do
not interfere with the development and life of the adult organism [7]
and the identiﬁcation of two healthy women with complete loss-of function mutations in the PCSK9 gene [8,9], leading to the absence of the circulating protein, proved the viability of this approach. PCSK9 inhibitors
are currently under clinical development using different strategies [10].
The encouraging results obtained with anti-PCSK9 monoclonal antibodies
(mAbs), that reduce LDL-C levels by 70% and are now being evaluated in
phase III clinical trials, have generated great excitement for the possibility
to open, after a long time, a new avenue to reduce cholesterol levels [10].
Nonetheless, the global physiological function of PCSK9 is still under scrutiny, and recent ﬁndings suggest that this protein may have still unrecognized roles other than the regulation of LDL-C homeostasis. In this issue of
Vascular Pharmacology Werner et al. [11] show that circulating levels of
PCSK9 predict cardiovascular events in patients with coronary artery disease (CAD), and that the PCSK9 predictive power depends on its positive
correlation with serum triglycerides. This ﬁnding suggests that, in CAD
patients, PCSK9 may be used as a biomarker for CVD risk assessment,
and that this protein may also play a role in triglyceride metabolism, possibly regulating atherogenic apolipoprotein B (apoB)-containing lipoprotein secretion and clearance. The degradation of alternative targets, such
as members of the LDLR-related protein family, and the relative contribution of systemic versus locally produced PCSK9 in determining protein activity in the liver and extra-hepatic tissues are further key points that
need to be further explored for a better understanding of the role of
PCSK9 in humans and to gain further insight on the effects of PCSK9
inhibition.
2. Discovery and validation of PCSK9 as a new target for
treating hypercholesterolemia
PCSK9 was initially discovered as a protein up-regulated after apoptosis induction in primary cerebellar neurons, and for this reason called
neural apoptosis regulated convertase 1 (NARC-1) [12]. Nevertheless
the interest about PCSK9 originated from the description of PCSK9
mutations associated with autosomal dominant hypercholesterolemia
in two French families where mutations in the usual candidate genes
encoding the LDL receptor (LDLR) and apoB were previously excluded
[4]. Further studies showed that, in humans, genetic variations in the
PCSK9 gene consistently contributed to the regulation of LDL-C plasma
levels, with – speciﬁcally – rare gain-of-function variants leading to
hypercholesterolemia, whereas loss-of-function variants induced
hypocholesterolemia (a detailed and updated description of PCSK9 genetic variants can be found at http://www.ucl.ac.uk/ldlr/LOVDv.1.1.0/
index.php?select_db=PCSK9). These observations prompted intensive
research on the molecular mechanisms involved in PCSK9 activity that
eventually described the ability of PCSK9 to regulate the levels of circulating LDL-C by enhancing the degradation of the hepatic LDLR.
2.1. PCSK9 mediated degradation of the LDLR and LDLC hepatic clearance
PCSK9 is a 692 amino-acid glycoprotein belonging to the family of
proprotein convertases (PC) [13], predominantly expressed not only
in the liver but also in the small intestine, the kidney and the central

nervous system. PCSK9 is synthesized as a soluble zymogen (proPCSK9)
(Fig. 1) structured with a signal peptide (amino acids 1–30), a prodomain (amino acids 31–152), a catalytic domain, an exposed hinge region, and a Cys- and His-rich C-terminal domain (CHRD). The protein is
characterized by structural homology with resistin [14]. ProPCSK9 catalyzes its self-cleavage at position 152 (Asp151↓Gln152) in the endoplasmic reticulum. The autocatalytic cleavage is required for PCSK9 folding
and secretion, but – in contrast with other PCs – the pro-domain remains associated, through hydrogen bonds, with the catalytic site of
the protein, leading to the formation of a PCSK9/pro-domain complex
that prevents the access of protein substrates to the catalytic site and inhibits PCSK9 protease activity [15]. Upon secretion, extracellular PCSK9
acts as a chaperone protein and binds the ﬁrst EGF-like repeat (EGF-A)
of the LDLR present at the plasma membrane of the hepatocytes (Fig. 2)
[16,17]. This activity is responsible for the PCSK9-mediated degradation
of the LDLR, as demonstrated by in vivo parabiosis experiments showing that circulating PCSK9 derived from PCSK9 transgenic mice through
the shared circulation reduces the levels of hepatic LDLR once transferred to recipient wild-type mice [18]. The PCSK9–LDLR complex is internalized through clathrin-mediated endocytosis, and then moves to
the endosomes, where lowering of the pH strengthens the interaction
between the two proteins [19–21]. The PCSK9–LDLR protein association
inhibits the physiological recycling of the receptor to the cell surface
while promoting degradation in the lysosomes [22]. Whether the concomitant binding of the LDL particle to the receptor affects PCSK9 efﬁcacy in the degradation of the LDLR is still unclear, and is a key point that
warrants further investigation. The CHRD of PCSK9 is critical for this
process, as shown by the complete loss of LDLR degrading activity of
truncated PCSK9 protein lacking this region [22]. The exact role of the
CHRD is unknown, and both interactions in the endosomes with the
negatively charged ligand-binding domain of the receptor [23] and the
presence of plasma membrane PCSK9 binding proteins, such as APLP2 [24] have been proposed. In this regard, the investigation of PCSK9
partner proteins that modulate PCSK9 secretion or its LDLR degrading
activity is a key area for the development of innovative anti-PCSK9 strategies. Recent ﬁndings identiﬁed two important regulators of PCSK9
sorting and maturation. To exit from the endoplasmic reticulum, the
cleaved PCSK9 needs to interact with an unknown membrane-bound
protein that mediates the binding of sec24a, a cytosolic protein associated with Coat Protein-II-coated vesicles [25]. Sortilin has also been
established as a critical regulator of the late PCSK9 secretory pathway.
Indeed, sortilin co-localizes with PCSK9 in the trans-Golgi network,
and a sortilin genetic deletion leads to a change in PCSK9 sub-cellular
distribution and secretion [26]. PCSK9 can also bind to circulating LDL,
and this association reduces PCSK9 ability to degrade the LDLR [27]. Of
note it was recently shown that in hepatocytes PCSK9 binds apoB, the
major protein constituent of LDL, and reduces its intra-cellular degradation [28], thus suggesting that apoB may represent the key factor involved in PCSK9 interaction with LDL. Finally, compelling evidence
showed that PCSK9 degrades the LDLR in hepatocytes, enterocytes and
macrophages [29], but is inactive in the kidney and adrenals; in neurons
PCSK9 activity is triggered during development and after ischemic
stroke [30]. These results may be explained by the different expression
of regulatory proteins such as annexin A2, that is secreted in extrahepatic tissues where it binds the C-terminal domain of PCSK9 and inhibits LDLR degradation [31].
3. PCSK9 physiology
3.1. Modulation of PCSK9 secretion and plasma levels
Werner et al. in this issue of Vascular Pharmacology [11] report for
the ﬁrst time that PCSK9 predicts cardiovascular events in statintreated patients with well controlled LDL levels and documented stable
coronary artery disease. This ﬁnding supports the relevance and the
clinical interest for the determination of PCSK9 plasma levels in various
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Fig. 1. Synthesis and maturation of PCSK9. The genetic locus and the primary PCSK9 mRNA transcript are schematically represented. Translation of the mature mRNA results in a proPCSK9
protein that undergoes autocatalytic cleavage in the endoplasmic reticulum at the amino-acid position 152 (Asp151↓Gln152), creating a pro-domain of ~15 kDa and a mature protein of ~60
kDa, containing the catalytic triad (Asp186, His226, Ser386, represented as stars) and a C-terminal Cys-His rich domain (CHRD). The pro-domain remains covalently bound to the mature
protein and covers the catalytic site, inhibiting the protease activity of the mature secreted protein. The main inducers (arrow-line) and inhibitors (dashed-line) of PCSK9 gene expression
are listed. The therapeutic approaches that inhibit intracellular PCSK9 are highlighted in red boxes.

populations or after pharmacological treatment, in addition to the monitoring of anti-PCSK9 therapies. PCSK9 hepatic expression is the key determinant of PCSK9 circulating levels. As a consequence, circulating
PCSK9 is mainly regulated by cholesterol level changes in the liver,
and parallels cholesterol biosynthesis with a marked diurnal rhythm
[32]. The analysis of the PCSK9 gene promoter region showed the presence of a Sp1 site, an HNF1α site and two sterol responsive elements
(SRE-1). The latter are responsible for the sterol-dependent regulation
of PCSK9 transcription, indeed the key factor that regulates PCSK9
gene expression is intracellular cholesterol availability, that modulates
the nuclear translocation of the sterol responsive element binding protein 2 (SREBP-2) transcription factor [33]. PCSK9 mature protein also
undergoes post-translational modiﬁcations that may modulate its function. For instance furin and PC5/6A, two members of the PC family,
cleave mature PCSK9 in the extracellular space, releasing a truncated
protein of about 60 kDa. The activity of furin-cleaved PCSK9 is debated.

In humans the PCSK9 F216L and Arg218Ser mutations shield the secreted protein from furin protease activity and result in hypercholesterolemia, suggesting that furin physiologically reduces LDLR degrading
activity by PCSK9 [34]. In contrast it was recently shown that furincleaved PCSK9, puriﬁed from the plasma of normo-lipidemic donors,
still down-regulates hepatic LDLR levels, thus increasing total cholesterol levels after injection in mice [35]. This information is important, because PCSK9 quantiﬁcation is based on immunoassays that do not
discriminate between the different forms of the circulating protein. As
a consequence, results show large variations and do not provide a direct
and full information on the activity of PCSK9 [36–39]. This may contribute to explaining the weak positive association between circulating
PCSK9 and LDLC plasma levels found in the populations enrolled in
the JUPITER trial and the Dallas Heart Study, where only 7% and 2.25%
of the variance in LDLC are explained by PCSK9 plasma levels, respectively [36,40]. PCSK9 plasma levels increase following cholesterol-
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Fig. 2. PCSK9 mediated degradation of the LDLR. The secreted PCSK9 binds the EGFA domain of the LDLR present on the plasma membrane of hepatocytes. The complex undergoes clathrinmediated endocytosis and is then escorted to lysosomes for degradation, in contrast to the physiological recycling of the LDLR to the plasma membrane, after binding the circulating LDL
particle. The therapeutic approaches that inhibit circulating PCSK9 are highlighted in red boxes.

lowering pharmacological treatments. The most relevant example is
represented by statins [40–42], which by blocking intracellular cholesterol synthesis induces SREBP-2 mediated pathways, thus concomitantly increasing the expression of LDLR and PCSK9. This effect reduces the
pharmacological effect of statins and abolishes the positive correlation between circulating PCSK9 and LDLC [40,42]. Thus, PCSK9 is an indirect
marker of statins efﬁcacy, as recently demonstrated by analysis in a cohort
of patients enrolled in the JUPITER trial, where the greatest reduction of
LDLC was observed in patients presenting the strongest PCSK9 induction
[40]. The effect of ﬁbrates on plasma PCSK9 is debated, with either reduced or increased PCSK9 levels reported [43–45]. Both a direct PPARαmediated or an indirect action, linked to lipoprotein metabolism and hepatocyte intracellular cholesterol level regulation, have been proposed to
explain these ﬁndings. The nutritional and hormonal status represent additional factors involved in the regulation of PCSK9 plasma levels that are
reduced by fasting, glucagon and growth hormone [46,47]. Sex hormones
have been implicated in the regulation of PCSK9 levels: indeed, premenopausal women have higher PCSK9 compared with men, and in
boys PCSK9 decreases during puberty. However the responsible mechanisms for these effects have not yet been clariﬁed [36–38].
3.2. PCSK9 and triglyceride-rich lipoprotein metabolism
An intriguing aspect of the observation of Werner et al. published in
this issue of the journal [11] is also the effect of plasma triglycerides on

the circulating PCSK9 predictive power. To date, the involvement of
PCSK9 in triglyceride metabolism, and particularly in the regulation of
post-prandial lipidemia and apoB-containing lipoprotein output from
the liver, is controversial. PCSK9 is expressed in the intestine, and in
the enterocytes promotes the degradation of the LDLR expressed at
the baso-lateral surfaces. The exposure of polarized Caco 2–15 cells to
exogenous PCSK9 reduces the levels of LDLR, while increasing cholesterol uptake from the luminal surface and apoB48 synthesis and output
[48]. PCSK9 knockout mice show reduced intestinal apoB secretion, increased chylomicrons clearance and decreased plasma triglycerides following olive oil gavage [49]. In two subjects bearing loss-of-function
mutations leading to up to 50% reduced or absent levels of the circulating protein [50], post-prandial triglyceride levels were similar compared
with control subjects [51]. The latter study suggests that circulating
PCSK9 is not involved in the regulation of post-prandial lipidemia in
humans, but does not exclude a yet to be discovered activity of the locally
produced protein. Nevertheless the limited number of subjects investigated makes it difﬁcult to draw a ﬁrm conclusion on this, and further studies
in larger populations are warranted. The carriers of the S127R and D374Y
mutations in the PCSK9 gene [8,9] are affected by severe forms of hypercholesterolemia, characterized by an increased production of VLDL. In
agreement, the over-expression of these mutated forms of PCSK9 in hepatocytes and in mice results in increased apoB secretion and VLDL plasma
levels [52–54]. The overexpression of the wild-type PCSK9 in mice can
also upregulate the hepatic VLDL output by a mechanism dependent on
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LDLR degradation, PPARα activity and the nutritional status, with marked
hypertriglyceridemia in the fasting but not in the fed state [55]. In contrast, the genetic deletion of PCSK9 in mice and the knock-down mediated
by short interfering RNA in cultured hepatocytes fail to affect apoB containing lipoproteins secretion [56]. Furthermore, PSCK9 plasma levels
are not correlated with VLDL secretion or clearance in obese patients
[57]. This scenario is further complicated by the recent discovery that in
hepatocytes PCSK9 binds and reduces the intracellular degradation of
apoB100, this activity being independent on the LDLR levels and positively modulating the apoB output [58]. The contrasting data presented may
be reconciled by the analysis of the experimental methodologies used in
the different studies. Indeed the levels of PCSK9 transgene overexpression achieved by adenoviral infections are heterogeneous, being
more than 50-fold higher in the study of Sun et al. [28] and only 3-fold
higher in the study by Lambert et al. [55]. Finally, studies performed in familial combined hyperlipidemia (FCHL) patients showed that plasma
PCSK9 is positively associated with both triglycerides and apoB levels,
the two hallmarks of this genetic dyslipidemia [59,60]. These results suggest that FCHL patients, actually a consistent portion of hypercholesterolemic subjects characterized by high CVD risk, might beneﬁt from PCSK9
inhibition-based therapies.
3.3. PCSK9 target proteins and PCSK9 extra-hepatic activity
Most of the efforts of basic and clinical research on PCSK9 during this
decade have been devoted to the characterization of the PCSK9-LDLR
pathway, given the enormous potential of its pharmacological blockade.
Nonetheless, considerations on the physiological functions of the protein, even unrelated to the control of LDL uptake in the liver, are now
emerging, paralleling the encouraging results obtained in clinical trials
with anti-PCSK9 mAb. Experimental evidence is accumulating showing
that extra-hepatic tissues, such as the kidney, the small intestine, the
endocrine pancreas, the central nervous system and vascular tissues, express PCSK9 [12,29,49,61]. Of note, the PCSK9 activity is not restricted to
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the LDLR, and alternative targets have been identiﬁed, such as the LDLRrelated receptors VLDLR (very low density lipoprotein receptor),
ApoER2 (LRP8) and LRP1, the enzyme BACE1 (β-site amyloid precursor
protein (APP)-cleaving enzyme 1), and the hepatic receptor CD81
[62–65]. The degradation of these proteins may require speciﬁc cellular
pathways and may have biological roles not directly linked with cholesterol homeostasis (Fig. 3). It is interesting to note that the overexpression of PCSK9 modulates not only genes involved in cholesterol
metabolism, but also in proliferative, apoptotic and inﬂammatory pathways [66,67]. The PCSK9-mediated degradation of the VLDLR has been
recently shown to affect adipocyte size and adipose tissue distribution
in mice. Indeed, PCSK9 knockout mice show, at 6 months of age, 80% increased visceral adipose tissue compared with wild-type mice. Adipocytes do not express PCSK9, and this effect is mediated by circulating
endogenous PCSK9, which lowers the levels of VLDLR in the adipose tissue [68], thus dampening the binding and hydrolysis of triglyceride-rich
lipoproteins and the disposal of fatty acids to be stored in the adipose
tissue. In humans the correlation between plasma PCSK9 and adiposity
indices, such as the body mass index (BMI), is modest [36], and speciﬁc
studies aimed at investigating the role of PCSK9 in visceral adipose tissue metabolism are needed. Interestingly, PCSK9 expression is activated
in vitro by resistin, a protein that in humans is mostly derived from macrophages and plays a key role in the development of insulin resistance
and the associated dyslipidemia. However the plasma levels of resistin
show an inverse correlation with circulating PCSK9 in lean, but not
obese, subjects, thus making the relevance of resistin in the determination of PCSK9 plasma levels questionable, even if a role in the control of
the expression and the activity of the locally produced protein cannot be
excluded [69,70].
PCSK9 interacts with ApoER2 and enhances its intracellular degradation [62]. In vitro studies in cerebellar neurons conﬁrmed this ﬁnding
and showed that treatment with exogenous PCSK9 reduces the plasma
levels of ApoER2 and alters ApoER2-mediated signaling, thus inducing
apoptosis [71]. PCSK9 gene is physiologically silent in the central

PCSK9
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ApoER2

HCV
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plasma membrane

Degradation of VLDR in
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Fig. 3. PCSK9 target proteins. PCSK9 synthesized in the liver or locally produced contributes to the degradation of different receptors that are present not only in the liver but also in extrahepatic tissues, as described in the text. The major PCSK9 physiological functions mediated by the activity on the different receptors are brieﬂy summarized.
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nervous system, but can be induced following ischemic stroke in mice;
however this inducible pool of PCSK9 does not affect the lesion volume
even if it triggers the degradation of the LDLR in the cerebral tissues [30].
Interestingly, the only genetic trait that has been associated with the incidence of sporadic Alzheimer's disease (AD) is the presence of the ApoE
ε4 genotype [72,73]. An interaction between PCSK9 SNPs and ApoE
genotype was also reported [74]. Furthermore, PCSK9 is detectable in
the human cerebrospinal ﬂuid [75] and negatively regulates the activity
of BACE1, the enzyme responsible for the generation of the amyloid
β-peptide (Aβ) present in the Alzheimer's disease (AD) plaques [64].
These ﬁndings suggest the possible involvement of PCSK9 in neurodegenerative processes implicated in the development of AD, even if the
global PCSK9 knockout in mice does not interfere with BACE1 activity
and Aβ1–40 peptide formation [76], and even if the analysis of the
rs11591147 SNP in the PCSK9 gene, associated with a loss of function
of the protein and lower LDLC in the carriers, showed no association
with cognitive performance in patients enrolled in the PROSPER
(PROspective Study of Pravastatin in the Elderly at Risk) study [77].
Among the different LDLR-related receptors, PCSK9 has been recently
shown to recognize LRP1 in murine B16F1 melanoma cells and Chinese
hamster ovary (CHO) cells and to mediate its degradation [63]. LRP1 is a
large endocytic and signaling receptor, characterized by a wide expression and highly heterogeneous function [78]. LRP1 can indeed modulate
cell motility, the inﬂammatory response, the clearance of coagulation
and other circulating proteins, and has been involved in many diseases
such as AD, cancer metastasis, aortic aneurisms, diabetes and atherosclerosis [79–81]. Of note, we recently showed that proliferating vascular smooth muscle cells (VSMC) express PCSK9, that is functionally
active and degrades the LDLR in macrophages, thus reducing in vitro
foam cell formation [29]. VSMC and macrophages express high levels
of LRP1, that in these cells is crucial for the regulation of proliferation,
migration and the inﬂammatory response [79]. These ﬁndings suggest
a possible role of PCSK9 in the regulation of vascular integrity, and particularly on atherosclerotic plaque development. In apolipoprotein E
(ApoE) knockout mice the PCSK9 deﬁciency improves the plasma lipid
proﬁle and reduces the atherosclerotic burden in the aorta, whereas in
compound PCSK9 and LDLR knockout mice atherosclerosis development is not affected, suggesting that the protective effect of PCSK9 deﬁciency is mostly derived from the increased hepatic levels of LDLR [82].
In contrast, in human patients affected by familial hypercholesterolemia
[83] and hypertension [84] circulating PCSK9 is inversely correlated
with carotid intima media thickness (IMT), a surrogate marker of preclinical atherosclerosis, and the association is independent of the plasma lipid proﬁle. Large clinical trials aimed at assessing atherosclerosis
development in patients treated with anti-PCSK9 drugs, such as the
GLAGOV (Global Assessment of Plaque regression With a PCSK9 antibOdy as Measured by intravascular Ultrasound, www.clinicaltrials.gov,
NCT01813422) will help assessing the impact of PCSK9 on plaque phenotype. The regulation of liver receptors such as CD81, LDLR and LRP1
opens questions on the effect of anti-PCSK9 therapies on the infectivity
of viruses such as hepatitis C virus [65] and the vesicular stomatitis virus
[85]. Particularly, HCV viral particles require the presence of LDLR and
LRP1 on hepatocytes, and for this reason anti-PCSK9 therapies may potentially increase the vulnerability to HCV infection, an aspect that
should be carefully considered during long-term therapies.
4. Pharmacological strategies for inhibiting PCSK9: where do
we stand?
Given that PCSK9 acts as a chaperone directing the LDL-R and thus
promoting LDL-R degradation [5], the possibility of inhibiting PCSK9
represents a logical step to enhance the lipid-lowering effect of conventional agents [5] (Fig. 1). To this end, at least six different human mAbs
and three gene-silencing approaches are under development. Among
the mAb developed against PCSK9, clinical trial results are available
for the three of them, alirocumab (SAR236553/REGN727), evolocumab

(AMG145) and bococizumab (RN316/PF-04950615), while for RG7652,
1B20 and LGT209 no data were published yet. A large body of evidence
is available so far for alirocumab and evolocumab. Results from phase I
and phase II studies on alirocumab and evolocumab have been discussed
elsewhere [2], while the results of phase II trials with bococizumab were
recently presented (http://www.abstractsonline.com/pp8/#!/3392/
presentation/29479). In all cases, phase II studies have shown an LDL-C
cholesterol reduction following PCSK9 therapy up to 60–70% [2]. Here
we will review in details the data from the ﬁrst phase III clinical trials,
which were recently reported.
The Mendel-2 study [86] enrolled 614 hypercholesterolemic subjects not on statin treatment. The results show that three months of
treatment with evolocumab decrease LDL-C levels about 55–57% and,
compared with ezetimibe treatment, of an additional 38–40%. The results from the LAPLACE-2 study (oral communication at ACC Sessions
2014), which aimed at evaluating the efﬁcacy of 12 weeks of subcutaneous evolocumab (vs placebo) administered every 2 weeks or every
month in combination with a statin in patients with hypercholesterolemia and mixed dyslipidemia, showed an LDL-C reduction from 55%
to 76% compared with placebo, and from 38% to 47% compared with
ezetimibe. On the same line, 52 weeks of treatment with evolocumab
of more than 900 hyperlipidemic patients at elevated cardiovascular
risk (DESCARTES Study) [87] showed that evolocumab, added to
diet alone, to low-dose atorvastatin, or to high-dose atorvastatin with
or without ezetimibe, signiﬁcantly reduced LDL cholesterol levels in
patients with a range of cardiovascular risks, by 48–62%. Of note,
evolocumab treatment also signiﬁcantly reduced levels of apoB, nonhigh-density lipoprotein cholesterol, lipoprotein(a), and triglycerides.
The most common adverse events were nasopharyngitis, upper respiratory tract infection, inﬂuenza, and back pain.
The GAUSS-2 study aimed at evaluating the efﬁcacy and safety of
subcutaneous evolocumab compared with oral ezetimibe in hypercholesterolemic subjects which were unable to tolerate effective statin
doses [88]. Evolocumab reduced LDL-C from baseline by 53–56%, corresponding to treatment differences versus ezetimibe of 37–39%. Muscle
adverse events occurred in 12% of evolocumab- and 23% of ezetimibetreated patients. Treatment-emergent adverse events and laboratory
abnormalities were comparable across treatment groups. Preliminary
data from the RUTHERFORD-2 study, where evolocumab was administered in patients with familial hypercholesterolemia, showed an average
reduction of LDL-C by about 60% (oral communication at ACC Sessions
2014). Also the ﬁrst data from a phase III study with alirocumab were recently reported, and the ODISSEY-MONO study (oral communication at
ACC Sessions 2014) showed that the antibody administered in patients
not on statin therapy shows efﬁciency and safety proﬁles similar to
what was reported for evolocumab. Alirocumab resulted to be effective
also when administered with ﬁbrates, which are also known to increase
PCSK9 levels. The association between alirocumab and ﬁbrates slightly affected the efﬁcacy of the antibody in decreasing LDL-C levels (Oral communication at ACC Sessions 2014). Overall data from phase I to phase III
trials indicate that the mAbs result in an average reduction of LDL-C levels
in the range of 50–60% either as a monotherapy or in combination with
statins.
An important consideration relates to the ability of anti-PSCK9 mAbs
to decrease the Lp(a) plasma levels. A recent analysis, pooling data from
1359 patients in 4 phase II trials, showed a dose-dependent reduction of
circulating Lp(a) in patients treated with evolocumab versus placebo
(−29.5% and −24.5% with 140 mg and 420 mg respectively) [89]. Future studies are needed to characterize the mechanism underlying this
effect. However current therapies effective in reducing Lp(a) are limited
to anti-apoB antisense oligonucleotide (mipomersen) or lomitapide
[90]. PCSK9 inhibitors might therefore represent an optimal therapeutic
option to improve the lipid proﬁle of subjects at high CVD risk characterized by elevated Lp(a) plasma levels. Data on hard cardiovascular
endpoints are clearly warranted. However, based on the epidemiological observations, which suggest that the beneﬁt achieved is directly
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related to LDL-C reduction, a decrease by 40 to 50% or larger in the relative risk of cardiovascular events is expected. In addition to monoclonal antibodies, other strategies are under development, and include
anti-PCSK9 adnectins, that bind and block circulating PCSK9, small molecules that inhibit the PCSK9 processing, and antisense oligonucleotide or
short interfering RNA which favor the degradation of the messenger RNA
coding for PCSK9 [91] (Fig. 4). Phase I data with the siRNA ALN-PCS were
recently released [92], and showed that the inhibition of PCSK9 synthesis
by RNA interference (RNAi) provides a potentially safe mechanism to reduce LDL cholesterol concentration in healthy individuals with raised
cholesterol. These results set the stage for further assessment of ALNPCS in patients with hypercholesterolemia, including those treated with
statins.
5. Conclusions
The rapid development and the interest in lipids and lipoproteins
biology lead to the identiﬁcation of PCSK9 as a critical target for the development of novel pharmacological approaches for the treatment of
hypercholesterolemia. Some open questions however remain: i) the
long term safety of a therapy with PCSK9 monoclonal antibodies in relation to immune system activation, despite data so far available from
52 weeks of treatment look promising; ii) as PCSK9 inhibitors look so
effective in reducing LDL-C to very low levels will this situation be free
of any negative consequence? Data from patients with genetic mutations leading to a complete loss of function of PCSK9, which show a normal life, are encouraging; iii) PCSK9 expression has been detected in
extra-hepatic tissues, such as the central nervous system, and a better
understanding of the physiological role of the protein and its possible
involvement in neurological diseases is needed; iv) In contrast to
statins, PCSK9 inhibition so far did not result in muscular side effects.
This peculiarity, if conﬁrmed in long term trials, may help in elucidating
the mechanisms underlying muscle toxicity linked to statins. It is therefore reasonable to expect that PCSK9 inhibitors will be ﬁrst available for
patients with genetic hypercholesterolemia or intolerant to statins.
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