
REVIEW ARTICLE 239

A novel therapeutic approach for patients with dyslipidaemia 

PCSK9 inhibitors: a new era  
for lipid-targeted therapies?
Isabella Sudanoa, Arnold von Eckardsteinb, Christian M. Mattera, Ulf Landmesserc, Thomas F. Lüschera

a Dept. of Cardiology, University Heart Centre, University Hospital of Zurich, Switzerland
b Institute of Clinical Chemistry, University Hospital of Zurich, Switzerland
c Cardiology Charité – University Berlin, Campus Benjamin Franklin, Germany

Introduction 

Dyslipidaemia and, in particular, increased low den-
sity lipoprotein-cholesterol (LDL-C) levels represent 
one of the most important modifiable risk factors for 
cardiovascular disease (CVD) [1, 2].
The introduction of statin therapy for treatment of 
dyslipidaemia was a pivotal step for effective preven-
tion of CVD. Statins reduce LDL-C levels and result in a 
significant reduction of cardiovascular events and 
mortality in patients with hypercholesterolaemia, cor-
onary disease or diabetes. The meta-analysis published 
by the Cholesterol Treatment Trialists’ (CTT) Collabora-
tion in 2005 analysed data from 90 056 individuals en-
rolled in 14 randomised trials with statins. In this pro-
spective meta-analysis a 10% proportional reduction 
in all-cause mortality and a 20% proportional reduc-
tion in coronary artery disease (CAD) deaths per 
1.0 mmol/l LDL-C reduction by statin therapy was ob-
served. The risk for major coronary events was reduced 
by 23% and the risk for stroke was diminished by 17% 
per mmol/l LDL-C reduction [3]. In a further meta-anal-
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ysis of 170 000 participants it was shown that high-
inten sity statin regimens can more effectively reduce 
cardiovascular events as compared with low-intensity 
statin therapy [4].
As such the current clinical practice guidelines of the 
European Society of Cardiology (ESC) and the European 
Atherosclerosis Society (EAS) recommend prescribing 
a statin up to the highest dose or highest tolerable dose 
to reach the target level for LDL-C [5].
Concerning statin therapy, two important points 
should be underlined: first, a substantial “residual car-
diovascular risk” is observed in patients on statin 
treatment; second, despite treatment with statins nu-
merous patients with a high CVD risk and around 80% 
of those with heterozygous familiar hypercholesterol-
aemia do not achieve optimal levels of LDL-C [6, 7].
Excessively high basal levels of LDL-C before treatment 
initiation, inadequate statin dosing, adverse effects 
under the required dose, statin resistance, or insuffi-
cient adherence should be taken into account as possi-
ble reasons for both observations. Last but not least 
there is a considerable number of patients who do not 
tolerate statins because of side effects [8]. 
Therefore, additional pharmacological strategies to 
treat dyslipidaemia are needed. In recent years, novel 
genes and proteins that may be pharmacologicaly tar-
geted to improve lipoprotein profiles have been identi-
fied in biological and large-scale genetic research. This 
review focuses on proprotein convertase subtilisin/
kexin type 9 (PCSK9), its role in lipid metabolism and 
its inhibition as a novel therapeutic approach for pa-
tients with dyslipidaemia. 

Physiological role of PCSK9 in lipid homeostasis 
PCSK9 belongs to the proprotein convertase family, 
composed of proteins that cleave protein precursors of 
growth factors, hormones, receptors and transmem-
brane transcription factors passing through the secre-
tory pathway.
PCSK9 has the unique characteristics of enhancing both 
endosomal and lysosomal degradation of cell surface 
receptors that regulate lipid metabolism in a non-enzy-
matic fashion (fig. 1) [9, 10]. PCSK9 binds to LDL receptors 
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(LDL-Rs) and targets them for degradation rather than 
for recycling to the cell surface, thereby decreasing LDL-
R-mediated uptake of LDL into the liver and ultimately 
increasing levels of plasma LDL cholesterol.
PCSK9 is expressed mainly in the liver, small intestine, 
kidney and central nervous system and was first identi-
fied in cells undergoing apoptosis induced by serum 
deprivation and called neural apoptosis-regulated con-

vertase 1 (NARC-1) [11]. The author noticed a co-locali- 
sation of NARC-1 (1p33–34.3) with a major locus for auto-
somal dominant hypercholesterolaemia located at 
1p34.1–p32. As this locus is associated with an increase in 
the hepatic secretion of LDL-C the author supposed this 
protein to play a role in familial hypercholesterolaemia. 
At the same time, Abifadel and co-workers [12] described 
two mutations in the PCSK9 gene co-segregating with 
autosomal dominant hypercholesterolaemia in two 
families without mutations in the candidate genes en-
coding the LDL-R and apolipoprotein-B (apoB), and two 
years later Cohen et al. [13, 14] found that PCSK9 muta-
tions were associated with low LDL-C levels and dramat-
ically reduced cardiovascular risk. Subsequent in-vitro 
and animal work revealed that the mutations with gain 
of function to PCSK9 cause hypercholesterolaemia, 
whereas mutations with loss-of-function of PCSK9 lower 
plasma cholesterol levels.
These findings suggested a causal role of PCSK9 gene 
variations in the regulation of cholesterol homeostasis 
and in the determination of CVD risk. Based on these 
interesting findings inhibition of PCSK9 was consid-
ered a promising target for the development of new 
treatment strategies for hypercholesterolaemia and 
CVD prevention.
The major part of circulating LDL-C is removed from the 
plasma by hepatic uptake [15]. Transmembrane LDL-Rs 
internalise bound LDL particles by means of endocyto-
sis. Traditionally it was thought that after internalisa-
tion LDL particles and LDL-Rs are separated in en-
dosomes so that LDL particles are targeted to lysosomes 
for degradation, whereas the LDL-R is recycled to the cell 
surface. Of note, the fate of the LDL-R is altered by the 
presence of PCSK9: upon binding of secreted extracellu-
lar PCSK9 and internalisation, the LDL-R is no longer 
 recycled from early endosomes but targeted together 
with LDL particles to late endosomes and ultimately ly-
sosomes for degradation (fig. 1). Interestingly, activation 
of the longevity gene Sirt1 by its activator SRT3025 pro-
vides atheroprotection in apolipoprotein E-deficient 
(ApoE–/–) mice by reducing hepatic PCSK9 secretion and 
enhancing LDL-R expression [16, 17]. Moreover, human 
intestinal cells also expressed PCSK9, suggesting a 
 further role for this protein in the regulation of lipid 
 absorption [18]. 

PCSK9 and atherosclerosis: 
more than just LDL increase?
A recent study by Denis et al. evaluated the effect of inac-
tivation of PCSK9 versus its overexpression in the liver 
on the development of atherosclerosis in animal models 
such as wild type mice under high-fat high-cho les terol 
diet and ApoE–/– mice. The study showed that gene inacti-

Figure 1: The role of PCSK9 in the regulation of LDLreceptor expression. LDL = low den

sity lipoprotein; LDLR = low density lipoprotein receptor; PCSK9 = proprotein  

convertase subtilisin/kexin type 9; SREBP = sterol regulator elementbinding protein.

Figure 2: Percent reduction from baseline in lowdensity lipoprotein (LDL) cholesterol 

levels in the evolocumab group, as compared with the placebo group, at week 52, 

 according to background lipidlowering therapy. 

Values are means with lower 95% confidence limits (as indicated by T bars) in the  

activetreatment groups after taking into account the values in the placebo group.  

LDL cholesterol was measured by means of ultracentrifugation separation.

Modified with permission from Blom DJ, et al. N Engl J Med. 2014;370:1809–19 [37].
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vation of PCSK9 protects wild-type and  ApoE–/– from ath-
erosclerosis, whereas PCSK9 overexpression results in 
stronger atherosclerotic phenotypes [17]. 
The possible role of PSCK9 in the development of athero-
sclerosis was also examined in humans. An in-vitro 
study by Italian researchers showed that PCSK9 is ex-
pressed in smooth muscle cells but not in endothelial 
cells, macrophages and monocytes. The PCSK9 secreted 
by vascular smooth muscle cells was found to be func-
tionally active and able to affect LDL-R expression and 
function [19]. 
PCSK9 was also detectable in human atherosclerotic 
plaques, and the results of this study suggested a possi-
ble role of PCSK9 in the cholesterol uptake by macro-
phages in atherosclerotic plaque and potentially in the 
foam cell formation [19]. 
In human endothelial cells, oxidized LDL-induced 
 apoptosis was associated with increased expression of 
PCSK9 [20].
Moreover, many other experimental studies have 
identified additional mechanisms by which PCSK9 
might affect vascular biology such as pro-inflamma-
tory effect, promotion of blood pressure increase, glu-
cose intolerance and adipogenesis [21]. 

PCSK9 and its inhibition: preclinical data
PCSK9 knockout mice have decreased plasma choles-
terol levels owing to increased LDL-R protein in the 
liver and statin administration to these mice lacking 
PCSK9 enhances LDL-C clearance from plasma [22]. 
The first study evaluating the impact of the absence or 
overexpression of PCSK9 on atherosclerosis in mouse 
models was performed by Denis and colleagues [17]. 
The results of this study nicely showed that gene inac-
tivation of PCSK9 markedly reduced atherosclerosis in 
mice, by a process mediated through action on LDL-R.
As previously shown by Sun et al. [23] and Levy et al. 
[18], Tavori and co-workers [24] confirmed that overex-

pression of PCSK9 increases serum LDL-C and its 
 triglyceride-rich lipoprotein precursors, probably by 
increasing both the hepatic and intestinal synthesis of 
apoB. Moreover, the authors performed a series of ele-
gant  in-vitro and in-vivo studies in different mouse 
models (wild type, LDL-R knockout, human(h) PCSK9 
and hLDL-R transgenic mice) aimed at better under-
standing of the serum levels, tissue distribution and 
activity of PCSK9. 
Experiments in transgenic mice expressing human 
PCSK9 (hPCSK9) showed that endogenous mouse 
PCSK9 (mPCSK9) was expressed mainly in liver, small 
intestine and kidney [24]. Expression of hPCSK9 was 
highest in the kidney, LDL-R reduction was strongest in 
liver and kidney while no effect of hPCSK9 expression 
on LDL-R levels was observed in the adrenals. Human 
PCSK9 expression did not alter the pattern of tissue 
mPCSK9 and LDL-R expression. Moreover, this study 
showed that the clearance of serum PCSK9 is due pre-
dominantly to LDL-R-mediated uptake, that PCSK9 
 increases serum cholesterol levels via both LDL-R-de-
pendent and LDL-R-independent pathways and that se-
rum PCSK9 associates with LDL in a way that can  affect 
peripheral or hepatic PCSK9 action. 
Following these physiological studies several mono-
clonal antibodies neutralising PCSK9 have been tested 
in preclinical studies on the inhibition of the inter-
action between PCSK9 and LDL-R and its effect on lipids 
in mice and primates [25, 26], as well as in diet-induced 
hypercholesterolaemia in monkeys [27] or the effect of 
the inhibition of PCSK9 internalisation [28].

Inhibition of PCSK9: clinical data 
Many monoclonal antibodies (mAbs) to PCSK9 have 
been developed for use in humans. Data been pub-
lished from clinical studies with three of these mAbs 
only: alirocumab (SAR236553/REGN727, Sanofi/Regen-
eron), evolocumab (Amgen, AMG145) and in abstract 
form with bococizumab (RN316/PF04950615, Pfizer/ 
Rinat). 
Phase I and II showed that therapy with alirocumab and 
evolocumab leads to a significant reduction in LDL-C in 
patients with familial hypercholesterolaemia as well as 
in high-risk patients and confirmed that these drugs are 
very well tolerated. The efficacy results of these studies 
are summarised in tables 2 and 3. 
This review will focus on the published phase III studies.
SAR236553/REGN727 or alirocumab is an investigational, 
fully human monoclonal antibody that is highly spe-
cific for human PCSK9 and blocks its interaction with 
the LDL-R. 
The efficacy and safety of alirocumab in reducing LDL-
C and cardiovascular events in patients with hyper-

Table 1: PCSK9 Inhibitors in development.

Company Name of agent Type of agent Stage

Sanofi/Regeneron Alirocumab mAb Phase III

Amgen mAb1 (AMG145) evolocumab mAb Phase III

Pfizer PF04950615 (RN316) mAb Phase III

Roche/Genentech MPSK3169A (RG7652) mAb Phase II

Alnylam ALNPCS ASO Preclinical

BMSAdnexus PCSK9 Adnectin Adnectin Preclinical

BMSIsis BMSPCSK9Rx2 ASO Preclinical

Merck 1D05 mAb Preclinical 

Nativis PCSK9 siRNA drug signal RNAi Preclinical

Novartis NVPLGT209 mAb Terminated?

Santaris SPC5001 ASO Terminated?

mAb = monoclonal antibody; ASO = antisense oligonucleotide; RNAi = interfering RNA.
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cholesterolaemia is being evaluated in the large multi-
center ODYSSEY clinical trial programme (Clinical 
Trial.gov Identifiers NCT01663402, NCT01644175, 
NCT01507831, NCT01617655, NCT01709513). Exciting are 
the results of the ODYSSEY COMBO I and II [29, 30], OP-
TIONS I and II [31], FH I and II and HIGH FH [32], as well 
as of the ODYSSEY ALTERNATIVE [33] and preliminary 
data from the ODYSSEY LONG TERM, which were pre-
sented at the ESC and AHA 2014 meetings and recently 
published [34].
The ODYSSEY COMBO I and II, the ODYSSEY Options I 

and II and the ODYSSEY LONG TERM included patients 
with high or very high cardiovascular risk. 
The ODYSSEY COMBO I and II [29, 30] included patients 
with high cardiovascular risk unable to achieve targets 
with maximal statin use.
In the ODYSSEY COMBO II trials [29, 30] a treat-to-target 
approach with alirocumab was tested: the patients 
treated with alirocumab achieved significantly greater 
(~30% absolute) reductions in LDL-C vs ezetimibe after 
24 and 52 weeks of treatment. At Week 24, >75% of ali-
rocumab-treated patients achieved LDL-C <1.81 mmol/l 

Table 2: PHASE I Study with PCSK9 Inhibitors.

Study drug Study population Concomitant 
lipid-lowering therapy

LDL-C reduction (%)  
vs placebo or SOC

SAR236553/REGN727 [42, 43]

Single dose IV (1.0 mg/kg) Healthy subjects none –28.1 ± 6.3*

Single dose IV (3.0 mg/kg) Healthy subjects none –42.2 ± 6.3*

Single dose IV (6.0 mg/kg) Healthy subjects none –57.4 ± 7.6*

Single dose IV (12.0 mg/kg) Healthy subjects none –56.5 ± 5.4*

Single dose SC (50 mg) Healthy subjects none –32.5 ± 8.5*

Single dose SC (100 mg) Healthy subjects none –39.9 ± 7.1*

Single dose SC (150 mg) Healthy subjects none –45.7 ± 7.2*

Single dose SC (250 mg) Healthy subjects none –28.1 ± 6.3*

50 mg SC HeFH atorvastatin –41.4*

100 mg SC HeFH atorvastatin –57.6*

150 mg SC HeFH atorvastatin –55.7*

50 mg SC NonHeFH atorvastatin –38.2*

100 mg SC NonHeFH atorvastatin –51.5*

150 mg SC NonHeFH atorvastatin –64.7*

150 mg SC NonHeFH diet –57.0**

AMG145 [44]

Single dose SC 7 mg Healthy subjects none –6§

Single dose SC 21 mg Healthy subjects none –31*

Single dose SC 70 mg Healthy subjects none –53*

Single dose SC 210 mg Healthy subjects none –53*

Single dose SC 420 mg Healthy subjects none –64*

Single dose IV 21 mg Healthy subjects none –38*

Single dose IV 420 mg Healthy subjects none –61*

14 mg Q2W (6 doses) NonHeFH Low to moderatedose statins –22§

35 mg Q2W (6 doses) NonHeFH Low to moderatedose statins –54*

140 mg Q2W (3 doses) NonHeFH Low to moderatedose statins –73*

280 mg Q2W (3 doses) NonHeFH Low to moderatedose statins –75*

420 mg Q4W (2doses) NonHeFH Low to moderatedose statins –66*

140 mg Q2W (3 doses) NonHeFH Highdose statins –63*

140 mg Q2W (3 doses) HeFH statins –65*

HeFH = heterozygous familial hypercholesterolaemia; * p <0.001 vs placebo; ** p = 0.002 vs placebo; § p not significant.
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(<70 mg/dl). Similar results were observed in the ODYS-
SEY COMBO I, which showed that 75/150 mg Q2W ali-
rocumab treatment induced a significant reduction of 
LDL-C from baseline at week 24 (48 vs 2% placebo; 
p <0.0001) which was maintained through 52 weeks. 
The safety profile of alirocumab in the ODYSSEY 

COMBO I and II was comparable to the one in placebo 
arm [29, 30].
ODYSSEY OPTION I and II [31] included patients with 
very high or high cardiovascular risk not achieving 
LDL-C levels (<70 or <100 mg/dl) under statin. 
In ODYSSEY OPTION I [31] alirocumab was adminis-
tered as add-on to either atorvastatin 20 or 40 mg or 
rosuvastatin 10 or 20 mg and compared with the com-
bination of statin + ezetrol, the doubling of statin dose 
or the switch from atorvastatin to rosuvastatin. 
 Alirocumab significantly reduced LDL-C when added 
to atorvastatin 20 or 40 mg and rosuvastatin 10 mg as 
compared with adding ezetimibe or doubling the dose 
of statin, the effect with alirocumab + rosuvastatin 
20 mg was similar to the reduction obtained by dou-
bling the dose of rosuvastatin.
The ODYSSEY FH I and II and HIGH FH trials enrolled 
patients with familial hypercholesterolaemia [32].
In the FH I and II, self-administered alirocumab 
(75/150 mg Q2W) was associated with a significantly 
greater LDL-C reduction versus placebo at week 24 and 
a better achievement of target LDL-C (72% of aliro-
cumab patients in FH I and 81% in FH II study) [32].
The ODYSSEY HIGH FH study focused on patients with 
familial hypercholesterolaemia and high baseline lev-
els of LDL-C despite maximally tolerated statin (with or 
without other lipid-lowering drugs). Even with base-
line LDL-C >190 mg/dl, 57 and 32% of alirocumab 
patien ts reached LDL-C <100 mg/dl and <70 mg/dl, re-
spectively, at week 24. In patients with familial hyper-
cholesterolaemia alirocumab was as safe as placebo.
The ODYSSEY ALTERNATIVE trial (2014 AHA Meeting, 
Chicago) evaluated patients with a history of intoler-
ance to two or more statins, who were randomised to 
receive alirocumab, ezetimibe or atorvastatin 20 mg. 
The primary efficacy endpoint was the percent reduc-
tion from baseline in LDL-C within 24 weeks treat-
ment, with alirocumab compared with ezetimibe. Ali-
rocumab induced a 45% LDL-C reduction versus a 15% 
reduction in the ezetimibe arm (p = 0.0001). The ad-
verse events and the discontinuation rates were simi-
lar in the three arms.
Recently, the phase III trials ODYSSEY (CHOICE I and II) 
trials were completed and met their primary efficacy 
endpoints – alirocumab, administered for the first 
time in these trials every 4 weeks, significantly re-
duced LDL-C at 24 weeks versus placebo in 803 patients 
with hypercholesterolaemia at moderate to high cardi-
ovascular risk (CHOICE I) and in 233 patients with 
 hypercholesterolaemia with high cardiovascular risk 
and/or a history of intolerance to two or more statins 
(CHOICE II) (Stroes E et al., ACC Meeting in San Diego 
2015).

Table 3: PHASE II Study with PCSK9 Inhibitors.

Study drug Study population Concomitant 
therapy

LDL-C  
reduction (%) 

SAR236553/REGN727/alirocumab

McKenney [45] NonHeFH  
(LDLC >100 mg/dl)

atorvastatin  
10, 20, or 40 mg 

50 Q2W 39.6 ± 3.2*

100 Q2W 64.2 ± 3.1*

150 Q2W 72.4 ± 3.2*

200 Q4W 43.2 ± 3.3*

300 Q4W 47.7 ± 3.2*

Roth [46] HeFH (LDLC >100 mg/dl) atorvastatin 10 mg

150 Q2W 66.2 ± 3.5*

150 Q2W 73.2 ± 3.5*

Stein [47] HeFH (LDLC >2.6 mmol/l) statin/ezetimibe

150 Q2W 67.9 ± 4.8

150 Q4W 28.9 ± 5.1

200 Q4W 31.5 ± 4.9

300 Q4W 42.5 ± 5.1

AMG145/evolocumab

LAPLACE [48] NonHeFH statins, ezetimibe

70 mg Q2W 41.8 ± 2.7

105 mg Q2W 60.2 ± 2.7

140 mg Q2W 66.1 ± 2.7

280 mg Q4W 41.8 ± 2.9

350 mg Q4W 50.0 ± 2.9

420 mg Q4W 50.3 ± 2.9

MENDEL [49] HeFH/NonHeFH (LDLC 
>2.6 and <4.9 mmol/l)

none

70 mg Q2W 37.3*

105 mg Q2W 40.2*

140 mg Q2W 47.2*

280 mg Q4W 43.6*

350 mg Q4W 47.7*

420 mg Q4W 52.5*

GAUSS [50] B HeFH/NonHeFH statin 
intolerant

ezetimibe

280 mg Q4W 26* 

350 mg Q4W 27.8* 

420 mg Q4W 35.9* 

420 mg Q4W 47.3*

LAPLACE2 [10]

140 mg Q2W 66–75%*

420 mg QM 63–75%*

GAUSS2 [51] HeFH/NonHeFH Statin 
intolerant

ezetimibe

140 mg Q2W 36.9%*

420 mg QM 38.7%*

HeFH = heterozygous familial hypercholesterolaemia; 
* p <0.001 vs placebo or other lipidlowering therapy.
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The ODYSSEY LONG TERM [35] evaluated the safety, tol-
erability and efficacy of alirocumab in high cardiovas-
cular risk patients treated with a maximal tolerated 
dose of statin with or without other lipid-lowering 
drugs. Eighteen months of double blind treatment 
with alirocumab (n = 1 553) or placebo (n = 788) was 
planned, the primary efficacy endpoint was the reduc-
tion of LDL-C at week 24, and the analysis of results at 
52 weeks in term of safety and efficacy was prespeci-
fied. The reduction of LDL-C (mean –62% at 24 weeks 
and –61% at 52 weeks vs placebo) and the proportion of 
patients reaching the target LDL-C value were signifi-
cantly higher in the alirocumab group as compared 
with placebo at week 24, both in total and across all 
subgroups evaluated.
A post-hoc adjudicated cardiovascular events analysis 
obtained by pooling all phase III placebo-controlled 
trials with alirocumab (LONG TERM + HIGH FH and 
COMBO I + FH I + FH II) suggests a trend towards reduc-
tion in cardiovascular events (fig. 3) [35].
The results of a large-scale clinical outcome study 
(NCT01663402) are expected for March 2018. 
AMG145 or evolocumab is a fully human monoclonal 
antibody (immunoglobulin G2) that binds specifically 
to human PCSK9. 
The first large long-term evaluation of efficacy and 
safety of evolocumab (52 weeks) was recently pub-
lished [36]. A total of 1 104 patients enrolled in the four 
evolocumab phase II parent studies were included in 
the Open-Label Study of Long-term Evaluation Against 

LDL-C (OSLER) study. Regardless of their treatment as-
signment in the previous studies, patients were rand-
omized 2:1 to receive either open-label subcutaneous 
evolocumab 420 mg Q4W with standard of care (SOC) 
(evolocumab + SOC, n = 736) or SOC alone (n = 368). At 12 
weeks, the larger LDL-C reduction was observed in the 
patients who received evolocumab for the first time in 
the OSLER Study and this reduction was maintained 
during the 52-week follow-up (–51.8% at 12 weeks, 
–52.3% at 52 weeks). Patients who continued to be 
treated with evolocumab in the OSLER Study had 
 persistent reductions in LDL-C (–52.1% at 52 weeks). 
Moreover, the majority of patients treated with 
 evolocumab achieved LDL-C levels significantly below 
current guidelines. 
Patients who were treated with evolocumab in the pre-
vious study and randomised to SOC in the OSLER Study 
came back to baseline values without a rebound phe-
nomenon. At 52 weeks apoB, lipoprotein(a) (Lp(a)) and 
triglyceride were significant reduced, high-density li-
poprotein (HDL) and apolipoprotein A1 (apoA1) signifi-
cantly increased in patients treated with evolocumab 
[36].
Adverse events were similar in patients treated with 
evolocumab and SOC and a small percentage of pa-
tients (3.7%) discontinued the study drug because of 
any adverse event suggesting long-term safety and 
good tolerance of the parenteral therapy [36].  
Similarly, the 52-week phase III DESCARTES Study [37] 
showed that evolocumab (420 mg/every 4 weeks) sig-
nificantly reduced LDL-C (as a mean 57% vs placebo) in 
patients with cardiovascular risk treated on top of risk-
based lipid-lowering therapies (diet alone, atorvastatin 
10 or 80 mg and ezetimibe).
In a prespecified, but exploratory, analysis a year of  
therapy with evolocumab was also shown to reduce 
the incidence of cardiovascular events [38]. 
The efficacy of evolocumab on outcomes will be evalu-
ated in the Further Cardiovascular Outcomes Research 
With PCSK9 Inhibition in Subjects With Elevated Risk 
(FOURIER) (ClinicalTrials.gov Identifier: NCT01764633) 
and the results are expected to be available by the be-
ginning of 2018.
RN316/PF04950615 or bococizumab is a humanised 
monoclonal antibody-binding PCSK9, which was de-
veloped to have a longer serum half-life and duration 
of LDL-C decrease in mice and monkeys [39]. The re-
sults of three phase I and two phase II studies were pre-
sented at the American Heart Association scientific 
sessions in November 2012 and some of these results 
were recently published in an extended form [40]. 
Bococizumab lowered LDL-C in patients with hyper-
cholesterolaemia both as monotherapy (subcutane-

Figure 3: Post-hoc analysis of a subgroup of adjudicated major adverse cardiovascular 

events (ODYSSEY OUTCOMES endpoint). KaplanMeier Estimates for Time to First 

 Positively Adjudicated Cardiovascular Event During the TEAE Period. 

Modified with permission from Figure S5 Supplement to: Robinson JG, Farnier M, 

Krempf M, et al. Efficacy and safety of alirocumab in reducing lipids and cardiovascular 

events. N Engl J Med. 2015;372:1489–99.
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ously or intravenously) and when added to atorvasta-
tin, without similar safety. In phase II trials, LDL-C 
levels were significantly reduced by bococizumab (3.0 
or 6.0 mg/kg i.v.) in addition to high or maximal 
 dosage statin treatment [39]. New phase III studies are 
currently recruiting patients, including two outcome 
trials, which aim to evaluate the effect of bococizumab 
on cardiovascular events, i.e., SPIRE-1 and SPIRE-2 (Clin-
icalTrials.gov Identifiers: NCT01968980, NCT01968954, 
NCT01968967, NCT01975389, NCT01975376).
Alternative approaches to the monoclonal antibodies 
for the inhibition of PCSK9 synthesis is the use of RNA 
interference drugs such as exogenous small interfer-
ing RNA (siRNA) [41].
A recent safety study published in The Lancet [41] 
showed that ALN-PCS (Alnylam Pharmaceuticals), an 
siRNA drug designed to inhibit the synthesis of the 
PCSK9 transcript and thus reduce plasma PCSK9, was 
well tolerated and significantly lowered PCSK9 and 
LDL-C after a single intravenous dose in healthy volun-
teers with raised cholesterol and without lipid-lower-
ing treatment.
Thirty-two patients were randomised to receive single 
dose of intravenous ALN-PCS (n = 24, doses ranging 
from 0.015 to 0.150 mg/kg – n = 3 patients in each dose-
group – or 0.250/0.400 mg/kg, n = 6 in each group) or 
placebo (n = 8). 
The study showed that ALN-PCS was safe and well toler-
ated and no drug-related serious adverse events were 
observed. One patient (treated with 0.045 mg/kg) was 
diagnosed with bilateral pulmonary emboli and a deep 
vein thrombosis on day 3 of the study. This event was 
considered by the investigator and safety review 
 committee to be unrelated to study drug [41]. A mild 
macular erythematous rash was described in patients 
treated with ALN-PCS as well as with placebo.
Although this was a small Phase I study that was not 
powered to detect changes in PCSK9 or LDL-C, a signifi-
cant lowering of plasma PCSK9 and serum LDL-C in 
the higher dose groups (0.250 and 0.400 mg/kg) was 
found. 

Conclusion and future prospects

The currently available evidence from completed clini-
cal trials suggests that PCSK9 inhibition by mAbs is a 
new therapeutical option to modify the lipid profile to-
wards a non-atherogenic pattern. Inhibition of PCSK9 
is very effective in lowering LDL-C, non-HDL-C and 
apoB levels, with concomitant reduction of Lp(a) and 
increase of HDL-C and apoA1. The efficacy of mAbs to 
PCSK9 has been demonstrated in healthy volunteers, 

in hypercholesterolaemic patients with or without 
 familial hypercholesterolaemia as monotherapy or 
added to statins and/or ezetimibe, and in patients in-
tolerant to statin therapy.
The mAbs tested so far have been largely well tolerated, 
apart from mild injection site reactions in short- (12 
weeks) and long-term (52 weeks) studies.
A number of questions remain still open. Extended 
data about long-term safety, tolerability and efficacy of 
PCSK9 inhibitors are needed. The results from the 
ODYSSEY LONG TERM [34] as well as the DESCARTES [37] 
and OSLER [38] studies are promising with respect to 
safety and persistent LDL-C lowering and two large-
scale long-term phase III trials are ongoing. Moreover, 
outcome data are needed to demonstrate reduction of 
cardiovascular events in relation to the amount of 
LDL-C lowering and cost-effectiveness analysis should 
be provided. Great optimism has been generated by 
the outcome of the Improve-It trial in which for the 
first time additional lowering of LDL-C with a non-sta-
tin drug, namely ezetimibe, produced additional clini-
cal benefit [51]. Optimism is also generated by the post-
hoc analyses of the long-term trials of alirocumab [36] 
and evolocumab [52], as well as the meta-analysis [53] of 
all phase II trials that indicate reduced cardiovascular 
event rates.
Such trials will also provide the opportunity to assess 
the long-term safety of very low LDL-C levels, the phys-
iological role of PCSK9 and the consequences of PCSK9 
inhibition in a variety of patient populations including 
mixed hyperlipidaemia, metabolic syndrome, diabetes 
and chronic kidney disease. 
PCSK9 inhibition generates new hope for all patients 
currently not reaching the target LDL-C level because 
of severe hypercholesterolaemia or intolerance to the 
current therapies, and a new approach to modifying 
 lipoproteins to anti-atherogenic levels in high-risk pa-
tients. Indeed, a large number of patients do not reach 
recommended LDL-C targets, especially high-risk 
 patients. In this regard, an increase in PCSK9 levels 
during statin therapy could be considered as a poten-
tial mechanism of statin resistance. PCSK9 inhibitors 
might be a good therapeutical option for these patients 
and their approval for the treatment of familial hyper-
cholesterolaemia and for patients with statin intoler-
ance may be a reality in a very near future. 
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