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Abstract Hypercholesterolaemia is frequently observed in
patients with cardiovascular diseases (CVD) and is asso-
ciated with increased mortality. Statin treatment has been
the standard of care for reducing low-density lipoprotein
cholesterol (LDL-C) to improve cardiovascular outcomes.
However, statins have limited effects in some patients and
may be discontinued due to adverse effects resulting in
LDL-C above target levels. The proprotein convertase
subtilisin kexin type 9 (PCSKD9) is a pivotal regulator in the
LDL-C metabolism by degrading the LDL-C receptor on
hepatocytes. Inhibition of PCSK9 by monoclonal antibod-
ies (mAb) significantly lowers LDL-C levels and is con-
sidered to reduce the likelihood of adverse cardiac events.
However, such treatment regimens are not cost-effective,
and require frequent administrations at high doses that may
be associated with side effects and poor drug adherence.
Furthermore, it has been shown that these PCSK9
medicines may trigger the formation of antidrug antibodies
followed by a significant attenuation of the LDL-C-low-
ering effect. Active vaccination inducing high-affinity
antibodies against PCSK9 with less frequent administration
intervals may be a novel promising therapeutic approach to
overcome the drawback of passive immunization with
PCSK9 mAb. However there is a paucity of available
clinical safety and efficacy data. This article discusses
challenges in the development of PCSK9 vaccines and
their potential therapeutic benefits by reviewing clinical
studies that evaluated the safety and efficacy of PCSK9
mAb.
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Key Points

Increased low-density lipoprotein cholesterol (LDL-
C) levels are associated with a greater likelihood of
death in patients with cardiovascular diseases
(CVD).

Inhibition of proprotein convertase subtilisin kexin
type 9 (PCSK9) using monoclonal antibodies has
been shown to be highly efficient in lowering LDL-C
and reducing the risk for CVD.

Vaccines against PCSK9 may overcome drawbacks
of passive immunization such as frequent
administrations, but first candidates have just entered
clinical studies and are not yet commercially
available.

1 Introduction

Cardiovascular disease (CVD) is associated with signifi-
cant mortality and is the leading cause of death. Risk
factors for CVD include, among others, smoking, physical
inactivity and clinical conditions such as diabetes mellitus
type 2, obesity, arterial hypertension or hyperlipidaemia. In
particular, elevated low-density lipoprotein cholesterol
(LDL-C) levels are recognized to be a major risk in CVD
[1]. Numerous studies have shown that pharmacological
interventions for lowering LDL-C prevent the progression
of atherosclerosis and improve survival of patients with
CVD. Treatment with  3-hydoxy-3-methyglutaryl-
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coenzyme A (HMG-CoA) inhibitors (statins) is currently
the standard of care for primary or secondary prevention in
patients with hypercholesterolaemia and these medicines
are also used to treat familial hypercholesterolaecmia (FH)
[2-6]. Statins are considered to be a cost-effective thera-
peutic approach and are generally well tolerated [7].
However, statin therapy may be insufficient, in particular in
patients with FH who do not respond adequately [8—10].
Further, up to 10% of patients exposed to statins experience
muscle-related symptoms or more serious adverse effects,
which may attenuate the LDL-C-lowering effect due do
dose adjustment. Intolerance to HMG-CoA inhibitor
treatment may also limit achievement of LDL-C target
levels. Other disadvantages comprise drug-drug interac-
tions, in particular with cardiovascular medicines, and the
need for daily intake, which frequently results in poor
adherence to statin treatment [11-16]. For patients requir-
ing cholesterol-lowering therapy and who are not suit-
able for statins, alternative therapeutic approaches need to
be provided to avoid cardiovascular events as non-statin
therapies such as bile acid sequestrants, fibric acid
derivatives, niacin or ezetimibe have been shown to reduce
LDL-C less sufficiently [17].

The proprotein convertase subtilisin kexin type 9 (PCSK
9) has been shown to affect the LDL-C supply and has been
identified to be a promising target in the treatment of
hypercholesterolaemia. This article reviews preclinical data
of PCSK9 vaccine candidates and presents potential clini-
cal benefits and challenges in the development of PCSK9
vaccines extrapolated from experience with PCSK9 mon-
oclonal antibodies (mADb).

2 Targeting Proprotein Convertase Subtilisin
Kexin Type 9 (PCSK 9)
in Hypercholesterolaemia

Circulating LDL-C gets primarily cleared by binding at the
LDL receptor (LDLR) followed by hepatic internalization
and subsequent LDL-C degradation (Fig. 1). After intra-
cellular delivery of LDL-C particles, the LDLR recycles
and returns to the cell surface with a physiological lifespan
of up to 150 endocytosis series. PCSK 9, which is a key
regulator of the LDLR supply in the cholesterol pathway, is
a circulating serine protease synthesized in hepatocytes,
enterocytes or kidney cells, and it has been shown that the
majority of the secreted protease originates from liver tis-
sue. Autocatalytic cleavage of a prodomain from its
N-terminus prior to secretion induces activation of the
protease. Active PCSK9 interacts with the extracellular
LDLR domain and binding of PCSK9 induces endocytosis
of the LDLR-PCSK9 complex followed by lysosomal
degradation of both PCSK9 and the LDLR. This process
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results in decreased availability of LDLR on the extracel-
lular surface of hepatocytes with attenuated hepatic LDL-C
clearance and increased circulating plasma LDL-C
[18-24]. Various genetic studies have shown that PCSK9
mutations affect LDL-C levels. Loss of function of PCSK9
lowers both LDL-C concentrations and the risk for CVD.
Likewise, gain of function mutations in the PCSK9 gene
are present in patients with familial hypercholesterolaemia
(FH) who have a premature risk for cardiovascular events
[25-29]. These observations have suggested that PCSKO is
a promising drug target for development of novel lipid-
lowering medicines. Currently, there are two different
therapeutic approaches under investigation to prevent
PCSK9-mediated LDLR degradation: passive immuniza-
tion by administration of mAb neutralizing PCSK9 and the
formation of antibodies against PCSK9 by active vacci-
nation with antigens with a homology to PCSKO9.

3 Efficacy, Safety and Tolerability of PCSK9
Inhibitors

Table 1 summarizes agents against PCSK 9 for treatment
of hypercholesterolaemia that are approved or are currently
being evaluated in clinical trials. In 2015, alirocumab
(Praluent®, Sanofi/ Regeneron) and evolocumab (Repa-
tha®, Amgen), both fully human mAb that bind circulating
PCSKO, received approval as adjunct therapy in combi-
nation with diet and maximally tolerated statin therapy by
the European Commission (EC) and the US Food and Drug
Administration (FDA) [30-33]. Another anti-PCSK9 agent
(LY3015014, Lilly) and two PCSK9 candidate vaccines
(AFFITOPE® AT04A and ATO6A, AFFiRiS) are currently
being evaluated in human trials. The global clinical
development program for the humanized mAb boco-
cizumab (Pfizer) was discontinued in 2016 due to its poor
safety and efficacy profile in phase III trials [34-37].

3.1 Alirocumab

The half-life of subcutaneous (SC) alirocumab has been
shown to be 14-21 days with maximum serum concen-
trations after 3—7 days. Its peak inhibitory effect on free
PCSKD9 is achieved within 4-8 h [38].

Alirocumab has been evaluated in numerous random-
ized controlled trials (RCTs) including adults with
heterozygous FH and patients with CVD and/or intolerance
to statins. The “Long-term Safety and Tolerability of
Alirocumab in High Cardiovascular Risk Patients with
Hypercholesterolemia Not Adequately Controlled with
Their Lipid Modifying Therapy” (ODYSSEY LONG
TERM) trial [39] was a key study for the efficacy and
safety evaluation of alirocumab. This placebo-controlled
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Fig. 1 Low-density lipoprotein (LDL) interaction with the LDL
receptor (LDLR) and their trafficking in the absence (a) and the
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subtilisin kexin type 9 (PCSK 9). PCSKO inhibitors prevent the LDLR
from its lysosomal degradation. After Krihenbiihl et al. [82]

Table 1 Medicines for treatment of hypercholesterolaemia in clinical development that neutralize proprotein convertase subtilisin kexin type 9

(PCSK 9)
Drug name Pharmacological entity Sponsor Stage of clinical development Approved dosage
Alirocumab (Praluent®) Fully human mAb Sanofi/Regeneron Approved 75 mg Q2W SC
24.07.2015 (FDA) 150 mg Q2W SC
23.09.2015 (EMA) (if 75 mg insufficient)
Evolocumab (Repatha®) Fully human mAb Amgen Approved 140 mg Q2W
27.08.2015 (FDA) or
17.05.2015 (EMA) 420 mg Q4W
Bococizumab Humanized mAb Pfizer Phase 3 (discontinued 2016) N.A.
LY3015014 Humanized mAb Lilly Phase 2 N.A.
AFFITOPE® ATO04, AT06 Short-peptide vaccines AFFiRiS Phase 1 N.A.

SC subcutaneous, N.A. not applicable

randomized study evaluated the effect of 150 mg SC alir-
ocumab every 2 weeks (Q2 W) on top of maximum tol-
erated statin therapy for 78 weeks in a population at high
risk for CVD (n = 2341 patients). The primary efficacy
endpoint, percentage change in calculated LDL-C levels at
week 24, showed a 62% decrease versus placebo with a
mean absolute LDL-C of 48 mg/dl (alirocumab) and
119 mg/dl (placebo), respectively. The treatment effect
remained consistent over a period of 78 weeks, and
approximately 80% of those receiving alirocumab achieved
LDL-C target levels below 70 mg/dl (placebo: 8%). The
anti-PCSK9 drug was well tolerated but higher numbers of

specific adverse events (AEs) were reported in the alir-
ocumab group than during placebo treatment with more
injection site reactions (5.9 vs. 0.5%), myalgia (5.4 vs.
2.9%), neurocognitive impairment (1.2 vs. 0.5%) and
ophthalmological events (2.9 vs. 1.9%).

Zhang et al. [40] pooled in a meta-analysis 13 trials
(n = 5593 patients) that investigated alirocumab SC for
12 weeks at different doses compared to placebo or eze-
timibe. Alirocumab 50-150 mg significantly reduced LDL-
C levels versus placebo with greater mean reductions
during bi-weekly dosing (— 53.6%; 95% confidence
interval [CI] — 47.0 to — 58.2) than with 150-300 mg
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alirocumab every 4 weeks (Q4 W), which lowered LDL-C
only by 32.2% (95% CI 15.6-48.7). Compared with eze-
timibe (10 mg once daily), Q2 W dosing of 75-150 mg
alirocumab reduced LDL-C by 29.9% (95% CI 26.9-32.9).
Pooled safety data of these trials suggest that the rate of
AEs was similar during alirocumab, placebo or ezetimibe
treatment except for greater numbers of injection site
reactions following alirocumab versus placebo (6.0 vs.
3.7%; P = 0.02). Importantly, the number of deaths was
lower during alirocumab treatment compared to placebo
(relative risk [RR] = 0.43; 95% CI 0.19-0.96; P = 0.04)
but similar to that of observed with ezetimibe-treated
patients (RR = 0.48; 95% CI 0.16-1.45; P = 0.19).
Post-hoc analysis of ODYSSEY LONG TERM data
suggest that alirocumab compared with placebo may have
beneficial effects on major cardiovascular events (MACE)
due to a lower incidence in the composite of death from
coronary heart disease, myocardial infarction, ischaemic
stroke and unstable angina requiring hospitalization (1.7
vs. 3.3%, hazard ratio [HR]: 0.52, 95% CI 0.31-0.60,
P =0.02) [39]. A recent meta-analysis has suggested that
alirocumab may reduce cardiac mortality (n = 4057
patients; RR = 0.36; 95% CI 0.14-0.93; P = 0.035) with-
out positive effects on other cardiovascular events [41].
Cardiovascular benefits have also been suggested by a
pooled post hoc analysis of ten ODYSSEY trials (n = 4974
patients) indicating that alirocumab may prevent MACE in
a LDL-C concentration-dependent manner [42]. These
findings could be confirmed in the recently completed
ODYSSEY OUTCOMES trial that evaluated the effect of
alirocumab on cardiovascular events over a period of
5 years in 18,924 patients. Alirocumab in addition to of
maximally tolerated statin therapy reduced MACE by 15%
(HR = 0.85; 95% CI 0.78-0.93; P = 0.0003) as compared
to placebo, with a greater impact in patients with LDL-
C > 100 mg/dl at baseline (HR =0.76; 95% CI
0.65-0.87). Anti-PCSK9 treatment also reduced all-cause
mortality by 15% (HR =0.85; 95% CI 0.73-0.98;
P = 0.026) and post hoc analysis of subjects with higher
baseline LDL-C showed a 29% risk reduction in death
from any cause (HR = 0.71; 95% CI 0.56-0.90) [43, 44].

3.2 Evolocumab

Evolocumab SC exerts a half-life of 11-17 day and
achieves peak plasma levels at day 3—4 after administration
[45].

RCTs evaluating evolocumab comprised similar popu-
lations at risk to studies with alirocumab but also included
subjects with homozygous FH [46, 47]. A major trial for
the efficacy and safety of evolocumab was the Open-Label
Study of Long-Term Evaluation Against LDL-cholesterol
(OSLER) [48] that pooled data of 4,465 patients who
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participated previously in at least one of five phase 2 trials
[49-53] (OSLER-1) or one of seven phase 3 studies
[54-59] investigating evolocumab (OSLER-2). Subjects
received SC either 140 mg Q2 W or 420 mg Q4 W of
evolocumab combined with standard therapy or standard
therapy alone over a median period of 11 months. Additive
treatment with evolocumab lowered LDL-C levels from
baseline concentrations of 120 mg/dl to 48 mg/dl at week
12 indicating a 61% relative and an absolute reduction of -
73 mg/dl in LDL-C, respectively. Approximately 90% of
patients during combined therapy achieved LDL-C levels
of < 100 mg/dl (standard care: 26%) and in 74% LDL-C
levels of 70 mg/dl or less (standard therapy: 4%) were
observed. Similar to alirocumab, the treatment effect was
consistent over the follow-up period of 11 months. Rates of
AEs or serious AEs were similar in both study cohorts.
However, neurocognitive AEs, although rare (< 1%), were
more frequent during evolocumab treatment [48]. In a
smaller open-label OSLER-1 extension study (n = 1324
patients), evolocumab has been shown to be safe with
sustained reductions in LDL-C over 4 years similar to
levels observed in previous short-term studies. In addition,
no neutralizing antibodies developed during the follow-up
period [60]. However, two ongoing studies
(NCTO03080935, NCTO02867813) including more than
6,600 patients and with a follow-up of 5 years have to be
completed to provide more long-term safety and efficacy
data.

A meta-analysis involving 12 trials with evolocumab
versus placebo or ezetimibe (10 mg once daily) showed
that all tested doses (420 mg Q4 W, 350 mg Q4 W,
280 mg Q4 W, 140 mg Q2 W, 105 mg Q2 W, 70 mg
Q2 W) markedly reduced LDL-C levels after 3 months of
administration [40]. Evolocumab 420 mg monthly or
140 mg bi-weekly compared to placebo induced the
greatest reductions in LDL-C with — 54.6% (95% CI —
50.5 to 58.7 for 420 mg Q4 W) and — 60.4% (95% CI —
52.9 to — 68.8 for 140 mg Q2 W). Absolute LDL-C levels
changed by approximately -80 mg/dl in both treatment
regimens. As expected, compared to ezetimibe this effect
was less pronounced with reductions of — 36.3% (95% CI
— 339 to — 38.8) and — 38.2% (95% CI — 34.5 to —
41.5%) for evolocumab 420 mg monthly and 140 mg bi-
weekly, respectively. Safety analyses of pooled data sug-
gest that AEs and abnormal laboratory findings do not
differ between evolocumab, ezetimibe or placebo.

A recently published network meta-analysis that directly
compared evolocumab with alirocumab showed a greater
LDL-C reduction in patients receiving evolocumab [61].
After 12 weeks and bi-weekly administration of 140 mg
evolocumab or 75 mg alirocumab LDL-C differed by
20.0% (Credible interval [CrI]: 13.0-27.3). These differ-
ences were also detectable when compared with 150 mg
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alirocumab Q2 W (— 13.6%; Crl — 5.3 to — 22.4). After
monthly dosing of evolocumab (420 mg) or alirocumab
(300 mg), LDL-C levels were 19.2% (Crl 10.4-28.5) lower
when evolocumab was administered. However, this has to
be interpreted cautiously due to the limited quantity of data
available. Further, no prospective studies have been per-
formed comparing evolocumab with alirocumab. Likewise,
a systematic review showed that most PCSK9 trials use
lipid-lowering medicines (statins, ezetimibe) as back-
ground medication and that there is a lack of high-quality
data for non-placebo comparators. Only seven RCTs were
identified with other LDL-C reducing drugs as an active
comparator. In these studies PCSK9 mAb appeared to be
more efficient in preventing CVD (HR = 0.45; 95% CI
0.27-0.75) than in placebo-controlled trials. It has been
suggested that this effect is likely due to the very low
quality of statin/ezetimibe-controlled trials (small event
numbers, short follow-up, lack of blinding) [62].

Exploratory prospective analysis of the composite of all
cardiovascular events (death, myocardial infarction, hos-
pitalization for unstable angina or heart failure, coronary
vascularization, stroke or transient ischaemic attack) in the
OSLER population at 1-year follow-up showed lower event
numbers in patients receiving evolocumab + standard
therapy as compared to standard care alone (0.95 vs.
2.18%; hazard ratio [HR]: 0.47; 95% CI 0.28-0.78;
P = 0.003). A similar effect could also be detected in a post
hoc analysis of MACE in this population [48]. The “Fur-
ther Cardiovascular Outcome Research with PCSK9 Inhi-
bition in Subjects with Elevated Risk” (FOURIER) trial
included 27,456 patients receiving evolocumab (140 mg
Q2 W or 420 mg Q4 W) with a follow-up period of
26 months [63]. FOURIER could confirm the cardiovas-
cular benefit observed in the shorter term OSLER trial with
a significantly reduced risk in both the primary composite
of cardiovascular events defined as cardiovascular death,
myocardial infarction, stroke, hospitalization for unsta-
ble angina or coronary intervention (HR: 0.85; 95% CI
0.79-0.92; P < 0.001) and the key secondary endpoint of
cardiovascular death, myocardial infarction or stroke (HR:
0.80; 95% CI 0.73-0.88; P < 0.001). A prespecified sec-
ondary analysis of FOURIER data suggests an association
between LDL-C levels achieved and the incidence of car-
diovascular events [64].

The finding of a potential cardiovascular benefit of
PCSKO inhibition is supported by assessment of pooled
data of more than 28,000 patients (including PCSK9 inhi-
bitor-treated patients of FOURIER) from RCTs involving
evolocumab [41]. This meta-analysis reported a positive
effect of evolocumab on cardiovascular events as a com-
posite of all-cause mortality, cardiac death, myocardial
infarction, stroke, coronary revascularization or hospital-
ization due to unstable angina (RR = 0.86; 95% CI

0.80-0.92; P = 0.000). This was driven by a lower risk of
myocardial infarction, coronary revascularization and
stroke. However, due to a paucity of long-term data of
PCSK9 inhibitors further clinical trials are needed to
evaluate the impact of those agents on safety and efficacy.

3.3 Bococizumab

The humanized IgG2Aa mAb bococizumab was another
anti-PCSK9 agent for treatment of hyperlipidaemia in
clinical development. In four phase 1 studies (single dosing
[n = 3], multiple dosing [n = 1]) in subjects with hyperc-
holesterolaemia bococizumab intravenously (IV) and/ or
SC administered at ascending doses was safe and well
tolerated. Bococizumab showed a similar safety and tol-
erability profile to placebo and most AEs were mild and not
related to the study drug. LDL-C reductions were dose-
dependent and ranged from — 33 to — 84% with a more
sustained LDL-C-lowering effect after IV administration as
compared to equivalent SC doses [65].

A phase IIb trial over 24 weeks with 351 patients on
stable statin therapy who were exposed to bococizumab SC
(50 mg, 100 mg or 150 mg Q2 W; 200 mg or 300
mgQ4 W) or placebo confirmed safety and efficacy data
from short-term phase I studies [66].

The “Studies of PCSK9 Inhibition and the Reduction of
Vascular Events” (SPIRE) development program com-
prised more than 30.000 patients and consisted of six lipid-
lowering studies (SPIRE-HR, SPIRE-LDL, SPIRE-FH,
SPIRE-LL, SPIRE-SI, SPIRE-AI) and two large-scale tri-
als to address potential cardiovascular benefits (SPIRE-1,
SPIRE-2) of 150 mg bococizumab SC Q2 W [37]. Data
from the six lipid-lowering trials showed bococizumab
lowered LDL-C levels at 12 weeks by — 55% (95% CI —
53 to — 58, P < 0.001) versus placebo. However, at the
52-week follow-up visit the lipid-lowering effect was
substantially attenuated — 45%; 95% CI — 38 to — 47)
with inhomogeneous individual responses to bococizumab,
and 48% of those who received anti-PCSK9 treatment
developed antidrug antibodies (ADAs). Comparison of
ADA titres and LDL-C suggest that the treatment response
and plasma bococizumab concentrations changed titre-de-
pendently. Further, MACE were similar in patients
receiving bococizumab and placebo, respectively (HR =
0.96; CI 0.66-1.39; P = 0.83) [35]. In addition, no benefit
of anti-PCSK9 treatment on clinical outcomes was
observed in the assessment of the combined SPIRE-1 and
SPIRE-2 data in patients at low and high risk, respectively.
Subjects treated with bococizumab or placebo had a similar
risk for MACE (HR = 0.88; 95% CI 0.76-1.02; P = 0.08)
during 7 months (SPIRE-1) or 12 months (SPIRE-2) of
follow-up. However, these non-significant findings should
be interpreted with caution as neither of the two SPIRE
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trials had continued long enough to reach the prespecified
number of MACE [36]. Although there was a significant
clinical effect in the longer duration SPIRE-2 trial
including patients at high-risk (HR for MACE = 0.79; 95%
CIL: 0.65-0.97; P = 0.02), the sponsor of the SPIRE trials
terminated the program early due to an increased rate of
immunogenicity of bococizumab and its high variability in
lowering LDL-C [34-37].

3.4 Ly3015014

In preclinical studies the humanized IgG4 mAb
LY3015014 (LY) has demonstrated a more sustained LDL-
C lowering effect, which has been attributed to its binding
site at PCSK9, which differs from other anti-PCSK9
agents. LY allows cleavage of active PCSK9 and thus
prevents excessive accumulation of PCSK9 followed by a
decreased LY clearance. It has been suggested that these
properties might result in a more potent anti-PCSK9 agent
requiring lower doses and/or extended dosing intervals,
which may be of particular clinical interest [67, 68].

LY has been clinically evaluated in phase I and II trials
in healthy subjects and in patients with hypercholestero-
laemia [69, 70]. A double-blinded, randomized, placebo-
controlled trial including 527 patients with hypercholes-
terolaemia with or without statin therapy assessed SC
administered LY at different doses (20 mg, 120 mg or
300 mg) Q4 W, or 100 mg or 300 mg every 8 weeks
(Q8 W) alternating with placebo Q4 W [70]. LDL-C levels
changed dose dependently with maximum reductions at LY
300 mg Q4 W and Q8 W, respectively. Monthly dosing of
LY 300 mg as compared with placebo reduced LDL-C at
week 16 by — 62.8% (95% CI — 57.3 to — 68.3), while
Q8 W administration caused a decrease by — 62.3% (95%
CI — 57.4 to — 67.3). The short-term safety profile of LY
was similar to other PCSK9 mAb. Injection site reactions
and erythema were more frequent in LY treated patients
than during placebo administration. The incidence of ADA
was low in this short-term trial but if LY ADA play a
pivotal role for clinical efficacy needs to be assessed in
further trials [70].

4 Rationale for Active Immunization against
PCSK9

The approved anti-PCSK9 mAbs alirocumab and evolo-
cumab have shown a substantial reduction in LDL-C.
Although results of longer-term studies suggest a decrease
in mortality during combined statin treatment, it remains
unclear if the observed LDL-C-lowering effect also trans-
lates into a protective cardiovascular effect during more
extended follow-up periods in major clinical endpoint
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trials. The shortcomings of PCSK9 mAb such as high costs
of approximately $14,000/year [71] or the possibility of
ADA formation require efforts in the development of
alternative, more efficient therapeutic strategies targeting
the PCSK9 pathway that are different from passive
immunization with mAb.

Due to a lack of prospective economic analysis in large
RCTs available data on the cost-effectiveness of PCSK9
inhibitors are based on simulations. Hlatky et al. reviewed
seven studies that involved different economic models for
the assessment of PCSK9 mAb [71]. All evaluations
reported independent from their assumptions a major
increase in lifetime costs using PCSK9 mAb and projected
only small savings due to prevention of cardiovascular
events resulting in a lifetime incremental cost-effectiveness
ratio (ICER) ranging from $141,700 to $450,000 per
quality-adjusted life-year (QALY) compared to statins.
Even with the most optimistic assumptions, the projected
cost-effectiveness is approximately threefold higher than
the threshold of an ICER/QALY (< $50.000) that is con-
sidered to provide a highly cost-effective drug [72]. Also
we can only speculate on a price for PCSK9 vaccines; an
active immunization followed by induction of antibodies
against PCSK9 may be a promising alternative approach to
overcome poor cost-effectiveness as vaccines are designed
to achieve a similar response to administration of mAb but
with less frequent applications.

Further, PCSK9 vaccines disperse the phenomenon of
ADA induction that occurred during mAb treatment fol-
lowed by a significant lack of responsiveness as observed
in the majority of patients receiving bococizumab [35].
ADA may even occur when fully humanized mAb are
administered as detected in a trial over 3 years involving
adalimumab, a fully humanized TNF-o inhibitor. Patients
who developed ADA had a poorer clinical response and a
lower likelihood of clinical remission than patients without
ADA [73]. In contrast, no neutralizing antibodies were
reported during treatment with alirocumab or evolocumab,
which are both fully human mAb [39, 63]. However, long-
term immunogenicity studies with these medicines are not
available yet and it remains uncertain if the development of
ADA would not significantly affect the efficacy of these
PCSK9 inhibitors during lifetime treatment, which is
required in patients with hypercholesterolaemia.

To sum up, PCSK9 vaccines may circumvent the overt
drawbacks of passive PCSK9 immunotherapy such fre-
quent applications or development of ADA, and thus may
result in improved efficacy.
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Table 2 Pre-clinical data of Author Animal model Effect on TC/LDL-C

studies with vaccines targeting

proprotein convertase subtilisin  Galabova et al. [74] Mouse, rat — 30%/— 50%

kexin type 9 (PCSK 9) Crossey et al. [78] Mouse — 28%/N.A.

Macaque N.A./— 40% (combined with statin)

Landlinger et al. [79] Mouse — 53%/N.A.
Pan et al. [80] Mouse — 20% (— 40% combined with statin)/— 25%
Kawakami et al. [81] Mouse — 50%/unchanged

TC total cholesterol, LDL-C low-density lipoprotein cholesterol, N.A. not available

5 PCSKD9 Vaccines in Clinical Development
and Pre-clinical Data

According to clinicaltrials.gov (search terms “PCSK9”,
“vaccine”, “vaccination”) there is currently only one
company (AFFiRiS, Austria) that is evaluating vaccines
against peptides of PCSK9 in humans (NCT02508896). In
this randomized, single-blind, placebo-controlled phase 1
study with 72 subjects (n =24 per group), safety,
immunogenicity and the LDL-C-lowering effect of one of
two different PCSK9 vaccine candidates (AFFITOPE®
ATO04 or ATO06) versus placebo was assessed. Subjects
received three subcutaneous priming vaccinations at Q4 W
intervals followed by a booster vaccination at 1 year after
the last priming injection. The trial was completed in
August 2017; however, results have not yet been published.

The candidate peptides AT04 and AT06 mimic struc-
tures of the N-terminus of the human mature PCSK9 and
are similar to the target regions in rodents where these
potential vaccines were pre-clinically assessed [74]. Pri-
mary immunization induced high-affine antibodies against
both human and rodent PCSK9 with high titres reaching
their peak levels at 6-10 weeks after the priming vacci-
nation and remained significantly increased for up to
1 year. This indicates a sustained immunogenic effect with
a half-life of approximately 4 months, which markedly
exceeds the frequent dosing intervals of mAb against
PCSKO. Likewise, LDL-C and total cholesterol decreased
by — 50 and — 30%, respectively. A booster vaccination at
1 year after primary immunization reactivated PCSK9
antibody formation followed by the expected changes in
lipid parameters. This study could also confirm the absence
of a potential cross-reactivity of the candidate peptides
against human structures, which would be a major limita-
tion in the development of PCSK9 vaccines. To overcome
cross-reactions with endogenous proteins other than the
target structure, it is essential that the desired antigen for
the development of a PCSK9 vaccine is almost identical to
PCSKO9 structures but differs to a small degree to induce an
immunogenic response [75]. Another potential limitation
of vaccines to self-antigens such as PCSKO is the formation

of autoreactive T cells against human tissue that have been
shown to be potentially life threatening [76]. CD4+ T
helper cells need to be presented to foreign epitopes for an
effective activation and these stimulated T cells are
required to assist B cells to induce an efficient antibody
formation [77]. To prevent the induction of a target-specific
T-cell response, the developer coupled their short peptide
vaccine candidates to a foreign carrier protein (keyhole
limpet haemocyanin; KLH, which acted as source for
T-cell epitopes without accumulating autoreactive T cells
[74].

Another approach for an active PCSK9 vaccination is
the presentation of epitopes derived from PCSK9 on the
surface of virus-like particles (VLP). Animal data suggest
an effective lipid-lowering effect after VLP vaccination in
mice and macaques [78]. However, a PCSK9-VLP vacci-
nation has not been clinically evaluated. Table 2 summa-
rizes pre-clinical studies involving active immunization
against PCSKO.

In conclusion, the development of PCSK9 vaccines is in
an early clinical stage and data from human trials are not
yet available. However, pre-clinical data suggest an
effective attenuation of plasma lipids with a decrease of
atherosclerotic lesions, and a reduction of vascular and
systemic inflammation [79]. Challenges in the development
of effective and safe vaccines against PCSK9 include the
identification of protein structures of the endogenous target
with sufficient homology for the formation of highly
specific antibodies at high titres. An increased half-life of
vaccine-induced antibodies at a lower dose injected as
compared to passive immunization of PCSK9 mAb would
suggest PCSK9 vaccines as a cost-effective treatment
alternative. Further, the induction of an autoreactive T-cell
response needs to be prevented that such vaccines can be
considered as a safe therapeutic approach for treatment of
patients with hypercholesterolaemia.
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