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Abstract

Proprotein convertase subtilisin/kexin type 9 (PCSKO9) is a secretory protein that controls
cholesterol homeostasis by enhancing endosomal and lysosomal degradation of the low-density
lipoprotein receptor (LDL-R). Mutations that cause increased activity of PCSK9 are associated
with hypercholesterolemia, atherosclerosis and early cardiovascular disease (CVD), whereas
individuals with loss-of-function mutations in PCSKO9 are apparently healthy but are
hypocholesterolemic and have a dramatically decreased risk of CVD. In this study, we generated
Virus-like Particle (VLP)-based vaccines targeting PCSK9. Mice and macaques vaccinated with
bacteriophage VLPs displaying PCSK9-derived peptides developed high titer IgG antibodies that
bound to circulating PCSK9. Vaccination was associated with significant reductions in total
cholesterol, free cholesterol, phospholipids, and triglycerides. A vaccine targeting PCSK9 may,
therefore, be an attractive alternative to monoclonal antibody-based therapies.
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1. Introduction

Elevated low-density lipoprotein cholesterol (LDL-C) is associated with an increased risk of

cardiovascular disease (CVD) [1]. Although lifestyle changes and medication can
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significantly reduce LDL-C, a substantial percentage of at-risk patients on lipid lowering
therapy (>60%) still go on to have a cardiovascular event [2]. Currently, treatment with 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) is the
standard of care for hypercholesterolemic patients. Intensive statin therapy has some risks
[3] and ~20% of high-risk patients with hypercholesterolemia do not achieve adequate
control of LDL-C with just statins [2].

LDL-C in plasma is primarily removed from circulation when it interacts with LDL
receptors (LDL-R) that are abundantly expressed on hepatocytes. Upon LDL-R binding,
LDL-C is endocytosed and undergoes lysosomal catabolism. Following this process, LDL-R
is recycled back to the cell surface. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is
a hepatic secretory protein that acts as a negative regulator of LDL-R by blocking the
recycling of the receptor to the cell surface. PCSK9 in plasma binds to the extracellular
domain of LDL-R and mediates its internalization and degradation, thus increasing
circulating levels of LDL-C by preventing its uptake [4, 5]. Genetic studies have shown that
mutations that modulate PCSK9 activity can have profound effects on LDL-C levels. Gain
of function mutations in PCSK9 are associated with autosomal dominant
hypercholesterolemia, a disease that is characterized by increased LDL-C levels (>300
mg/dL) and a corresponding increased risk of CVD [6]. In contrast, humans with loss-of-
function PCSK9 mutations are hypocholesterolemic (15-25% decrease in LDL-C) and have
approximately half the incidence of CVVD, most likely because of a lifelong reduction of
LDL-C [7]. Strikingly, individuals with compound heterozygote loss-of-function mutations,
have exceptionally low serum LDL-C (<20 mg/dL) and appear healthy despite having no
detectible circulating PCSK9 [8].

Given the important role of PCSK9 in regulating LDL metabolism and the fact that loss-of-
function mutations appear not to be associated with adverse effects, PCSK9 has emerged as
an attractive therapeutic target. PCSK9-specific monoclonal antibodies (mAbs), including
evolocumab (Amgen), bococizumab (Pfizer), and alirocumab (Aventis/Regeneron) work
synergistically with statins, and markedly reduce LDL-C levels by about 60% and, in early
stage clinical trials, have been shown to reduce the incidence of cardiovascular events [9—
11]. Statin therapy alone increases circulating levels of PCSK9 by as much as 30% as
compared to placebo, making them somewhat self-limiting in their ability to further reduce
LDL-C [12-14]. This likely occurs because the transcription factor SREBP-2, that is
indirectly upregulated by statins, activates the Ldlr and Pcsk9 genes [15]. Indeed, statins are
much more effective when there is a deficit of PCSK9 [16]. Therefore, PCSK9-targeted
therapeutics may have value in preventing and treating CVVD in combination with statins or
in vulnerable populations that are either resistant to statin therapy or statin intolerant.

Induction of antibody responses against a self-antigen, such as PCSK®9, are seemingly
limited by the mechanisms of B cell tolerance, which eliminate, inactivate, or alter the
specificity of potentially self-reactive B cells. Yet B cell tolerance is actually highly
inefficient and anti-self antibody responses can be readily elicited by immunizing with
vaccines that have features that provoke the efficient activation of self-reactive B cells.
Vaccines that display self-antigens in a dense, repetitive array and provide a source of
foreign T helper epitopes can induce particularly robust, high-titer autoantibody responses
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[17]. Display of self-antigens in a highly dense, repetitive format on the surface of virus-like
particles (\VLPs) is one approach for inducing strong antibody responses against self-
antigens. VLP display has been successfully used to target self molecules that are involved
in the pathogenesis of a variety of chronic diseases, including Alzheimer’s Disease,
hypertension, and certain cancers [18]. Many of these vaccines have shown clinical efficacy
in animal models and several have been tested in human clinical trials. For example, clinical
trials of a VLP-based vaccine targeting angiotensin 11, a regulator of blood pressure, showed
that this vaccine was highly immunogenic and significantly reduced blood pressure in
hypertensive patients [19].

In this study, we used several different approaches to identify a bacteriophage VLP-based
vaccine that elicits strong antibody responses against PCSK9. Using both mice and non-
human primates, we show that vaccination with VVLPs displaying an epitope derived from
PCSK9 was associated with significant reductions in pro-atherogenic plasma lipids and
lipoproteins.

2. Materials and Methods

2.1. Construction of PCSK9-displaying VLPs

QP VLPs were produced in E. coli using methods that we have previously described for the
production of MS2 bacteriophage VLPs [20]. Peptides representing huPCSK9 amino acids
68-76, 153-163, and 207-223 were synthesized (GenScript) and modified to include a C-
terminal cysteine residue preceded by a 2-glycine-spacer sequence. Peptides were
conjugated to VLPs using the bifunctional cross-linker succinimidyl 6-[(p-
maleimidopropionamido)hexanoate] (SMPH; ThermoScientific) [21]. Efficiency of
conjugation was measured using denaturing polyacrylamide gel electrophoresis.

Recombinant PCSK9-VLP expression vectors were constructed by genetically inserting
huPCSK?9 sequences (amino acids 153-163, 188-200, 208-222, and 368-381) by PCR at the
N-terminus of a single-chain dimer version of the MS2 bacteriophage coat protein [20]. All
constructs were sequenced to verify correct location and sequence of PCSK9 insert.
Recombinant MS2 VLPs were expressed and purified as described [20].

2.2. Immunizations

All animal studies were performed in accordance with guidelines of the University of New
Mexico and NHLBI Animal Care and Use Committees (protocols 12-100827-HSC and
H-0059R3). Mouse immunization experiments were performed using four to six-week old
male Balb/c mice. Mice were immunized with 5 ug of VLPs three times at 2-week intervals.
Vaccines were formulated with incomplete Freund’s adjuvant (Sigma Aldrich) ata 1:1
(volume:volume) ratio in a total volume of 100 pl. Blood plasma was collected prior to the
first immunization and 2-weeks following the third immunization.

Macaque studies were performed using nine 9-17 year old rhesus macaques (seven females
and two males) that were divided into three experimental groups of three animals each.
Groups were vaccinated three times at 2-week intervals with either 50 pg of (i) Qp-
PCSK95g7.223 Without exogenous adjuvant, or (ii) QB-PCSK9,q7.223 formulated with 2%
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Alhydrogel adjuvant (Invivogen) at a 1:4 (volume:volume) ratio or, as a control, (iii) wild-
type QB VLPs plus Alhydrogel. Plasma was obtained prior to immunization and two weeks
following each immunization. Approximately 6 months after the initial set of
immunizations, groups i and ii were re-boosted with QB-PCSK9597.223 formulated with 2%
Alhydrogel adjuvant and then treated with simvastatin (at 30 mg/kg/day) for two weeks and
these two group were combined for subsequent analyses. Group iii (control group) was
reboosted with wild-type QP VLPs plus Alhydrogel and treated with simvastatin (at 30
mg/kg/day) for two weeks.

2.3. Characterization of antibody responses

PCSK9-specific IgG titers were determined by end-point dilution ELISA, using either
PCSK9 peptide or recombinant huPCSKO9 protein (R&D Systems) as the antigen. For
peptide ELISASs, Immulon 2 plates (Thermo Scientific) were incubated with 500 ng
streptavidin (Invitrogen) in pH 7.4 phosphate-buffered saline (PBS) for 2 hours at 37°C.
Following washing, SMPH was added to wells at 1 pg/well and incubated for 2 hours at
room temperature. Individual peptides corresponding to the QpB-conjugated peptides were
added to the wells at 1 pg/well and incubated overnight at 4°C. For PSCK9 ELISAs, plates
were incubated with recombinant human PCSK9 protein (R&D Systems) at a concentration
of 500ng/well in PBS overnight at 4°C. In all ELISAs, plates were blocked with 0.5% milk
in PBS for 2 h, and 4-fold dilutions of plasma were added to each well and incubated for 2.5
h. The wells were probed with horseradish peroxidase (HRP)-conjugated secondary
antibody [goat anti-mouse-1gG (Jackson ImmunoResearch; 1:5,000) or goat anti-monkey
IgG (Fitzgerald Industries; 1:4,000) for 1 h. The reaction was developed using TMB
(ThermoScientific) and stopped using 1% HCI. Reactivity of sera for the target antigen was
determined by measuring optical density at 450nm (OD4gp). Wells with twice the ODysg
value of background were considered to be positive and the highest dilution with a positive
value was considered the end-point dilution titer.

2.4. Plasma lipid and lipoprotein quantification

Plasma lipids were measured enzymatically using a ChemWell instrument and Roche
reagents. ApoB was measured nephelometrically on a Dimension analyzer (Siemens). LDL-
C was calculated by the Friedewald equation. HDL and LDL particle counts were measured
with a Vantera NMR analyzer (LipoScience).

2.5. Plasma PCSK9 quantification

Plasma PCSK9 levels were quantitated by a mouse PCSK9 ELISA kit (R&D Systems) by
comparing experimental sera samples diluted 200-fold to an internal standard curve. PCSK9
was quantified in this way both before and after removal of immunoglobulin using Protein
G-coated magnetic beads (Life Technologies). Briefly, plasma samples diluted 1:200 were
split into equivalent volumes, then either a) incubated for 10 minutes with magnetic Protein
G beads or b) set aside at room temperature. The Protein G beads were isolated using a
magnet, and the Ig-cleared supernatant was then used directly in the PCSK9 ELISA kit,
alongside the untreated plasma sample.
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2.6. Statistical analysis

3. Results

Single comparisons were made with unpaired, two-tailed t-tests using SPSS Statistics
software or GraphPad Prism 6. When Levene’s test for equality of variances was found to be
a significant factor, the p-values were derived from t-tests performed without equal
variances assumed.

3.1. Engineering and characterization of VLPs displaying PCSK9 peptides

Antibodies raised against linear peptides derived from PCSK9 have been shown to block
PCSK9 binding to LDL-R (PMID: 19196236). Using this data and the crystal structure of
PCSK9 bound to LDL-R as a guide, we engineered VVLP-based vaccines that targeted five
regions of PCSK9 that were predicted to be involved in LDL-R binding (Figure 1). Human
PCSK9 peptides were displayed on bacteriophage VLPs either by conjugating synthetic
peptides to Qp bacteriophage VLPs [22] or by constructing recombinant MS2 bacteriophage
VLPs in which PCSK9 peptides were displayed on the surface of the MS2 coat protein. For
chemical conjugation, peptides representing human PCSK9 amino acids (aa) 68-76,
153-163, or 207-223 were synthesized and conjugated to the surface of QB VLPs using a
bifunctional cross-linker (SMPH). Approximately 270-360 PCSK9 peptides were linked to
each individual VLP (data not shown). Recombinant VVLPs were constructed by genetically
inserting sequences representing PCSK9-derived peptides (aa153-163, aa188-200,
2a208-222, and aa368-381) at the N-terminus of the MS2 bacteriophage single-chain dimer
coat protein [23]. In this conformation each recombinant VLP displayed 90 copies of the
PCSK9 peptide.

3.2. PCSK9-VLPs are immunogenic

In order to compare the vaccine candidates, small groups of Balb/c mice (5 per group) were
immunized with PCSK9-conjugated QB VLPs, recombinant PCSK9-MS2 VLPs, or, as a
control, wild-type VLPs. All of the PCSK9-VLPs were highly immunogenic and generated
1gG responses against the displayed peptides and also against recombinant human PCSKO,
although the antibody titers varied (Fig. 2). In general, the Qp VLPs displaying conjugated
PCSK9 peptides elicited higher titer antibody responses than the recombinant PCSK9-MS2
VLPs, perhaps reflecting the importance of peptide valency in eliciting high-titer antibody
responses against self-antigens.

3.3. Immunization with PCSK9 VLPs lowers lipid levels in mice

Although mice carry much of their cholesterol on HDL [24], we first assessed the functional
effect of immunization against the various PCSK9 epitopes by measuring total cholesterol in
the immunized groups Balb/c mice before and after immunization (Fig. 3A). While control
mice immunized with wild-type QB/MS2 VLPs showed slight increases in total cholesterol
levels, all of the groups of mice immunized with PCSK9 peptides conjugated to Qp VLPs
had significantly reduced total cholesterol. Mice immunized with PCSK9507.023-Qp VLPs
had the largest reduction in total cholesterol levels; ~55% relative to the control group. In
general, there were not as dramatic reductions in total cholesterol in the groups of mice
immunized with recombinant MS2 VLPs displaying PCSK9 peptides. We also measured
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free cholesterol and triglyceride levels in the mice immunized with QB-PCSK?9 vaccines
(Fig. 3B-C). Free cholesterol levels were also significantly reduced in mice immunized with
either the PCSK9,g7.223-QP or the PCSK9153.163-Qf VLPs, and immunization with each of
the QpB-based vaccines also resulted in significant reductions in plasma triglyceride, which is
largely carried in mice by only pro-atherogenic apoB-containing lipoproteins [24].

Because immunization with the QB-PCSK957.093 VLPs resulted in the largest decrease in
cholesterol levels, our follow-up studies focused on this vaccine. This particular region of
the protein is predicted to be in a random coil conformation, which could potentially explain
why a synthetic peptide targeting this region was a better immunogen. To better characterize
immune responses and their effects on serum lipid levels, a larger group of 20 mice were
immunized with Qp;-PCSK9,07.223 VLPs and anti-PCSK9 antibody levels were measured.
Consistent with our initial study, vaccination elicited high titer antibody responses against
PCSK9 (not shown). Vaccination with QB-PCSK9,47.223 VLPs also significantly lowered
circulating lipids relative to mice immunized with control VLPs. Compared to control mice,
triglycerides were decreased by 51%, free cholesterol by 38%, total cholesterol by 28% and
phospholipids by 27% (Fig. 4). All of the differences between the vaccinated group and the
control group were highly statistically significant.

3.4. Immunization with QB-PCSK9507.203 VLPS results in increased total serum levels of

PCSK9

Previous studies have shown that the presence of anti-PCSK?9 antibodies actually raises total
soluble PCSKO9 levels in the plasma [25, 26], suggesting that anti-PCSK9 antibodies may
engage PCSK9 in vivo and form an immune complex. To assess this phenomenon, we
measured PCSKO9 levels in plasma from mice prior to vaccination and after three
immunizations with QB-PCSK9,47.223 VLPs or wild-type QB VLPs. Total PCSK9 levels
were indeed significantly elevated in mice that had been vaccinated with QB-PCSK9,47.223
VLPs compared to control wild-type QB VLPs vaccinated mice (Fig. 5A). When plasma was
treated with magnetic Protein G-coupled beads to remove immune complexes, free PCSK9
levels were substantially decreased by about 50% (Fig. 5B), similar to what has been
observed using anti-PCSK9 mAbs [25]. This suggests that increased detection of total
PCSK®9 in the experimental group was largely due to the presence of immunoglobulin-bound
PCSKO9, which likely have decreased plasma clearance compared to free PCSK9 but are
ineffective in their interaction with LDL-R. These data also provide evidence that 1gG
elicited by vaccination binds to PCSK9 in vivo.

3.5. Immunization with PCSK9 VLPs lowers LDL-C levels in macaques and works
synergistically with statins

Non-human primates (NHP) have been used as a pre-clinical model for assessing the LDL-C
lowering ability of mAbs that target PCSK9 [25, 27-29]. We, therefore, assessed the lipid
lowering capabilities of PCSK9-VLPs by performing a pilot vaccination study in a small
number (n=9) of rhesus macaques equally divided into one of 3 groups. One group received
three biweekly immunizations of 50 pug of PCSK9,47.223-Qp VLPs, a second group received
the same vaccine but with Alum adjuvant, and a control group was immunized with wild-
type QB VLPs. As shown in Fig. 6A, macaques vaccinated with PCSK9,¢7.023-Qf VLPs had
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high-titer anti-PCSK9 antibody levels. Anti-PCSK9 antibody titers were slightly higher in
the group that was immunized with VLPs plus Alum adjuvant. LDL-C, LDL-Particles
(LDL-P), and ApoB, which are all different measures of pro-atherogenic lipoproteins, were
all decreased in the vaccinated groups relative to controls. Total cholesterol was also
reduced in macaques given the PCSK9-VLPs plus Alum (Fig. 6B). LDL-C levels were
approximately 10-15% lower in the vaccinated groups relative to controls, and LDL-P
levels were reduced by 28%. However, in this limited study we did not observe a correlation
between higher anti-PCSKQ titers and reductions in pro-atherogenic markers in individual
macaques.

To assess whether vaccination worked synergistically with statins, macaques were
revaccinated, treated with simvastatin (at 30 mg/kg/day) for two weeks, and then plasma
lipids were remeasured. PCSK9-VLP vaccinated macaques treated with statins had a
dramatic and statistically significant further reduction in LDL-C and LDL-P levels (~30-
40%) compared to control vaccinated macaques (Fig. 6C). HDL levels, however, were
virtually unaffected in both groups.

4. Discussion

Since its discovery in 2003 [30], PCSK9 has become one of the most promising therapeutic
targets for cardiovascular disease. Elucidation of the biology of PCSK9 and observations of
the metabolic consequences of gain-of-function and loss-of-function mutations have
demonstrated that blocking its ability to bind LDL-R is sufficient to neutralize its activity
and results in significantly lower circulating LDL-C [31-33]. These features make PCSK9
an ideal candidate for mAb-based therapies and clinical trials of several candidates have
been highly promising. Nevertheless, mAbs have some important shortcomings that could
hinder widespread implementation. PCSK9 mAbs are expected to be relatively expensive,
particularly compared to most other lipid lowering drugs that are now mostly available in
generic form. They are estimated to cost patients $7,000 to $12,000 per year, which
represents a cost of $16 Billion annually just to treat patients with familial
hypercholesterolemia in the United States [34]. While the developed world may be able to
sustain these costs, expense is likely to be a major impediment to the use of such drugs in
the developing world. In contrast, vaccination for a wide variety of mostly infectious
communicable diseases has been proven to be compatible with the health care infrastructure
in the developed and developing world. Another limitation is that most mAbs need to be
injected frequently (usually one or twice a month) and at high doses (usually 40-100 mg).
This can result in tolerability issues and poor compliance, particularly those patients not at
very high risk. In fact, approximately half of patients discontinue oral statin therapy within
one year of initiation [35]. Moreover, a significant proportion of patients treated with mAb
lose responsiveness over time. This is often due to the induction of anti-drug antibodies, a
phenomenon that occurs even with fully human mAbs. For example, in a study that followed
RA patients treated with adalimumab (a TNF-alpha inhibitor), 28% developed anti-mAb
antibodies, and development of these antibodies correlated with treatment failure [36].
Based on these limitations of the passive immunization approach, the development of a
vaccine that actively immunizes patients against PCSK9 and effectively and safely lowers
LDL-C would be highly desirable.
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To develop an active vaccination strategy targeting PCSK9, we displayed linear epitopes
that were exposed on the surface of the molecule in proximity to the LDL-R binding site on
the surface of bacteriophage VVLPs. PCSK9-displaying VVLPs elicited high-titer peptide-
specific and recombinant human PCSK9-reactive 1gG responses. Several vaccine candidates
were identified that significantly lowered circulating lipid levels, most notably Qp-
PCSK9,g7.223 VLPs. In addition to being located near the LDL-R binding site,
characteristics of this PCSK9 epitope include a structurally disordered loop, spanning amino
acids 213-218, as well as a cleavage site for proprotein convertase furin between residues
218 and 219 [37, 38]. Furin-cleaved PCSK9 is unable to degrade LDL-R, and several
naturally occurring gain-of-function mutations in this region may therefore decrease
cleavage and hence decrease inactivation of PCSK9 [39, 40]. While these studies would
suggest that targeting of this region might prevent physiologic turnover of PCSK9, our data
indicate that antibody binding to PCSK9 at this site neutralizes PCSK9 activity.

Although the amino acid sequences of human and mouse PCSK® are highly similar, there
are several differences within some of the regions that we targeted. For example, the mouse
and human sequences differ at 3 of 9 amino acids in the PCSK9g_7¢ peptide and 2 of 13
amino acids in the PCSK91gg.200 peptide. It is possible that these differences may have
affected the anti-PCSKJ9 activity of antibodies that were elicited by hPCSK9-VLPs, and it
may, therefore, not be a coincidence that antibodies targeting huPCSK9547.223 and
huPCSK9,53.163 mediated the greatest reduction in lipid levels, since the central core of
these huPCSKQ epitopes are identical to moPCSKO9. The sequence of the macaque 207-223
epitope is identical to the mouse sequence.

Immunization with QB-PCSK9,¢7.023 VLPs led to dramatic decreases in all lipid parameters
investigated in mice, most notably in triglycerides, which are transported on mostly apoB-
contianing lipoproteins in both mice and humans. Although PCSK?9 does not appear to
modulate HDL-C levels in humans, vaccination of mice against PCSK9 has been previously
shown to lower total cholesterol in part by also lowering HDL-C [41], which could have
also accounted for our results. Given this limitation and the fact that human and mouse
PCSK®9 is not completely homologous, we also tested whether PCSK9-VLPs could also
lower plasma lipids in non-human primates (macaques). Although the decrease of 10-15%
observed in PCSK9-VLPs vaccinated macaques is seemingly small, such changes in humans
would be predicted to significantly reduce cardiovascular events [42] and is comparable to
several other commonly used lipid-lowering medications, such as bile acid resins and
fenofibrates. It is important to note that LDL-C levels at baseline in the macaques are
already quite low (~75mg/dL) compared to humans, which could have limited the effect of
the treatment. When the vaccinated macaques were co-administered simvastatin much
greater reductions of LDL-C and LDL-P were observed, consistent with the known synergy
between statins and PCSK9 inhibition. In contrast the level of anti-atherogenic HDL
particles, as measured by HDL-P, apoA-1 or by HDL-C, did not change with the treatment.

To our knowledge, only one other group (AFFiRiS AG, an Austrian biotechnology
company) is actively pursuing an active vaccination approach targeting PCSK9. AFFiRiS
uses a peptide-based vaccine in which short peptides with homology (but not identity) to
regions in PCSKO are linked to a KLH-carrier. AFFiRIS has generated interesting data in
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mice studies [26], but it is unclear whether KLH-peptide conjugates will be adequately
immunogenic in humans. Indeed, in the past when we have directly compared VLP and
KLH carriers for the induction of anti-self antibody responses against CCR5, we observed
higher titer and more functional antibody responses when using VVLPs [43]. Our macaque
data and clinical trial data by the Swiss biotechnology company Cytos against other self-
antigens besides PCSKO9 also support the concept that bacteriophage VLP-based vaccines
can induce strong anti-self antibody responses in primates [19, 44, 45].

The induction of anti-self antibody responses understandably raises some safety concerns
and should be reserved for those targets where the consequences of antibody-mediated
inhibition are well known and the benefits of vaccination outweigh potential risks. At this
point, PCSK9 appears to meet these criteria. PCSK9 mAb clinical trials have not revealed
any major safety concerns and humans with mutations that abolish PCSK9 expression are
apparently healthy [8]. Nevertheless, vaccination would presumably elicit longer lasting
antibody responses to PCSK9 and, in contrast to mAb-based therapies, it would not be
possible to rapidly decrease the serum Ab levels in response to adverse side effects. While it
is true that VLP-based vaccines targeting self-antigens can elicit high titer autoantibody
responses, these autoantibody responses do wane over time. For example, human clinical
trials performed by Cytos have demonstrated that anti-self antibody titers typically decline a
half-life of ~3 months [46]. Our laboratory has similar data in non-human primates [47, 48].
There has been no evidence for boosting by endogenous self-antigen, presumably because
foreign T cell helper responses are required to stimulate antibody production. Nevertheless,
re-immunization with vaccine can boost anti-self antibody levels. In addition, the magnitude
of the antibody response to VLP vaccines can be controlled by varying the dose and the
number of booster immunizations, and thus titers can wane quite rapidly in the first weeks
and months after the initial peak is reached (as the shorter lived plasmablasts expire).
Therefore, it should be possible to make an initial assessment of vaccine safety in a dose
escalation trial in which the titers in the initial vaccinees would be low and then rapidly drop
below the toxic range if any toxicity was observed. National regulators in the U.S. and
Europe have approved this type of design for phase 1/11 trials of other auto-antibody-
inducing vaccines [19, 44, 45]. Thus, there is ample precedent for clinical trials of a vaccine
targeting PCSKO9.

In summary, we have investigated a panel of potential PCSK9-targeting vaccines, and
identified at least one candidate for future study. The data reported here, in both mice and
macaques, provides proof-of-principle evidence that a vaccine targeting PCSK9 can
effectively lower lipid levels and work synergistically with statins. Thus, the use of VLP-
based vaccines targeting PCSK9 peptide could serve as a cost-effective alternative to other
therapies and could lead to a widely applicable vaccine-based approach for controlling
hypercholesteremia and cardiovascular disease. If successful, this approach could obviously
have a major impact on human health worldwide.
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Fig. 1. Three views of the crystal structure of PCSK9 bound to the extracellular domain of LDL-
R

The prodomain and catalytic domain of human PCSK9 are shown in dark and light green,
respectively; the extracellular domain of LDL-R is shown in dark blue. The sequences
PCSK9-derived peptides investigated in this study are shown. The top sequence shows the
human PCSKO9 peptide that was displayed on VLPs; the lower sequence shows the
homologous mouse PCSK?9 sequence. The peptides that were targeted are mapped onto the
crystal structure by color. Images were generated using the coordinates provided by the
RCSB protein data bank using the program PyMOL.
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Fig. 2. Peptide- and recombinant hPCSK9-reactive end-point dilution IgG titers in groups of
mice given 3 immunizations with VLP-based vaccines targeting PCSK9 peptides

The PCSKO9 peptide targeted and the VVLP-platform used are denoted along the x-axis of the
lower panel. Shown are (A) PCSKO9 peptide-specific responses, and (B) hPCSK9-specific
responses. In (A) each data point represents an individual mouse, lines denote the geometric
mean of each group, and nt means not tested. Data in (B) represents mean end-point
dilutions titers for groups of mice (n=5).
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Fig. 3. Plasma lipid levels in mice vaccinated with various PCSK9 peptides
(A) total cholesterol, (B) free cholesterol, and (C) and triglycerides were measured in

preimmune plasma samples and after three immunizations, and relative values obtained for
each individual sample. Controls are a mixture of mice immunized with either wild-type
MS2 or QB VLPs. Mean and SEM values are shown for each group. Experimental groups
were statistically compared to controls by independent 2-tailed t-test, using Levene’s test to
account for unequal variance when necessary. * denotes a significant decrease (p < 0.05),

** p<0.01, *** p <0.001, ns, not significant.
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Fig. 4. Quantification of plasma lipids in mice, before and after immunization with QB-

T
Post-vaccination

PCSK9207-223
Red/filled circles show QB-PCSK95g7.223 VLP immunized mouse plasma samples, and blue/

empty circles show control-immunized (Qp VLPs) samples. Mean and SEM are shown for
(A) total cholesterol, (B) free cholesterol, (C) triglycerides, and (D) phospholipids. Each
data point represents an individual mouse, lines represent means for each group. *** p <
0.001, ns, not significant.
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Fig. 5. Quantification of plasma PCSK9 in mice, before and after immunization with Q-
PCSK9207-223

(A) Red/filled circles show QB-PCSK9 (207-223)-immunized mouse plasma samples, and
black/empty circles show control-immunized (Qp VLPs) samples. Mean and SEM are
shown. (B) Effect of depleting plasma of IgG on PCSKO9 detection. Red/filled circles show
relative PCSK9 depletion from QB-PCSK9 (207-223)-immunized mouse plasma samples,
and black/empty circles show no depletion from control-immunized samples. Each data
point represents an individual mouse. In all graphs mean and SEM are shown. *, p < 0.05,
** p <0.01, ns, not significant.
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Fig. 6. Antibody and Lipid levels in QB-PCSK9,07.223 vaccinated macaques
(A) Anti-PCSK9 peptide antibody responses in plasma from vaccinated macaques (taken 2

weeks after the third immunization) were quantitated by ELISA. Shown are average OD450
values for each group of three macaques immunized with vaccine or with control wild-type
QP VLPs. (B) Lipid measurements in vaccinated macaques. Cholesterol, LDL-C, LDL-p,
and ApoB levels were measured and compared to baseline (prior to vaccination) levels.
Mean % change in lipid levels from baseline (for each group of macaques) is plotted against
the average PCSK9 antibody titer for each group. (C) Lipid measurements in vaccinated
macaques that were also treated with simvastatin (30 mg/kg/d). Lipid levels were measured
and compared to baseline (i.e. prior to vaccination/statin treatment). There were six
macaques in the PCSK9 group (blue bars; the six macaques that received vaccine with or
without Alum) and two macaques in the Qp control group (red bars). Values are averages for
each group. TC: Total Cholesterol, TG: Triglycerides, HDL-C: HDL-cholesterol, LDL-C:
LDL-cholesterol, LDL-P: LDL-particle number, ApoB: Apolipoprotein B, ApoA-I:
Apolipoprotein A-1.
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