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Abstract

Atherosclerosis, the major underlying cause of cardiovascular diseases (CVD), is the number one
killer globally. The disease pathogenesis involves a complex interplay between metabolic and
immune components. Although lipid-lowering drugs such as statins curb the risks associated with
CVD, significant residual inflammatory risk remains. Substantial evidence from experimental
models and clinical studies has established the role of inflammation and immune effector
mechanisms in the pathogenesis of atherosclerosis. Several stages of the disease are affected by
host-mediated antigen-specific adaptive immune responses that play either protective or
proatherogenic roles. Therefore, strategies to boost an anti-atherogenic humoral and T regulatory
cell response are emerging as preventative or therapeutic strategies to lowering inflammatory
residual risks. Vaccination holds promise as an efficient, durable and relatively inexpensive
approach to induce protective adaptive immunity in atherosclerotic patients. In this review, we
discuss the status and opportunities for a human atherosclerosis vaccine. We describe 1) some of
the immunomodulatory therapeutic interventions tested in atherosclerosis 2) the immune targets
identified in pre-clinical and clinical investigations 3) immunization strategies evaluated in animal
models 4) past and ongoing clinical trials to examine the safety and efficacy of human
atherosclerosis vaccines and 5) strategies to improve and optimize vaccination in humans (antigen
selection, formulation, dose and delivery).
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1. Introduction

Cardiovascular diseases (CVD) constitute a heterogeneous group of heart and blood vessel
disorders that together are the leading cause of death in the United States [1] and worldwide.
Atherosclerosis, a disease of large- and medium-sized arteries characterised by lipid-rich
atherosclerotic plaques, is the most common pathology of CVD. When plagues rupture or
erode, Major Adverse Cardiovascular Events (MACE) ensue, including stroke and
myocardial infarction (MI). The etiology of atherosclerosis is complex, with contributions
from genetic, dietary, lifestyle, metabolic and immune components. However, the primary
events involve accumulation of modified lipoproteins, especially low density lipoprotein
(LDL) in the vessel walls, which then triggers a cascade of pro-inflammatory events [2].
During atherogenesis, LDL accumulates in the artery wall, where it becomes oxidized,
resulting in reactive aldehyde groups such as malonaldehyde (MDA). Scavenger receptor
mediated uptake of oxLDL by macrophages results in foam cell formation. It is controversial
whether foam cells are pro-inflammatory. Current therapies available for atherosclerosis,
such as statins and Proprotein Convertase Subtilisin/Kexin type 9 (PCSK?9) inhibitors,
decrease LDL cholesterol levels in the blood. Although these interventions are among the
most successful prevention strategies known in medicine, significant residual risk persists
due to ongoing inflammation [3].

Recently, immunomodulatory therapeutic approaches to combat atherosclerosis have been
explored. Anti-inflammatory drugs and monoclonal antibodies (mAbs) that target the
ongoing immune reaction have been tested in both pre-clinical and clinical studies. For
example, in a large cohort of patients with coronary heart disease, the Canakinumab Anti-
inflammatory thrombosis outcomes study (CANTOS) trial tested the effects of the anti-
IL-1B mAb canakinumab that successfully reduced MACE [4]. However, systemic
suppression of IL-1p negatively impacted host defence, leaving subjects more susceptible to
lethal and nonlethal infections.

2. New interventions based on immunomodulation

Along with the innate immune system, the adaptive immune system also contributes to
atherogenesis. The relevance of both T and B cells to disease progression was demonstrated
using animal models of atherosclerosis in which deficiency of both cell types reduced the
aortic root lesion area by 80% [5]. A growing body of evidence supports an atherogenic role
of T-helper type 1 (Th1) cells [6, 7] and a protective role of T regulatory (Treg) cells [8-10],
whereas the role of T-helper type 17 (Th17) and follicular helper T (Tfh) cells in
atherosclerosis remains controversial [11-13]. Among the B cell subsets, the B-1a cells
confer atheroprotection, possibly through production of natural IgM autoantibodies against
oxLDL [14, 15]. B-2 cells secrete isotype-switched antibodies, mainly IgG, whose role in
atherogenesis remains unclear [16]. Two recent studies have illustrated an important role of
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Germinal-center (GC) derived B cells in atherosclerosis. One study highlights the role of the
FcyRIlIb, an 1gG-binding inhibitory receptor expressed on B cells, in differentially
modulating proatherogenic adaptive GC B cell and atheroprotective B-1 responses and IgM
production in atherosclerotic male and female mice [17]. The other study illustrates an
important role of antibodies, particularly the IgG isotype, in promoting the growth and
stability of plaques in mice aorta [18].

2.1 Antibody-based immunotherapy

In the past decade, several strategies aimed at activating atheroprotective adaptive immunity
(Figure 1) have been developed. Different vaccination approaches tested in atherosclerosis
aim to directly modulate either inflammation (MDA-p45) or lipid biology (PCSK9 Abs).
Passive immunization of Apoe™~ mice with recombinant 1gG antibody against an MDA-
modified ApoB-100 peptide, MDA-p45 (Table 1), reduced atherosclerotic lesions by 50%
[19]. Another successful strategy includes inhibition of PCSK9 [20], a serine protease
secreted from hepatocytes. PCSK9 promotes LDL receptor (LDL-R) degradation in acidic
lysosomes and prevents LDLR recycling to the plasma membrane [21]. Two fully human
mADbs against PCSK9, Evolocumab and Alirocumab, are FDA-approved and used to treat
patients with homozygous familial hypercholesterolemia and patients at high risk for
atherosclerotic cardiovascular disease. These antibodies have significant therapeutic
potential, but they require frequent administration and are costly [22].

2.2 Cell-based immunotherapy

Treg numbers and the Treg: Teff ratio decrease progressively in atherosclerotic mice [23].
Adoptive transfer of CD4*CD25* Treg cells into Apoe '~ mice is atheroprotective and
significantly reduces the extent of atherosclerosis when compared to mice injected with
CD4*CD25 T cells or PBS [10]. Further research aimed at boosting Treg expansion /n vivo
viathe administration of either non-mitogenic anti-CD3 specific antibody [24] or IL2/anti-
IL2 complex [25]. Increased functional Tregs in the circulation and in lymphoid organs
correlated with reduced initial and established atherosclerosis.

The protective role of autoantigen-specific T cells has been harnessed in a recent study
where native human LDL specific T cells expressing the TCRB segment TRBV31 were
shown to attenuate atherosclerosis when adoptively transferred into human ApoB100-
transgenic Lalr”~ (HuBL) mice [13]. Transfer of ex vivo expanded polyclonal Tregs to treat
autoimmune disorders has already been successful in preclinical and phase | clinical trials of
typel diabetes mellitus (T1D) [26, 27]. However, Tregs may lose their functionality and
adopt a CD4™" T effector phenotype under inflammatory conditions [12, 28], which raises
safety concerns. Furthermore, the best dose and the frequency of cell infusions is unknown.

3. Vaccination as a promising strategy to combat atherosclerosis

In contrast to the aforementioned passive immunization strategies such as cell-based
therapies or antibody administration, vaccination involves an active immunization process
that can induce a durable and highly specific anti-atherogenic adaptive immune response in
the recipient. However, unlike vaccines for infectious diseases and cancer that aim to boost
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pro-inflammatory and lytic T cell response, atherosclerosis vaccine formulations need to
induce immunological tolerance and/or functional neutralization to alleviate the
inflammatory response. Fundamentally, there are two strategies: inducing B cell-dependent
production of neutralizing antibodies that can either block protein function (eg: anti-PCSK9)
to improve lipid profiles or may facilitate increased oxLDL uptake by phagocytosis and
subsequent clearance from circulation (eg: anti-oxLDL); inducing a durable Treg or Trl
response. Ideally, vaccination promises specific and long-term protection, is inexpensive and
thus accessible to millions of people around the globe.

3.1 Vaccines aimed at producing neutralizing antibodies

3.1.1 oxLDL and ApoB—Structural modifications of LDL such as oxLDL or MDA-
LDL create new epitopes (neoepitopes) that elicit T cell independent B1 cell responses
producing low-affinity IgM autoantibodies [14]. Detection of such autoantibodies in animal
and human atherosclerotic lesions [29, 30] led to early studies aimed at restraining
atherosclerosis by immunizing animals with MDA-LDL, oxLDL or native LDL [31, 32],
(Table 1). In all these studies, a significant reduction in atherosclerotic lesion formation was
demonstrated. Immunization with MDA-LDL but not native LDL generated antibodies
against oxidation-specific epitopes, which correlated with atheroprotection, but causality
was not rigorously tested [31]. Specific MDA-adducts have been shown to be antigenic and
could induce hapten-specific Th2-biased humoral and cellular response upon immunization
[33]. This study proved important for the assessment of atheroprotective properties of anti-
MDA specific antibodies.

Several studies showed that high levels of IgG reactive to MDA-p45 and native-p210
epitopes from ApoB-100 were associated with atheroprotection [34—-36]. A protective role of
IgM antibodies against MDA-modified APOB-100 peptides has also been suggested by a
clinical study where higher levels of IgM antibodies were associated with lower risks of
coronary disease [37]. In an attempt to find the antigenic determinant within ApoB-100,
Fredrikson et al., screened native and MDA-modified ApoB-100 for epitopes reactive to
autoantibodies in sera from patients with coronary heart disease, and identified a number of
highly reactive peptides such as p210, p45 and p32 [38]. Later reports showed that
subcutaneous immunization of Apoe™~ mice with some of these peptides along with alum
as adjuvant had an anti-atherogenic effect, and was associated with antibodies recognizing
these peptides [39-41].

3.1.2 PCSK9—Momtazi-Borojeni et al. developed a nanoliposomal peptide-based
immunization approach to inhibit PCSK9 activity [42]. Alum formulated nanoliposomal
PCSK9-specific peptide was administered subcutaneously, four times in bi-weekly intervals,
to BALB/c mice. The immunization induced a humoral response against PCSK9 and caused
a significant reduction in plasma PCSKO9 that was persistent up to one year. In another study,
APOE*3Leiden.CETP mice were used as a model for atherosclerosis. In these mice,
administration of a PCSK9-peptide vaccine reduced aortic lesion size and significantly
decreased plasma lipid by inducing a long-term humoral response against PCSK9 [43].
Similarly, vaccination with PCSK9 peptides conjugated to virus-like particle from
bacteriophage QB induced a strong humoral response in BALB/c mice and macaques [44].
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3.2 Vaccines aimed at inducing an atheroprotective Treg response

3.2.1 ApoB—Given that oxLDL and its major protein component ApoB are highly
associated with autoimmune-mediated atherosclerotic response, our group sought to evaluate
MHC Classll-restricted murine ApoB peptides (Table 1). Using a competitive peptide
binding assay, we identified 65 ApoB peptides that bind /-A? with <1uM affinity [45, 46].
One of these peptides, namely P18, is sequence identical in mouse and human APOB and
binds both mouse MHC-I1 (I-AP) and human (DRB1*0101, DRB1*0701 and several other)
MHC-II alleles [47]. Selected peptides were emulsified in Complete Freund’s adjuvant
(CFA) and administered by the subcutaneous route to 8-week old Apoe™~ mice. This was
followed by four booster injections emulsified in Incomplete Freund’s adjuvant (IFA),
administered by the intraperitoneal route every 4 weeks. This regimen reduced the lesion
size in whole aorta by 40% when compared with adjuvant alone. Moreover, immunization
with two of these peptides caused a reduction in aortic-root lesion area [45, 46]. The
protection induced by these vaccinations was associated with an increase in 1L-10 producing
T-cells [45-47] as well as an induction of Foxp3* Tregs [46, 47] in the peritoneal cavity.
Activation of peptide-specific CD4" T cells was demonstrated by antigen-specific
proliferation assays /n vitro [45] or through /n vivo evaluation of activation by immunizing
Nur77SFP mice [46, 47], in which T cells transiently upregulate GFP after antigen encounter
but not by inflammatory stimuli [48]. The Nur77 GFP mouse expresses the green fluorescent
reporter protein under the promoter of Nrdal (Nur77), an immediate early gene whose
expression is rapidly and transiently upregulated in activated lymphocytes. This mouse is an
important transgenic model to distinguish between true antigen-mediated T cell stimulation
from bystander activation by inflammatory stimuli. pMHC-1I tetramer staining was used to
examine the number and phenotype of ApoB-100-specific CD4+ T cells (p18:1-AP*) [47].
pPMHC-II are tetramers of recombinant MHC-11 molecules loaded with the relevant peptide.
40% of the p18:1-AP* CD4* T cells upregulated Foxp3 upon immunization with P18
peptide, compared to only 9% in the p18:1-AP~ CD4* T population.

3.2.2 Heat shock Proteins—Human and microbial HSPs share high sequence
homology. This is thought to cause cross-reactivity, possibly triggering pathological
autoimmune responses. Human HSP60/65 is expressed by endothelial cells in pathologic
conditions such as atherosclerosis [49]. Antibodies against HSP60/65 have been shown to be
elevated in serum of patients suffering from cardiovascular diseases [50]. This prompted the
evaluation of the therapeutic potential of HSP60/65 vaccination in atherosclerosis (Table 1).
Indeed, immunization with whole HSP60/65 protein or HSP60 peptides was shown to
reduce early atherosclerotic lesions [51-55]. The protection observed in these studies was
accompanied by an increase in IL-10 producing cells and expansion of CD4*CD25*Foxp3*
Treg cells.

4. Correlative evidence for the role of the adaptive immune system in CVD

The progress made in unravelling the key role of inflammation and the immune system at
various stages of CVD in animal models motivated further research to find evidence for
similar contributions of the immune components in the pathogenesis of human
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atherosclerosis. Using computational approaches such as genome-wide association studies
(GWAYS), large-scale population studies have identified Single Nucleotide Polymorphisms in
inflammatory genes and non-coding regulatory loci that correlate with CAD and MI [56—
58].

4.1 Network analysis of gene expression to find immune-associated signatures in the
blood of participants in the Framingham Heart Study

Huan et.al., undertook a systems biology approach that integrated whole blood
transcriptomes with network approaches, genome-wide association studies (GWAS), and
genetics [59]. Blood samples from 188 pairs of CHD cases and controls from the
Framingham Heart Study, a longitudinal cardiovascular cohort study, were used for analysis.
Their analysis identified co-expression modules that differ between cases and controls. Next,
they screened for an enrichment of CHD-associated Expression Quantitative Trait Loci
(eQTLs), which are genomic regions whose variations account for differences in expression
of the differentially regulated genes. Finally, using Bayesian networks (BNs) and protein-
protein interaction (PPI) circuits, they identified putative upstream modulators of the
differentially expressed genes. The genes that were most strongly enriched in the controls,
but not in the CHD patients, were those associated with B cell activation, indicating a
protective role of the humoral immune response in atherosclerosis.

4.2.1 Correlations between antibodies and carotid plaque characteristics—A
large number of clinical observational studies have demonstrated an association between
CVD and antibodies against self-antigens. In a population-based cohort of 1,022 subjects,
levels of plasma IgM against oxLDL inversely correlated with carotid artery intima media
thickness (IMT) [60]. Clinical studies measuring autoantibodies have shown that high levels
of plasma IgG correlated with increased lipid content of the plaques, while IgM levels were
associated with less lipids and macrophages [61]. A study by Khamis et.al. showed that in a
hypertensive population, total serum IgG levels, and to a lesser extent IgM levels, correlate
inversely with CHD risks [62]. Importantly, they show that 1gG and IgM antibodies against
MDA-LDL are no longer associated with CV events if adjusted for total serum IgG and IgM
levels, respectively. Human atherosclerosis is also associated with abundant expression of
HSPs and elevated levels of anti-HSP65 in the serum [63].

4.2.2 T cells in human atherosclerosis—Immunchistochemical methods have
detected CD3™" T cells in both human coronary arteries and ruptured coronary plaques [64].
Evidence for a local antigen-driven immune response emerged from T cell repertoire
analysis in coronary plaque specimens from acute coronary syndrome (ACS) patients [65].
Unstable plaques not only had greater T cell content (as demonstrated by quantitative RT-
PCR) but the array of their Complementarity Determining Region (CDR3) motifs, as
assessed by spectratyping, was also skewed, indicating selective expansion of specific T-cell
clones [65]. Spectratyping involves PCR-based amplification of CDR3 variable region
whose sequence variations account for most of the variability associated with T cell
Receptors (TCR). The length and sequence pattern is unique to individual T cell clones.
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HLA-restricted proliferative capacity and cytokine production have been demonstrated
against oxLDL and human HSP60 epitopes in T cells from atherosclerotic lesions [66].
Based on FACS-based Intracellular-cytokine staining after PMA ionomycin stimulation,
Interferon gamma (IFN-v) producing CD4* effector memory T cells (TEM) seemed to be
the dominant T cell subtype in the lesions [66].

Immunohistochemistry and gRT-PCR to detect IL-2 and IFN-y in human carotid plaques [7]
revealed expansion of Th1 cells in patients with unstable CAD, accompanied by a
concomitant decrease in CD4*CD25*Foxp3™ T lymphocytes [67]. FACS analysis of T cell
subset-specific gene expression and ELISA of plasma cytokines demonstrated increased Thl
cells and decreased Tregs in the peripheral blood of patients with ACS [68]. This was
accompanied by elevated levels of IFN-y in the plasma of CAD patients, while plasma TGF-
B1 was decreased in ACS patients as compared to those with normal coronary arteries. A
perturbed Th17/Treg balance was also reported in ACS patients with increased ratio of
RORvyt*/Foxp3* T cells in circulation, in conjunction with higher levels of Th17 related
cytokines (IL-17, IL-6 and IL-23) and diminished Treg related cytokines (IL-10 and TGF-

B1) [69].

Immunohistochemical staining of stable and unstable carotid plaques revealed reduced
numbers of Tregs in vulnerable plaques, which are characterised by thin caps, increased
immune cell infiltration and hence enhanced susceptibility to rupture [70]. CD4*CD25*
Tregs present in the circulation of ACS patients were not only low in number but also
functionally compromised [71]. The in vitro suppressive ability of Tregs is often mediated
by IL-10. Low plasma levels of IL-10 have been associated with deterioration of coronary
disease, highlighting a protective role of 1L-10 in CAD [67].

Using DRB1*0701 tetramers loaded with the APOB peptide p18 showed that APOB-
specific CD4+ T cells in blood from donors without cardiovascular disease were mostly
Foxp3+ Tregs. In donors with subclinical CVD as detected by carotid artery ultrasound, the
APOB specific CD4+ T cells increased in number and the bulk of them expressed both
FoxP3 and the Th17 transcription factor RORyt [47].

4.2.3 B cells in human atherosclerosis—B cells have been identified in the
adventitia and intima of coronary artery samples [64]. Antigen-driven clonal expansion of B
cells has been detected in coronary plaques [72]. Hamze et al characterized the
immunoglobulin repertoire in human carotid endarterectomy samples and provided evidence
for ongoing local B cell differentiation and maturation in the arterial walls [73]. Many B
cells reside in artery tertiary lymphoid organs (ATLOSs), which develop in aortas of old mice
and are found in human coronary arteries with atherosclerosis [74]. It is important to also
mention that the vast majority of experimental studies showing the impact of B cells in
atherosclerosis have been conducted in young animals that typically do not present ATLOs,
suggesting that B cells may influence atherosclerosis via different anatomical sites and at
different stages of the disease. B-1 cells present in the ATLOs have been reported to secrete
IgM antibodies locally [75]. Natural IgMs are known to protect children from Strepcoccus
pneumoniae infections and cross-react with oxidation-specific epitopes (OSEs) [76]. An
inverse correlation between OSE-specific IgM and carotid artery IMT has been observed in
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several clinical studies [60, 61]. Another study showed differential association of two
different B cell subsets with risk for acute CV events [77]. While protective CD19+CD40+
B cells correlated negatively with risks of a stroke event, CD19+CD86+ B cell subset was
associated with a proinflammatory phenotype and increased risk for development of stroke.

4.2.4 Cytokines—All major T-cell related cytokines such as IFN-y (Th1), IL-17 (Th17),
IL-4,5,13 (Th2) and IL-10 (Tregs) are critical modulators of atherosclerosis. Blocking
IL17A signaling through administration of anti-IL17A antibody in atherosclerotic mice led
to reduced formation and increased stability of plaques [78]. IL17 neutralizing antibodies
such as secukinumab have been successfully tested in clinical trials for autoimmune diseases
such as psoriasis. However, inhibitors of the IL17A pathway should be used with caution as
more unexpected MACE were reported in the treated group compared to placebo-treated
subjects [79, 80]. Administration of IL-2/anti-IL2 mAb complexes promotes Treg expansion
and has proved successful in reducing lesion development and disease progression in mouse
models [25]. Currently, treatment with recombinant IL2 (aldesleukin) is approved for renal
cell carcinoma and metastatic melanoma. Zhao et al. proposed to use low dose IL-2 to
specifically expand Treg cells, thereby limiting immune responses in patients with ACS and
stable ischemic heart disease [81]. The primary endpoint of this trial (Trial registration
number NCT03113773) is to show that aldesleukin administration is safe and will determine
the dose needed to elevate the number of Treg cells in circulation by at least 75%.

5. Path to an atherosclerosis vaccine for humans: hurdles and

opportunities

Despite the complex pathology of cardiovascular diseases in humans, it is becoming
increasingly clear that disease-related immune responses in patients bear striking
resemblance to those identified in animal models. The success of mAbs against PCSK9 in
humans [82] provides strong support for antigen-specific immunotherapy, particularly
vaccination. Here, we provide an update of the vaccines that have been evaluated in clinical
trials for human atherosclerosis (Table 2).

5.1 An update on clinical trials

a) to improve the lipid profile

CETP vaccine trial —: The first human atherosclerosis vaccine was directed against the
Cholesterol Ester Transfer Protein (CETP), a key enzyme in HDL metabolism [83] whose
inhibition changes the ratio of LDL to HDL cholesterol. Single injection of the CETi-1
vaccine induced anti-CETP antibodies in only one out of 36 patients [83]. However, a
second injection resulted in specific humoral response in 53% of treated individuals, as
compared to 0% in the placebo group. No significant changes in HDL levels were observed.
Later, an Austrian company, AFFiRiS evaluated the safety and immunogenicity of another
CETP vaccine, ATHO3 (ClinicalTrials.gov NCT01284582). This non-randomized, open-
label Phase 1 study included three groups, each with 12 healthy males having blood HDLc
levels at or below 80 mg/dl. The study reported ATHO3 to be safe and well tolerated in
groups that received four vaccinations of 10 or 30 or 100 ug of ATHO3 in 0.2% alum. No
evaluation of HDL levels was reported.
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PCSK9-based vaccine trials —: Human mAbs against PCSK9 (alirocumab and
evolocumab) have already been approved by the European Commission (EC) and US Food
and Drug Administration (FDA) as adjunct therapy for hypercholesterolemia. AFFIRIS, in
collaboration with the Medical University of Vienna are currently testing two PCSK9-based
peptide vaccines (AFFITOPE ATO4A AND AT06A) ( ClinicalTrials.gov NCT02508896). In
this single-blind, randomized study, 72 healthy subjects were divided into three groups — one
placebo and 2 test groups. The treatment groups received three subcutaneous priming
injections of either one of the two peptides adsorbed to 1 mg aluminium oxyhydroxide and a
boost, one year later. The primary outcome measures included occurrence of Serious
Adverse Events (SAE). These are defined by norms of FDA and include adverse outcomes
such as death, life-threatening experience, inpatient or prolonged hospitalization, disability
or permanent damage. Secondary outcomes involved measure of titres of antibodies directed
against the test peptides and changes in mean cholesterol levels (total, VLDL, HDL),
triglycerides and PCSK9 levels. This study evaluated the safety of the PCSK9 vaccines and
tested their efficacies in lowering lipid levels through an induction of humoral response.
Protective or potentially deleterious T cell responses were not analyzed. This Phase | trial
has been completed on August 31, 2017. The results are yet to be published.

b) to directly modulate the inflammatory response

AUSPICE trial —: Vaccinating mice with a Streptococcus pneumoniae vaccine has been
shown to reduce atherosclerosis burden, associated with inducing antibodies that cross-react
with oxLDL [76]. A systematic meta-analysis of acute-coronary syndrome (ACS) events in
8 human observational studies that tested pneumococcal polysaccharide vaccine (PPV) as an
intervention revealed that PPV is associated with a 17% reduction in the risk for ACS events
in patients older than 65 years [84]. This same group has now undertaken the first registered
randomized, double-blind, placebo-controlled clinical trial, the AUSPICE, to evaluate the
cardioprotective potential of the 23-valent PPV [85]. (Australia and New Zealand trial
registry ACTRN12615000536561). The ongoing trial includes participants in the age range
of 55-60 years, with no history of CVD events, but at an increased risk of developing heart
disease. While the treatment group received intramuscular injection of a single dose of PPV,
the control group received saline. The primary outcome is the incidence of fatal and non-
fatal CVD events such as unstable angina, acute myocardial infarction and cerebral
infarction, over a period of 6 years with interim analysis at 3 years after randomization.
Serum antibody titres against oxLDL and pneumococcus and surrogate measures such as
carotid IMT will be compared between vaccinated and placebo groups.

V-6 vaccine trials —: Both atherosclerosis and obesity are the results of abnormal lipid
metabolism, which are major risk factors for CHD. It has been demonstrated that obesity,
like atherosclerosis, is also associated with chronic inflammation mediated by the host
immune system against self-antigens [86]. One group hypothesised that oral administration
of pooled adipose tissue antigens in overweight patients can skew the autoimmune response
towards tolerance and induce a favourable lipid profile. They conducted two small-scale
Phase Il open label clinical trials [87, 88] to study the safety and efficacy of the
atherosclerosis vaccine V-6, a tableted preparation of antigens from pig adipose tissue.
Although these preliminary studies had small sample size (12-13 volunteers) with short-
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term follow-up of only 2—-3 months, significant increases in HDL levels and reduced
triglyceride levels were observed. This led to a large-scale, randomized, double-blind,
placebo-controlled, phase 111 trial of the V-6 vaccine ( Clinical Trials.gov NCT03042741).
The study includes 300 obese individuals. While one half of the group received V-6 tablets,
the remaining subjects received placebo pills once per day for one month. Primary outcome
measures include a change in lipid profile (total cholesterol, LDL, HDL, and triglycerides).
The secondary outcome measures monitor effects on obesity indices such as diameter of
waist, mid-arm and hip, changes in systolic and diastolic blood pressures, and blood glucose
levels. The estimated date for completion of this study was December 18, 2018. This clinical
trial, which aims to treat atherosclerosis in overweight people, does not monitor
cardiovascular risk factors or immunological parameters.

In Europe, a team of experts from academic research institutions, small and medium-sized
enterprises (SMEs), and pharmaceutical industry have come together under the Vaccination
in Atherosclerosis (VIA) Consortium to develop a vaccine for atherosclerosis that can
substantially lower the risk of coronary disease (http://www.viavaccine.com). The major
focus of the program is to optimize a therapeutic vaccine that can reverse atherosclerosis-
associated inflammatory responses and restore immune homeostasis within the arterial
walls. They plan to conduct phase I clinical trials to determine its safety.

6. Strategies to optimize T cell peptide vaccines for atherosclerosis

T cell vaccine candidates for atherosclerosis have been well studied in animal models, with a
focus on ApoB-100 and HSPs. Human data suggests that these proteins likely drive antigen-
dependent immune responses in patients as well. For the generation of a successful T cell
based vaccine in atherosclerosis it will be important to consider key factors such as
appropriate antigen selection, vaccine formulation, dosage and timing.

6.1 Antigen selection

The first step involves the identification and validation of human epitopes and their
appropriate presentation by class-11 MHC molecules. Although /n sifico methods predicting
binding affinities provide good starting points, a more authentic yet challenging discovery
approach is mass spectrometric sequencing of peptides eluted from MHC molecules on cells
from human samples [89]. The next step often includes /n vitro functional assays such as
cytokine production in response to /n vitro peptide re-stimulation. Validation steps involve
tetramer staining of antigen-specific T cell populations. The enormous heterogeneity of the
human HLA locus makes the manufacture of individual peptide-MHC tetramer combination
a daunting task. Linking the peptide to li protein bypasses HLA-DR restriction since the li-
key segment binds to all HLA molecules with high affinity [90]. This strategy also ensures
preferential loading of the coupled peptide onto MHC molecules as the li segment replaces
endogenous bound antigens [90]. This strategy has been tested for various peptide-based
vaccines for cancer [91].
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6.2 Immunization platform

Mucosal vaccination that elicits a tolerogenic response has been shown to trigger both
humoral and T cell memory at mucosal sites as well as systemically [92]. Frequent
administration of a low dose antigen or a single delivery of high antigen dose can both
induce mucosal tolerance. Encapsulation of peptide epitopes within liposomes,
microspheres, virus-like-particles and nanoparticle-based delivery systems can improve
bioavailability of the peptides across the mucosal barrier and will also protect them from
degradative enzymes encountered at mucosal sites. Another new, convenient and cost-
effective delivery platform includes plant and bacteria-based vaccines [93, 94]. The
ApoB-100 p210 peptide:CETP chimeric protein, fused to non-toxic B subunits of cholera
toxin (CTB), expressed in tobacco plants efficiently induced an antigen-specific antibody
response in mice [95].

Several reports have confirmed that the pathogenesis of CVD is associated with reduced
Treg frequency and a defect in their suppressive phenotype. Therefore, inclusion of an
appropriate Treg inducing adjuvant in the vaccination regime may help to dampen disease-
associated inflammation. Intranasal administration of p210:CTB fusion to mice resulted in
35% reduction in atherosclerosis v7a induction of IL-10 producing Tr1 cells that inhibit
antigen-specific effector cells [96]. TLR2 signaling has been shown to mediate induction of
antigen-specific Treg responses in mouse models of Type | diabetes upon treatment with
Diapep277 vaccine [97], highlighting the benefits of using TLR2 ligands as adjuvants.
Diapep277 is an HSP60-derived peptide that that was proven to be safe in clinical trials for
T1D [98].

6.3 Response duration and stability

Duration of response, safety and protective efficacy of the vaccine need to be thoroughly
examined. Conclusions based solely on numbers of peripheral antigen-reactive Tregs may be
misleading. It will be more important to consider whether circulating Tregs home efficiently
to sites of inflammation and are able to function as effective suppressors. Work from our
group and others have shown that Tregs in the inflamed areas undergo phenotypic changes
and lose their suppressive capacity [12, 28, 99]. Hence, vaccine design may need to include
strategies to maintain Treg functionality under pathological settings. Co-administration of
immunosuppressive drugs such as dexamethasone, retinoic acid, vitamin D3 analogs and
rapamycin analogs can enhance Treg induction via generation of tolerogenic DCs.
Alternately, mAbs that target co-stimulatory pathways can be used to inhibit T effector cell
proliferation. For example, Abatacept or CTLA-4-1g (a fusion protein that blocks B7/CD28
co-stimulation) is approved for autoimmune disorders such as rheumatoid arthritis (RA).
Such systemic and broad-spectrum strategies of immunomodulation may weaken host
defence.

7. Conclusions

A pivotal role of the adaptive immune system has now been firmly established in animal
models of atherosclerosis, with strong correlative evidence emerging from clinical studies as
well. These studies have provided ample motivation for the development of novel
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therapeutic interventions that target inflammation. Global immunosuppressive or anti-
cytokine strategies can increase the risk of infections. Monoclonal antibodies to PCSK9 are
approved, successful, but inconvenient for the patient and expensive for the health care
system. siRNA to PCSK9 promises longer-lived responses of up to 9 months [100]. Pre-
clinical data suggests that immunization-induced humoral and cell-based adaptive immune
responses can curb the progression of atherosclerosis. However, the antigen selection,
vaccine design and the immunization regime need to be optimized before a human
atherosclerosis vaccine may be developed (Figure 2). To achieve these goals, it is critical to
have a better understanding of the human-specific molecular mechanisms underlying disease
progression. Likely, the design and development of a preventative vaccine will differ
substantially from that of a therapeutic vaccine.
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Figure 1. Approaches to atherosclerosis vaccines.
A: Antibody-based vaccines may target PCSK9, CETP or other proteins. The antigenic

protein is engineered, possibly using a carrier protein (tan). MHC-II-restricted T cell
epitopes induce a CD4 T cell response that, in the presence of IL-6 and IL-27, can result in
follicular helper TFH cells, characterized by the transcription factor Bcl6 (orange). In
germinal centres, TFH cells provide help to B cells, induce antibody isotype switch from
IgM to 1gG and support the maturation of B cells to long-lived 1gG-secreting plasma cells
(green). Without T cell help, B cells can mature into IgM-producing plasma cells (tan). B:
Self-reactive Tregs can be targeted when self- peptides are administered through an
appropriate route and formulated in a suitable adjuvant. After vaccination, antigen-specific
peptides are presented to naive self-reactive T cells through MHC class 1l on APCs. This
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results in activation of antigen-specific Tregs. Activated Tregs suppress effector T cells by
cell contact-dependent mechanisms and by secreting anti-inflammatory cytokines, such as
IL-10, IL-35, and TGFp. ApoB: apolipoprotein B, APC: antigen-presenting cell, Tpy: T
follicular cell, Treg: regulatory T cell, Teff: T effector cell, MHC: major histocompatibility
complex, TCR: T cell receptor.
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Clinical

Antigenic-peptide Discovery
and validation (Human and mouse)

- Computational
- Mass-spectrometry
- Re-stimulation assay

Technology Pre-Clinical

Figure 2. Overview of vaccine design development.
The triangle illustrates the stages required for the development of effective atheroprotective

vaccines — the technologies (left, mauve), pre-clinical studies (right, green), antigen
discovery (center, yellow) and vaccine formulation, toxicology and clinical studies (top,
blue).
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Table 1:

Summary of atheroprotective peptides used for vaccination
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Target Peptide name Peptide sequence Reference
protein
Human APOB Native P2 ATRFKHLRKYTYNYEAESSS [40]
MDA-P74 VISIPRLQAEARSEILAHWS [39]
MDA-P45 IEIGLEGKGFEPTLEALFGK [39]
P45 CIEIGLEGKGFEPTLEALFGK [41]
P210 KTTKQSFDLSVKAQYKKNKH [41]
P18 SLFFSAQPFEITAST [47]
Mouse ApoB P33501-3516 SQEYSGSVANEANVY [45]
P6g75_993 TGAYSNASSTESASY
P183030-3044 SLFFSAQPFEITAST [47]
P101705_720 FGKQGFFPDSVNKALY [46]
P102441_456 TLYALSHAVNSYFDVD
P1033953-3968 LYYKEDKTSLSASAAS
Human P153-163 SIPWNLERITP [44]
PCSK9
Pss_76 AKDPWRLPG
P207-223 NVPEEDGTRFHRQASKC
Variants of the PCSK9 fragment having amino acid sequence [43] and Patent application:
SIPWNLERITPPR PCT/EP2013/067797
CGGGSIPWNLERITPVRKKAQYIKANSKFIGITEL [42]
HSP65 P34166-180 KVGNEGVITVEESNT [52]
P67331-345 VEGAGDTDAIAGRVA
P84416-430 TLLQAAPTLDELKLE
P85421-435 APTLDELKLEGDEAT
HSP60 P253-268 EGEALSTLVVNKIRGT [53]
Human HSP60 CAELKKQSKPVT [55]
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