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Abstract

Introduction Cardiovascular disease is a major global health issue, and atherosclerosis is a leading cause of
cardiovascular conditions. Traditional approaches for managing atherosclerosis have limitations, creating a need for
alternative preventive strategies such as vaccines.

Methods The authors conducted a systematic review following Cochrane Handbook and PRISMA guidelines. They
searched multiple databases for studies on preventive vaccines against atherosclerosis, including clinical trials and
experimental models. The search period was from 1950 to August 2024.

Results After screening and evaluation, 47 studies were included in the systematic review. The studies investigated
various vaccine candidates and immunization strategies. Vaccination goals involve targeting proteins that are found
in higher quantities in individuals with atherosclerosis, such as oxidized low-density lipoprotein (LDL), apolipoprotein
B-100, proprotein convertase subtilisin/kexin type-9 serine protease (PCSK9), cholesteryl ester transfer protein

(CETP), and heat shock proteins HSP60 and HSP65. The review highlights the potential of vaccines in preventing
atherosclerosis by targeting specific antigens, modulating lipoprotein metabolism, and enhancing immune
responses. Promising approaches included PCSK9 inhibitors, virus-like particle (VLP)-based vaccines, and gene-editing
techniques. Monoclonal antibodies like alirocumab, designed to inhibit PCSK9, were also effective in reducing LDL
cholesterol levels.

Conclusion This systematic review provides insights into the progress, challenges, and future directions of preventive
vaccine research against atherosclerosis. The findings support the development of effective vaccines to complement
existing preventive strategies and reduce the global burden of cardiovascular diseases.
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Introduction
Cardiovascular disease has emerged as one of the pri-
mary contributors to both early death and disability
on a worldwide scale [1, 2]. Based on the 2015 Global
Burden of Diseases, Injuries, and Risk Factor Study,
approximately 422.7 million individuals were affected by
cardiovascular disease and it was responsible for approxi-
mately 17.9 million deaths across the globe that year, con-
stituting 31% of total worldwide mortality [1, 3]. By the
year 2030, it is projected that around 23.6 million indi-
viduals will experience annual fatalities as a result of car-
diovascular diseases [4]. The significant and continuously
increasing impact of cardiovascular diseases on individu-
als, families, and healthcare systems highlights the press-
ing requirement for research on atherosclerotic diseases
and the adoption of preventive measures [4].
Atherosclerosis, the primary underlying mechanism
of numerous cardiovascular conditions, can initiate at
a young age and remain dormant and symptom-free for
extended periods before advancing to more advanced
stages [5]. The prevention and management of athero-
sclerosis, a chronic inflammatory disease of the arteries,
remains a global health challenge [6]. Atherosclerosis is a
leading cause of cardiovascular diseases like heart attacks
and strokes, which contribute to significant morbidity
and mortality worldwide [7, 8]. The traditional strategies
for managing atherosclerosis have primarily focused on
lifestyle modifications and pharmacotherapy [9]. Among
these, immunotherapy-based approaches have gained
attention as potential adjuncts to traditional therapies.
These approaches include traditional vaccine candidates,
which stimulate the immune system to recognize and
neutralize specific atherosclerosis-related antigens, and
other immunomodulatory therapies, such as monoclo-
nal antibodies (e.g.,, PCSK9 inhibitors like alirocumab
and evolocumab) and RNA-based therapeutics, which
regulate lipid metabolism and inflammation but do not
induce active immunity in the classical sense [10, 11].
The development of preventive vaccines against ath-
erosclerosis is grounded in the understanding of its
underlying pathophysiology [12]. Atherosclerosis is char-
acterized by the accumulation of lipids, immune cells,
and fibrous tissue in the arterial walls, leading to the
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formation of plaques [13, 14]. These plaques can rupture,
triggering the formation of blood clots that block blood
flow and cause severe cardiovascular events. Immune
cells, including monocytes and T lymphocytes, play key
roles in plaque formation and progression, providing
potential targets for vaccine-mediated interventions [15].

In recent years, significant progress has been made in
elucidating the immunological mechanisms involved in
atherosclerosis and identifying potential vaccine candi-
dates. Various approaches have been explored, such as
targeting specific antigens associated with atherosclerotic
plaques, modifying lipoprotein metabolism, modulating
immune responses, and utilizing novel delivery systems
to enhance vaccine efficacy. These advances hold great
promise for the development of effective preventive vac-
cines tailored to tackle atherosclerosis, potentially com-
plementing existing preventive strategies [16, 17].

In this systematic review, we comprehensively evalu-
ated the existing literature on preventive vaccine develop-
ment against atherosclerosis. We systematically analyzed
published studies, clinical trials, and experimental mod-
els to summarize the current understanding of vaccine
candidates, immunization strategies, and their potential
impact on atherosclerotic lesion development, plaque
stabilization, and clinical outcomes. By consolidating the
available evidence, this review aims to provide valuable
insights into the progress, challenges, and future direc-
tions in the field of atherosclerosis vaccine research, with
the ultimate goal of preventing and reducing the burden
of cardiovascular diseases worldwide.

Methods

To carry out this systematic review, we followed the
guidelines outlined in the Cochrane Handbook for Sys-
tematic Reviews [18]. In addition, we used the Preferred
Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) 2020 guidelines [19] in writing this review
article.

Information sources and search strategy

For this systematic review study, we systematically
searched valid databases including PubMed, Scopus,
Web of Science, Embase, and Cochrane using the follow-
ing keywords: Atherosclerosis OR Arteriosclerosis OR
Cardiovascular Disease OR CVD OR Coronary Artery
Disease OR Heart Disease AND Vaccine OR Vaccines
OR Immunization OR Prophylactic Vaccines OR Pre-
ventive Immunization OR Vaccine Therapy. The strategy
included an extensive list of keywords showed in Table 1.
The time period for searching the databases was from
1950 to August 2024. No restrictions to language or pub-
lication status were applied. Proper Boolean operators
and database filters were applied to optimize the search.
The strategies were peer reviewed by another author
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prior to execution using the Peer Review of Electronic
Search Strategies Checklist [20]. The reference lists of
relevant reviews and included studies were screened for
additional references.

Eligibility criteria

After the initial search, the records obtained from each
database are transferred to the EndNote software to start
the screening process. After eliminating duplicate stud-
ies, the initial screening process was done independently
by two researchers. We included studies that investigated
a vaccine or a vaccine adjuvant in the prevention of ath-
erosclerosis. Studies that were conducted on human
or animal samples and even cell culture media were
included. We excluded studies that investigated a biologi-
cal agent in the treatment of atherosclerosis. Also, other
type of the studies included review, abstract, seminar
presentation and posters were excluded. Any disagree-
ment between two authors in the selection of articles was
resolved through consultation with a third and experi-
enced person.

Selection process

Data related to the included studies were extracted by
two researchers independently. Two authors indepen-
dently reviewed the identified citations in a three-step
process to determine their suitability for inclusion. Titles
were initially screened based on their relevance to the
main keywords. Abstracts of potentially eligible articles
were then examined. Finally, full-text articles meeting
the inclusion criteria were independently reviewed by
both authors. Disagreements between the two authors
were resolved collaboratively or by seeking the opinion of
another author.

Data extraction

Pairs of authors independently extracted data from the
eligible studies using a pre-designed Microsoft Excel
spreadsheet. A third author conducted a quality check of
the extracted data.

This data included the name of the first author, the
location of the study, the year of publication, the factor
used as a vaccine, type of sample, intervention duration
and a summary of the results.

Risk of bias assessment

Two authors independently appraised the risk of bias
in each included study. In the event of disagreement, a
third author was consulted to provide a final assessment.
SYRCLE’s risk of bias tool for animal studies was used
to assess the risk of bias [21]. The selected studies were
assessed using the following types of bias: selection bias
(domains: sequence generation, baseline characteristics,
allocation concealment), performance bias (domains:
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randomization of animal housing conditions, blinding),
detection bias (domains; random outcome assessment,
blinding), attrition bias (domain: incomplete outcome
data), reporting bias (domain: selective outcome report-
ing), other (domain: other sources of bias). The risk level
for each domain was determined by whether the judg-
ment was yes, no, or unclear. Accordingly, domains were
classified as low risk, high risk, or unclear risk. SYRCLE’s
risk of bias tool was recalibrated to AHRQ standards,
categorizing studies as good, fair, or poor quality based
on the risk levels of the individual domains.

Data synthesis
Due to the high heterogeneity between the results, meta-
analysis was not possible in this study.

Results

Identified literature

A total of 7890 records from various languages were
found in the databases through the use of combined
search techniques (Fig. 1). Following the elimination of
duplicate entries, a total of 5700 records were selected
for initial screening based on their titles and abstracts,
and out of these, 525 records were considered for thor-
ough evaluation of their full texts. In the second phase of
screening, we evaluated the full text of the included stud-
ies and after evaluation, 47 studies were included in this
systematic study [11, 22—-67]. The included studies were
conducted between 1989 and 2024. The results of qual-
ity assessment among the animal studies were summa-
rized in Table 2. Most of the studies except nine studies
obtained fair and poor quality.

Proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors

Recently, there has been significant interest in Proprotein
Convertase Subtilisin/Kexin Type 9 (PCSK9) inhibitors
as a potential therapeutic strategy for reducing LDL-C
levels in patients with high cholesterol [68]. These agents
have shown promising results in lowering lipid levels and
reducing cardiovascular risk. However, it is important to
clarify that while some PCSK9-targeting strategies, such
as virus-like particle (VLP)-based approaches, share sim-
ilarities with vaccine technologies, they do not meet the
classical definition of a vaccine. Instead, monoclonal anti-
bodies (e.g., alirocumab, evolocumab) and gene-based
therapies (e.g., small interfering RNA like inclisiran)
function as immunotherapies or targeted interventions
rather than traditional vaccines that induce active immu-
nity [69].

PCSK9, originating from the liver, is a plasma prote-
ase. It is first produced as a 75 kDa precursor protein and
later transformed into a mature form weighing 62 kDa
through an autocatalytic cleavage process in the Golgi
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Table 2 SYRCLE's risk of Bias tool for included Studies *
Studies Risk of Bias Tool AHRQ Rating
SB PB DB AB RB (0):]
Kimura et al./2023 Low Low High Low Low Low Fair
Graham et al/2007 Low Low Unclear Unclear Low Low Fair
Momtazi-Borojeni et al./2021 Low Low High High High Low Poor
Crossey et al./2015 High Low Unclear Low Unclear Low Poor
Ding et al.2018 Low Low Low Unclear Unclear Unclear Poor
Wu et al.2021 Low Low Low Low Low Low Good
Galabova et al./2014 Low Low Low Low Low Low Good
Landlinger et al./2017 Low Unclear Low Unclear Low Low Fair
Kawakami et al./2018 Unclear Unclear Low Unclear Low Low Poor
Asgary et al./2007 Low Low Low Low Low Low Good
Zhong et al/2012 Low Low High Low Low Low Fair
Dunér et al.2021 Low Low Low High Low Low Fair
Fredrikson et al.2003 Low High High Low Low Low Poor
Chyu et al. 2005 Low Low Unclear Unclear Low Low Fair
Wigren et al.2016 Low Low Low Low Low Low Good
Hermansson et al.2011 Low Low Low Low Low Low Good
Herbin et al. 2012 Low Unclear Low Low High Low Poor
Tse etal.2013 Low Low Low Unclear Low Low Fair
Aghebati et al.2020 Low Low Low Low Low Low Good
Badiee et al.2016 Unclear Low Low Low Low Unclear Fair
Sugano et al.1998 Unclear Unclear Low High Low Unclear Poor
Whitlock et al. 1998 Low Low Unclear High Low Low Poor
Mao et al.2006 Low Unclear Low Low High High Poor
Yuan et al.2008 Low Low Low Low Low Low Good
Gutiérrez-Vidal et al.2018 Low Low Unclear Low Low Low Fair
Aghebati et al.2016 Low Low Low Low Low Low Good
Thomas et al.2009 Low Low Low Unclear Unclear Low Fair
Joo et al.2020 Low Low Low Low Low Low Good
Grundtman et al. 2015 Low Low Low Low Unclear Low Fair
Harats et al.2002 Low Low High Low Low High Poor

AHRQ indicates Agency for Healthcare Research and Quality; AB, attrition bias; DB, detection bias; OB, other bias; PB, performance bias; RB, reporting bias, SB,

selection bias

apparatus [70]. When PCSK9 is present in the blood-
stream, it attaches to the extracellular domain of the LDL
receptor (LDLR) known as epidermal growth factor-like
repeat A (EGF-A), leading to the internalization of the
receptor [71]. Afterwards, the PCSK9/LDLR complex
moves to the endosome-lysosomal compartment, where
the LDLR undergoes degradation. When the expres-
sion of LDLR on the cell surface is decreased, the levels
of circulating LDL-C (low-density lipoprotein choles-
terol) increase. Therefore, it would be advantageous to
lower the level or activity of PCSK9 in the bloodstream in
order to increase the expression of LDLR in the liver and
decrease the levels of circulating LDL-C. This approach
would help mitigate the risk of atherosclerosis in human
beings [72, 73].

Various studies, especially animal models, have investi-
gated different approaches for PCSK9 inhibition, includ-
ing monoclonal antibodies, antisense oligonucleotides,
and CRISPR-based gene editing [23, 74]. A summary of

the studies that investigated the effect of PCSK9 inhibi-
tors on the prevention of atherosclerosis is shown in
Table 3. For instance, Graham et al. demonstrated that
a PCSK9 antisense oligonucleotide (ASO) significantly
lowered total cholesterol levels and increased hepatic
LDL receptor expression in animal models [23]. In
another study, Momtazi-Borojeni et al. evaluated a nano-
liposomal anti-PCSK9 formulation, which effectively
induced PCSK9-specific antibodies in preclinical models
[25]. While this approach mimics aspects of a vaccine, it
primarily acts as an immunotherapy aimed at neutral-
izing PCSK9 activity rather than conferring long-term
acquired immunity.

The use of disease-causing genes editing techniques
has also been evaluated in the case of PCSK9. It has
been reported that after administering a single infusion
of lipid nanoparticles, researchers observed a significant
reduction in PCSK9 levels in the liver, nearly eliminat-
ing it completely. This also resulted in approximately 90%
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Table 3 The effect of PCSK9 inhibitors on the prevention of atherosclerosis

Reference

PCSK9 inhibitors type

Model type

Main Results

Liu et al.2023

Kong et al.2022

Réber et al.2021

Wu et al.2021

Momtazi-Borojen,2021

Kawakami et al.,2018

Pan,2017

Landlinger et al.2017

Ray et al.2017
Crossey et al,2015

Ding et al.2014

Galabova et al, 2014

Graham, 2007

small nucleolar RNA host
gene 16 (SNHG16)
PCSK9 inhibitor, inclisiran

PCSK9 antibody alirocumab

PCSK9QB-003 Vaccine

nano liposomal antiPCSK9
vaccine

Peptide-based anti-PCSK9
vaccines

VLP -PCSK9 peptide vac-
cines with high titer IgG
antibodies (PCSK9QR-003)

ATO4A anti-PCSK9 vaccine

Inclisiran

virus-like particle (VLP)-
based vaccines

Genome editing of PCSK9
gene

with CRISPR/Cas9
Peptide-based anti-PCSK9
vaccines

Antisense oligonucleotide
(ASQ) inhibitors

apoE—/—C57BL/6
mice
ApoE(-/-) mice

Patients with
acute myocardial
infarction

Male

ApoE™~ mice
Five male

rhesus macaque
monkeys

male Apok defi-
cient mice
Specific
Pathogen-Free
(SPF grade) male
Balb/c mice
Mice

human
Mice and
macaques
Mice

LdIr+/- mice

High fat-fed mice
for 6 weeks

The protective control of the PCSK9 inhibitor was observed in mice fed
HFD and in VSMCs treated with ox-LDL.

Significant reduction in TG, LDL and total cholesterol concentration
and increase in HDL level. It also notably suppressed the formation of
plaques and oil droplets in a manner that depended on the dosage.
Significant greater reduction in the mean change in percent atheroma
volume in non-infarct-related arteries after 52 weeks (—2.13% vs.
—0.92%).

Significant reduction in total cholesterol and LDL cholesterol, lesion area
and significant improvement in the stability of atherosclerotic plaque
Increase the number of antiPCSK9 antibodies in immunized monkeys.

Mice that received immunization showed higher LDL receptor expres-
sion on their cell surface.

The PCSK9QB-003 vaccine reduced the amount of PCSK9 in the blood-
stream and increased the expression of LDLR in the liver

The ATO4A vaccine triggered the production of elevated and enduring
levels of antibodies against PCSK9, leading to a notable decrease in
both plasma total cholesterol (by 53%, P < 0.001), atherosclerotic lesion
area and LDLc when compared to the control group.

41.9% reduction in LDL cholesterol

Significant reduction in TG, total cholesterol and phospholipids

Significant reduction in LDLR and cholesterol levels

Total cholesterol (TC) levels dropped by as much as 30%, and LDLc
levels decreased by up to 50% in the animals receiving treatment. Ad-
ditionally, the mice developed a lasting immune response to the PCSK9
vaccine for up to one year, resulting in significant and ongoing reduc-
tions in cholesterol levels throughout the entire study.

Giving high fat-fed mice a PCSK9 ASO for a duration of 6 weeks resulted
in a 53% decrease in total cholesterol and a 38% decrease in LDL levels.
Additionally, suppressing the expression of PCSK9 led to a twofold
increase in the levels of hepatic LDLR protein.

ApoE, apolipoprotein E; oxLDL, oxidized low-density lipoprotein; HFD, high-fat diet; LDL, low density lipoprotein; PCSK9, proprotein convertase subtilisin/kexin type
9; SNHG16, Small Nucleolar RNA Host Gene 16; VSMCs, vascular smooth muscle cells; TG, Triglyceride

reduction in blood levels of PCSK9 and about 60% reduc-
tion in low-density lipoprotein cholesterol. These effects
remained stable for at least 8 months following the treat-
ment with a single dose [24].

Similarly, viral vector-based strategies, such as virus-
like particle (VLP) vaccines, have been investigated for
their ability to elicit an immune response against PCSK9
[26]. For example, some types of virus-based vaccines
such as QB-PCSK9 vaccines were created by combin-
ing specific human PCSK9 peptides (PCSK968-76,
PCSK9153-163, or PCSK9207-223) with bacterio-
phage QP particles in a laboratory setting. On the other
hand, MS2-PCSK9 vaccines were produced by geneti-
cally fusing PCSK9 peptide sequences (PCSK9153-163,
PCSK9188-200, PCSK9208-222, and PCSK9368-381)
with the MS2 coat protein [75]. It has been reported that

(VLP)-based vaccines can suppresses the PCSK9 combi-
nation with LDL-R and lead to a significant reduction in
total cholesterol and LDL-C levels [76].

Alirocumab and evolocumab, which are monoclonal
antibodies called PCSK9 inhibitors, are designed to target
the PCSK9 protein and disrupt its interaction with the
LDL receptor. These antibodies are of fully human ori-
gin. Evolocumab and alirocumab were granted approval
by the European Medicines Agency in July 2015 and Sep-
tember 2015, respectively [77, 78]. These medications are
specifically prescribed for adult patients with primary
hypercholesterolemia (both heterozygous familial and
non-familial) or mixed dyslipidemia, under certain speci-
fied conditions: When used alongside a statin (with or
without other lipid-lowering treatments), these drugs are
recommended for patients who are unable to achieve the
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desired LDL-C levels even with the highest tolerated dose
of a statin. Additionally, they can be used either alone or
in combination with other lipid-lowering therapies for
patients who experience intolerance to statins or have
medical contraindications against statin usage. In a RCT
study with 300 patients, results showed that the injecting
alirocumab subcutaneously every two weeks alongside
a high-intensity statin treatment showed a much larger
decrease in the average percentage of atheroma volume
in non-infarct-related arteries after 52 weeks [79].

When compared to a placebo, Evolocumab has shown
significant efficacy. It is approved for both adults and
adolescents aged 12 and older, who have homozygous
familial hypercholesterolemia and are receiving other
lipid-lowering treatments, making it a versatile treatment
option across different age groups [80, 81].

Building on previous methods, a different strategy may
be required in cases where the current approach is inef-
fective. This alternative strategy could include utilizing a
synthetic small interfering RNA (siRNA) like inclisiran
to inhibit the production of PCSK9 in the liver [82]. The
results of the human trial showed that inclisiran adminis-
tration to patients with cardiovascular risk and elevated
LDL cholesterol led to a 41.9% reduction in LDL-C in
first dose and 52.6% reduction after second dose [27].
Also, they found in another study that inclisiran admin-
istration led to a significant reduction in LDLR degrada-
tion and LDL-C [28].

Besides controlling cholesterol metabolism, PCSK9
also plays a role in regulating various other physiological
processes, such as adipogenesis, immune function, and
interactions with several cell surface receptors, including
LOX-1, VLDLR, ApoER2, CD36, and LRP-1. CD36 and
LRP-1, which are important receptors in signaling path-
ways, are commonly found on hematopoietic and vascu-
lar-related cells [30, 31]. Therefore, it is highly likely that
PCSK9 can influence important hemostatic processes
like inflammation, hemostasis, tissue regeneration, and
repair [83]. Ding et al. (2018) discovered that when TNEF-
a-primed murine macrophages were treated with recom-
binant PCSK9, it resulted in an upregulation of CD36
expression [32]. This finding suggests that PCSK9 plays a
role in promoting the advancement of atherosclerosis. A
different research study has indicated that when CD36 is
suppressed in endothelial cells, it leads to the transport
of fatty acids across cells and reduced lipid levels in the
heart. This outcome may be attributed to the notion that
the uptake of oxidized low-density lipoprotein (ox-LDL)
depends on fatty acids [84, 85]. Finally, some studies were
showed that CSK9Qp-003 vaccine led to a significant
reduction in the area of plaques and improved the stabil-
ity of atherosclerotic plaque [33].

(2025) 25:201
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Targeting oxidized LDL (oxLDL)

Multiple antigens have been identified as potential trig-
gers for immune responses in the development of athero-
sclerosis. The extensively researched internal antigen is
oxidized low-density lipoprotein (oxLDL) [86]. The pro-
cess of lipoprotein oxidation within the arterial intima,
subsequent ingestion by macrophages, and the resulting
formation of foam cells, plays a crucial role in the pro-
gression of atherosclerosis. Moreover, the oxidation of
LDL brings about numerous changes to apoB-100’s struc-
ture, resulting in the creation of various neo-epitopes
[87]. This modification makes the oxidized LDL capable
of triggering an immune response, involving both cel-
lular and humoral components. Macrophages and den-
dritic cells, acting as antigen-presenting cells (APCs),
identify the pro-atherogenic protein oxLDL [88]. They
subsequently process this protein and display its epi-
topes to T cells [37]. Macrophages utilize a defensive
mechanism of engulfing oxLDL, leading to the presenta-
tion of epitopes on the cell surface through MHC-I and
MHC-II molecules. Afterward, CD8 + cytotoxic T cells
and CD4 + helper T cells identify and connect with these
MHC molecules, triggering the generation of T cells that
are specific to oxLDL This series of reactions stimulates
the production of pro-inflammatory cytokines and the
formation of cholesterol-rich foam cells [89].

In recent years, several studies have shown that
increasing the level of oxLDL-specific autoantibodies,
which are mainly are the Thl-specific IgG2a isotype,
through stimulating macrophages and increasing the
production of antibodies can increase the level of immu-
nity against cardiovascular diseases [17]. Habets et al. in
an animal study showed that vaccination using oxidized
low-density lipoprotein-pulsed dendritic cells led to a
significant reduction (about 87%) in carotid artery lesion
size and improvement in plaque stability [38]. Table 4
summarizes the results of studies conducted on oxLDL.
In a human study, it was shown that there was a positive
correlation between OxLDL/LDL-C ratio with the inci-
dence of atherosclerosis in diabetic patients [39]. Also, it
has been reported in an animal study that nasal oxLDL
administration could reduce the risk and progression of
atherosclerosis through some important mechanisms
such as increasing the level of CD4 +latency-associ-
ated peptide (LAP)+regulatory T cells (Tregs) and
CD4*CD25"'Foxp3* Tregs in spleens and cervical lymph
nodes, together with increased transforming growth fac-
tor (TGF)-p production and suppressed T-helper cells
type 1, 2, and 17 immune responses [41].

Targeting apolipoprotein B-100

ApoB-100, a significant constituent of the LDL protein,
interacts with oxidized LDL products like MDA through
its histidine and lysine residues [44]. After MDA attaches
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Table 4 Results of preclinical studies related to oxidized low-
density lipoprotein atherosclerosis vaccines

Reference Inter- Model Main Results
vention type
type
Zhong et Nasal ApoE-/- Nasal oxLDL significantly im-
al.2012 oxL.DL mice proved the onset and advance-
ment of atherosclerosis
Geng et oxLDL ApoE-/- They proposed that the adverse
al.2010 mice impact of ox-LDL on atheroscle-
rosis may be partially mediated
through the TLR4 pathway.
Additionally, suppressing TLR4
expression could reduce NF-
kappa B activity and the release
of MCP-1 and IL-8 in monocytes
triggered by oxidized LDL,
leading to the improvement of
atherosclerosis progression
Habets et oxidized  LDLr—/— significant reduction (about
al.2010 low- mice 87%) in carotid artery lesion size
density and improvement in plaque
lipopro- stability
tein-
pulsed
dendritic
cells
Asgary et immu- hyper- Immunization with Cu2+-LDL
al.2007 nized choles- and MDA-LDL resulted in
with terolemic  the production of antibodies
MDA- rabbits against ox-LDL that showed
LDL or statistical significance
Cu-LDL
Piarullietal.  autoan-  Patients Antibodies against IgG OxLDL
2005 tibodies  with type  could potentially serve as indi-
against 2 diabetes cators of the later stage of the
oxLDL atherosclerotic process, as well

as the immune system's reac-
tion to the presence of OxLDL
within atherosclerotic plaques.

oxLDL, oxidized low-density lipoprotein; MCP-1, IL-8, interleukin-8; Monocyte
Chemoattractant Protein-1; TLR4, toll-like receptor family; MDA-LDL,
Malondialdehyde-modified low density lipoprotein

to ApoB-100, the immune system specifically recognizes
and targets both the ApoB-100 protein and its peptide
sequences. In the past years, this protein has been the
target of many studies related to the atherosclerosis vac-
cine [75].

In an animal study conducted by Dunér et al., it was
demonstrated that administering antibodies against
apoB100 to apoE(-/-) mice resulted in a notable decrease
in atherosclerotic plaque development in the aorta,
accompanied by a reduction in MDA-LDL levels within
the lesions [43]. The results of some other studies have
shown that major histocompatibility complex (MHC)
class II-restricted ApoB peptides strengthen the immune
system against atherosclerosis by stimulating the pro-
duction of interleukin-10 (IL-10) and also by inducing
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regulatory T cells (Tregs) [11]. The results of other stud-
ies are summarized in Table 5.

The ApoB-100 protein, consisting of 302 amino acids,
possesses multiple peptides that are highly capable of
triggering an immune response [12, 45]. It has been
reported that administration of some type of MDA-mod-
ified ApoB-100 peptides specially p143 and p210 resulted
in a significant 60% decrease in the area of atherosclerotic
lesions [44]. Also, Fredrikson et al. found that MDA-
modified apoB-100 peptide p45 administration in animal
models led to a considerable reduction in the atheroscle-
rotic lesion area [46].

Cholesteryl ester transfer protein
Over a decade ago, the notion that cholesteryl ester trans-
fer protein (CETP) could have proatherogenic effects and
that inhibiting its activity could be beneficial in prevent-
ing atherosclerosis was initially proposed [90]. Addition-
ally, there have been suggestions that CETP may have
the capability to suppress the development of atheroscle-
rosis by promoting the efficient removal of cholesterol
from peripheral tissues to the liver through the Reverse
Cholesterol Transport (RCT) pathway, which facilitates
its elimination through bile [91]. Additional research on
vaccinations targeting atherosclerosis explores the use
of CETP vaccination to raise levels of HDL (high-density
lipoprotein) cholesterol [92]. CETP attaches to HDL and
facilitates the elimination of cholesterol from tissues,
transporting it to the liver for reverse cholesterol transfer,
ultimately resulting in the excretion of cholesterol [93].

Some animal studies have investigated the effect of
CETP-containing vaccines on the prevention of ath-
erosclerosis (Table 5). Diet-induced atherosclerosis is
known to occur easily in rabbits, primarily due to their
high susceptibility. Moreover, rabbits possess an inher-
ent, elevated level of CETP [91]. It has been reported in
the Sugano et al. study that administration of antisense
oligonucleotides against CETP on rabbit models led to a
significant reduction in the CETP mRNA and total cho-
lestrol [53]. Also, it has been reported that anti-CETP
antibody administration on rabbits inhibited the CETP
activity, without any significant preventive effects against
atherosclerosis development [54]. In subsequent studies,
researchers have used newer in this method by admin-
istering a DNA vaccine containing the plasmid pCR-
X8-HBc-CETP, which carries the genetic information
for the B-cell epitope of the CETP C-terminal fragment
(CETPC) displayed by hepatitis B virus core (HBc) par-
ticles, specific antibodies targeting CETP have been suc-
cessfully generated [55]. Similar results were found in
another study on female rabbits [56].

In another study, researchers used an ATV-8 vaccine
that included micellar nanoparticles consisting of the
C-terminal residues H486-5496 of CETP in pig samples
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Table 5 Results of preclinical studies related to anti-atherosclerosis vaccines

Reference Intervention type Model type Main Results
Soto et Monoclonal Antibody CR: LAcp In a 5-week vaccination study in insulin resistant rats with (200 pg subcutaneously, once a
al.2024 chP3R99 (cp/cp) male  week), chP3R99 reduced arterial lipoprotein retention, and was associated with the produc-
rats tion of antichondroitin sulfate antibodies (Ab3) able to accumulate in the arteries (dot-blot).
Tang et al. COL6A6 peptide (named  Apoe—/— Pep_A6 vaccine significantly reduced the atherosclerotic plaque area in Apoe—/— mice fed
2024 the Pep_A6 vaccine) mice with a high-fat diet for 20 weeks. Pep_A6 vaccine intervention inhibited Th1 cell differentia-
tion, which led to a decrease in inflammatory markers, including reduced production of
IFN-y and TNF-g, suggesting a shift towards a more regulatory immune response.
Dunér et Antibodies against ApoE(-/-) A notable decrease in atherosclerotic plague development in the aorta
al.2021 apoB100 peptide 210 mice
Kimura et MHC-II-restricted ApoB ApoE™"Mice Their findings suggest that immunizing with autologous ApoB peptides restricted to MHC
al.2017 peptides class Il prompts the activation of Tregs and IL-10, providing a possible explanation for the
protective effects against atherosclerosis.
Tse etal.2013  MHC-II Restricted Pep- ApoE—/— 40% reduction in overall plague burden, more than 60% reduction in aortic sinus plaque
tides from ApoB-100 Mice development
Herbin et ApoB100-derived Apoe” mice The administration of ApoB100 peptides resulted in a notable decrease in the progression
al.2012 peptides of lesions in young Apoe-/- mice.
Wigren et aBp210, a prototype ApoE—/— After 12 weeks, mice that received immunization showed higher levels of the Treg marker
al.2011 atherosclerosis vaccine Mice CD25 on CD4 cells present in the bloodstream. Additionally, the release of interferon-y, IL-4,
and IL-10 from splenocytes induced by concanavalin A (Con A) was significantly reduced.
Fredrikson et  MDA-modified apo B-100 Apo E defi-  In 25-week-old mice, immunization using MDA-modified apo B-100 peptide resulted in
al.2005 peptide cient mice  a48% and 31% reduction in atherosclerosis in the aorta, respectively. Additionally, there
was a 33% and 39% decrease in macrophage content within atherosclerotic plaques after
immunization with P45 and P74, respectively.
ChyuetL. Apo B-100 related ApoE~/— Immunization with Peptide-2 resulted in a 40% decrease in aortic atherosclerosis and an
2005 epitope Mice 80% reduction in plague inflammation compared to the control group, without affecting
circulating cholesterol levels.
Fredrikson et ApoB-100 Peptide 210 C57BL/6 Reduce atherosclerosis by about 60% and increase the collagen content of subvalvular
al.2003 mice lesions.
Aghebatiet  CETP rabbit model Rabbits vaccinated with Lip-CETP exhibited a significantly lower grade of atherosclerosis
al.2019 thickness in the aorta compared to the buffer group
Aghebatiet  Tetanus toxoid-CETP (TT- rabbit model TT-CETP was observed to inhibit CETP activity and increase HDL-C levels. However, when
al.2016 CETP) peptide compared to the control group, the vaccine did not effectively prevent the development of
aortic lesions in immunized rabbits
Gutiérrez-Vi-  Micellar nanoparticle Pigs The HB-ATV-8 vaccine administration resulted in the production of anti-CETP IgG antibod-
daletal2018 composed of lipids and a ies and decreased atherosclerotic and hepatic lesions caused by the high-fat diet
peptide segment derived
from the CETP
Thomas et Comparison of PADRE- Mice and Both mice and rabbits demonstrated a more robust production of anti-CETP antibodies in
al.2009 CET vaccine with TT-CETP  rabbit response to the vaccine peptide that incorporated the PADRE T cell epitope, compared to
vaccine the TT-CETP vaccine
Yuan et plasmid pCR-X8-HBc- rabbit model Rabbits that received intranasal vaccination with nanoparticles exhibited a 59.2% reduction
al.2008 CETP (pCETP) encoding in the average percentage of aortic lesions compared to those treated with saline
B-cell epitope
Mao et al. plasmid pCR-X8-HBc- rabbit model 80.60% reduction in the aortic lesions in the entire aorta area.
2005 CETP encoding a B-cell There was a notable decrease in the average thickness of the hypertrophic coronary artery.
epitope of CETP C-termi-
nal fragment (CETPC)
Joo et al2020 PgHSP60-derived pep- mice Significant reduction in atherosclerotic plaques.
tide 14 Significant induction of Tregs
Jing et al2020 mycobacterial HSP65 Low-density  Inducible HSP65-specific tolerance had a positive impact on the development of athero-
(mbHSP65) lipoprotein  sclerotic plaques and protection against endothelial damage.
receptor-
deficient
(LDL-RD)
mice
Grundtman et mycobacterial HSP65 ApoE(-/-) Decreased lesion size
al.2015 (MmbHSP65) mice
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Reference Intervention type Model type Main Results

Puijvelde et HSP60 LDLr(-/-) Administering HSP60 led to a noteworthy 80% decrease in plaque size in the carotid arter-
al.2007 mice ies and a 27% decrease in plaque size at the aortic root.

Harats et al. HSP65 mice Early atherosclerosis was attenuated in HSP65-fed mice

2002

ApoE, apolipoprotein E; apoB100, Apolipoprotein B100; IL-10, interleukin-10; IL-4, interleukin-4; Con A, concanavalin A; CETP, Cholesteryl ester transfer protein; Tregs,

regulatory T cells

that were fed a high-fat diet, and the results showed that
this type of vaccine had a significant effect in reducing
atherosclerotic lesions [57]. Scientists have also created
vaccines that merge B-cell epitopes of CETP with resi-
dues of tetanus toxoid (TT), which function as helper T
cell epitopes. It has been reported in an animal study on
rabbit models that the administration of tetanus toxoid-
CETP (TT-CETP) peptide caused a significant reduction
in atherosclerotic lesions [51]. Other studies that investi-
gated the effects of TT-CETP in animal samples reported
positive results [58, 59].

Heat shock proteins (HSP)

The peptides derived from HSP have been discovered
to stimulate the synthesis of cytokines that have anti-
inflammatory effects, suggesting their ability to regulate
the immune response [94]. Different epitope peptides
from bacterial HSPs have the potential to act as either
regulatory or effector molecules in the autoimmune
response associated with infection-induced atheroscle-
rosis. it was suggested that two peptides from PgHSP60,
namely Pepl4 and Pepl9, could have contrasting effects
on atherosclerosis in an ApoE knockout (ApoE KO)
mouse model, with one peptide potentially having anti-
atherogenic properties and the other peptide possibly
promoting atherogenesis [95, 96]. Humans have devel-
oped both cellular and humoral defenses targeting bacte-
rial HSP65, which is analogous to the 60-kDa human heat
shock protein 60 (HSP60). Nevertheless, in the presence
of stressors like smoking, hypertension, as well as the
accumulation of oxLDL on arterial walls, the expression
of HSP60 increases within cells. This elevation in HSP60
levels can potentially act as a catalyst for an autoim-
mune response, playing a crucial role in the onset and
advancement of atherosclerosis. An increase in the levels
of extracellular HSP60 causes it to bind more to Toll-like
receptor 4 (TLR4) and subsequently increases the level of
pro-inflammatory cytokines.

Scientists have investigated the potential of vaccines
for restoring tolerance to HSP60/HSP65. Neverthe-
less, the subcutaneous application of HSP60/HSP65 had
an adverse effect, leading to the development of larger
atherosclerotic plaques. On the flip side, oral and nasal
vaccines provoked the intended tolerance. In Joo et
al’s study, nasal immunization of mice with PgHSP60-
derived peptide 14 (Pep14) caused a significant reduction

in atherosclerotic plaques [60]. Similar results were
observed in other studies [61-64].

Clinical trials

In human studies, 2 active and passive approaches have
been used to reduce the risk of cardiovascular diseases.
In the passive approach, the goal of vaccination is to pro-
duce antibodies with the aim of reducing the level of fac-
tors involved in the pathogenesis of atherosclerosis [97].
While in the active vaccination approach, the goal is to
increase the body’s immunity to reduce the inflammatory
responses in the artery wall [98]. The influenza vaccine
is widely known as the most extensively proven case of
an active immunization that reduces the risk of cardio-
vascular issues. There is compelling epidemiological data
indicating a heightened likelihood of heart attacks and
strokes during the immediate weeks following an influ-
enza infection [99]. The exact reasons behind this con-
nection are not fully understood, but it is plausible that
the buildup of virus particles in susceptible atheroscle-
rotic plaques could worsen inflammation, potentially
heightening the chances of plaque rupture [100]. Several
studies have shown that influenza vaccination signifi-
cantly reduces the risk of certain cardiovascular events
[99, 101, 102]. Similar positive results following pneumo-
coccal vaccination were reported in some studies [103,
104].

The use of PCSK9 antibodies (Evolocumab and incli-
siran) with the aim of a vaccine to prevent atherosclerosis
has been investigated in recent years and some studies
have shown positive results, however, the big obstacle in
using these drugs is their high cost [98]. Donoghue and
colleagues conducted a lengthy clinical trial to examine
the impact of evolocumab with a statin, in comparison
to a control group, on 6635 patients with atherosclerotic
cardiovascular disease who had LDL-C levels of 70 mg/
dL or higher. The outcome revealed that 63.2% of patients
on evolocumab achieved LDL-C levels below 40 mg/
dL. Additionally, the evolocumab group exhibited a 15%
reduced risk of cardiovascular death, myocardial infarc-
tion, stroke, or hospitalization for unstable angina or cor-
onary revascularization [65].
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Difficulties linked to the clinical advancement of vaccines
for atherosclerosis

Despite the encouraging experimental outcomes of
various vaccines that help decrease atherosclerosis pro-
gression, it’s regrettable that the translation of these dis-
coveries into practical clinical use has been sluggish [17].
The experimental studies on atherosclerosis vaccines
have a common limitation in that they primarily investi-
gate the impact of prevention on early stages of athero-
sclerosis. During this phase, lesion development follows
a mostly linear pattern, allowing for a quantitative assess-
ment of the effectiveness of treatment protocols in reduc-
ing the extent of the disease. However, in real and clinical
conditions, the conditions of many patients are com-
plicated. Additionally, there are significant differences
between the immune systems of experimental animals
raised in a sterile environment since birth and humans,
who have a more evolved immune system due to expo-
sure to various foreign pathogens [17, 105].

A major challenge of peptide-based vaccines is ensur-
ing proper HLA class II matching. In order for a peptide
to activate a T-cell response by being presented on MHC
(HLA in humans) class II, it must be capable of binding
to an HLA class II allele expressed by the individual. In
an ideal scenario, multiple peptides that bind to different
HLA molecules would have to be identified, tested for
clinical effectiveness, and the patient’s HLA types would
need to be screened to select the appropriate peptide
for vaccination. Fortunately, there are ways to address
this issue, such as attaching the peptide to proteins that
strongly bind to all HLA molecules [17, 106].

Conclusions and suggestions for future studies

The results of this study indicate that in recent years, the
vaccines aimed at reducing the risk of atherosclerosis
have primarily taken the form of active vaccines, which
decrease the inflammation levels in the artery walls, and
passive vaccines, which generate antibodies that neu-
tralize a factor contributing to the development of ath-
erosclerosis. Although the results of pre-clinical studies
have been mostly positive, clinical studies are still very
limited and to prove the results of pre-clinical studies,
clinical studies with strong design and high sample size
are needed. On the other hand, in the design of clinical
studies, special attention should be paid to the limitations
mentioned in preclinical studies.
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