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Abstract

Vaccination against atherosclerosis as a potential effective approach has 
been under investigation for more than 20 years. Different antigens have 
been tested in animals with a great success. Lipid-related antigens like Ox-
LDL, PCSK9, non-lipid related antigens like interleukins, HSPs β2GPI, DNA 
vaccination and whole cell vaccination are some examples of successful 
examinations in animals. Plant-based vaccination which has some advantages 
over traditional methods has been attracted the scientists´ attention recently.  
Despite the very substantial struggles and promising results during these years, 
vaccination against atherosclerosis could not be utilized for the treatment of 
atherosclerosis in human in part due to the lack of clinical trials to access its 
safety and efficacy. In fact, designing clinical trials with a sufficient number 
of participants together with a sufficient duration of follow up to explore the 
influence of vaccine on the prevention and treatment of atherosclerosis seems 
to be an imperative requisiteness. It looks investing on clinical trials must be 
a priority to achieve a clear sight regarding the new, tempting, and promising 
strategy for vaccination against atherosclerosis.

Background
Despite a lot of efforts to reduce the burden of atherosclerosis, 

it still remained as the principal reason of death worldwide. 
Atherosclerosis is an inflammatory disease in which both innate and 
adaptive immune responses are involving through all the stages of 
the disease1,2.

Vaccination against atherosclerosis is a rather new, potential 
effective approach that has been attracted scientists´ attention over 
20 years. However, to date, almost all the investigations have been 
conducted in animals and only very few clinical trials have been 
performed in human24,26-28.

As atherosclerosis is a complex and multifactorial disease, finding 
proper antigen and adjuvant for vaccination against the disease is 
not as simple as finding suitable antigens in infectious diseases. 

Though, in recent years, utilizing different antigens like oxidized 
low density lipoprotein (OxLDL), Interleukins (ILs), Proprotein 
convertase substilisin/kexin type 9 (PCSK9) have been associated 
with a great success in animal models.

Not like other autoimmune diseases, atherosclerosis begins at 
the very early ages3, one of the characteristics of the disease that 
persuades investigators to struggle in order to prevent it at the very 
early phase. 

Immunomodulation as a potential strategy to reduce 
atherosclerosis could be a successful tool if it results in stopping 
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and regression of the plaque growth, stabilizing the plaque, 
and diminishing the inflammatory process associated with 
atherosclerotic plaque formation3. Concerning vaccination 
against atherosclerosis, there are two approaches which 
include selective suppression of pro-atherogenic immune 
response, and selective activation of anti-atherogenic 
immune response3.

In this mini review different antigens and vaccination 
methods will be briefly discussed. It might be said that 
now, in this subject finding proper antigen is not a big deal 
thus far, but designing clinical trials with sufficient human 
participation, and sufficient follow up to consider the 
efficacy and safety of successful vaccines in human is the 
greater apprehension now.

Types of Antigens and Vaccinations

Lipid-related antigens
Ox-LDL and apoprotein B100 (Apo B100) derived peptides 

are at the forefront of antigens used for vaccination, because 
they have a strong causative link with atherothrombosis. 
Several studies confirmed the correlation between anti-
OxLDL antibody titers and the extent of protection against 
atherosclerosis progression4-7. Correspondingly, a positive 
correlation has been described between the concentration 
of Ox-LDL and severity of coronary artery disease (CAD) 
and acute coronary syndrome (ACS)8-10.

Antibodies against lipoproteins seem to be both 
protective and proatherogenic depending on their 
predominancy. If IgM antibody recognizing epitopes on Ox-
LDL and phosphorylcholine (PC) headgroups on the surface 
of apoptotic cells would be the predominant antibody, it 
would be protective against atherosclerosis11-14. In contrast, 
the predominant IgG antibody leads to proatherogenic 
effects15-18.

Among several potential antigenic epitopes within Apo 
B100, P210 had been the most frequent used antigen in 
vaccine formulation because of its strong atheroprotective 
effects20-22. The use of immunoreactive peptides like P210 
along with P2 and P143 in vaccine formulation have been 
demonstrated to reduce atherosclerosis by 40-70% in mice 
model19,23.

Cholesteryl ester transfer protein(CETP) is a protein 
involved in reverse cholesterol transfer pathway which 
explains its atherprotective role. However, its role in 
transferring cholesteryl ester from high density lipoprotein 
(HDL) results in reduction of the cholesterol content of HDL, 
the apoprotein A1 (ApoA1) content, and the size of HDL 
particle that elucidates the atherogenic role of CETP22,25.

Given the controversial role of CETP, the results 
of the studies in which CETP inhibitors were used for 
the treatment of atherosclerosis both in animals and 

human models have shown conflicting results as well. 
For instance, in the ILLUSTRATE (Investigation of Lipid 
Level Management Using Coronary Ultrasound to Assess 
Reduction of Atherosclerosis) trial in which a CETP 
inhibitor called torcetrapib was prescribed to the patients, 
no regression of coronary atherosclerosis was observed26. 
However, in post hoc analysis of the study, a significant 
reduction of coronary atherosclerosis was observed in the 
highest HDL-cholesterol quartile27.

In the ILLUMINATE (Investigation of Lipid Management 
to Understand its Impact in Atherosclerotic Events) 
trial torcetrapib plus atorvastatin was compared with 
atorvastatin plus placebo. The trial was prematurely 
stopped because of adverse events and deaths in the 
torcetrapib group representing other novel protective 
functions of CETP such as protection against lipoprotein 
oxidation, anti-inflammatory, and anti-adipogenic 
activities24,28.

PCSK9 is an enzyme which binds to LDL receptor, 
prohibits it from recycling to the cell surface to uptake 
more LDL cholesterol, and leads to increase the circulating 
level of LDL cholesterol. The circulating level of PCSK9 has 
been demonstrated to correlate with future cardiovascular 
events30. Passive immunization of PCSK9 has been 
successful through PCSK9 monoclonal antibodies like 
Alicrumab and evolocumab in reducing LDL cholesterol 
concentration29. However, there are some drawbacks of 
these drugs such as poor drug adherence due to the need 
for intermittent injection, high cost, and adverse effects. 
In contrast, the active immunization against PCSK9 has 
been investigated and established promising results29,33. 
Landlinger and his colleagues proved the positive effects 
of the active immunization of mice model with AT04A 
which mimics N-terminal epitope of mature human and 
homologue mouse PCSK9 protein.  They established 
a significant decrease in serum level of PCSK9, LDL 
cholesterol, the necrotic core content, and both area and 
number of atherosclerotic lesions31,32. AT04A vaccine is 
currently being tested in a phase I clinical trial awaiting for 
its final results32.

However, there are some downsides regarding the 
peptide antigens such as low immunogenicity that needs 
to be improved.  Adjuvants as useful tools to augment the 
immunogenicity of the peptide antigens have been utilized 
by investigators include keyhole limpet hemocyanin 
(KLH)31, DNA34, and virus-like particles (VLP)35 which 
strongly increased the immunogenicity. However, there are 
still a lot of concerns regarding their safety and efficiency 
in human39.

In this line, an appropriate strategy to produce strong 
antibody responses against self-antigens is to present 
them in a repetitive and highly dense format36,37. Liposome 
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nanoparticles are safe bilayer spherical vesicles that 
have been frequently used as adjuvant delivery systems 
in vaccine formulations. They are feasible carriers for 
displaying antigens in peptide-based vaccines34. It was 
found that vaccines containing PCSK9 peptide exposed on 
the nanoliposome surface could induce long-term, strong, 
safe, and specific antibodies against PCSK9 in BALB/c 
mice38. In this line, Momtazi-Borojeni, et al showed that 
nanoliposomal PCSK9 vaccine could generate long-lasting, 
functional, and safe PCSK9-specific antibodies in mice with 
severe atherosclerosis, which was associated with long-
term therapeutic effect against hypercholesterolemia and 
atherosclerosis39.

Non-lipid related antigens
Apo lipoprotein E (ApoE) is a lipid transport protein 

which carries out its protective effects through vascular 
alterations by N-terminus of the protein. However, the 
function of C-terminus of the protein has been partially 
defined. Among peptides eluted, Ep1.B (239–252) is a 
14-amino acid C-terminal ApoE peptide that is a fragment 
of a naturally processed peptides (236-252) of murine 
ApoE. It was demonstrated that Ep1.B injection reduced 
neointimal hyperplasia after vascular surgery in rats and 
mice40,60.

Heat shock proteins (HSPs) is found on the surface of 
endothelial cells, mononuclear cells, and vascular smooth 
muscle cells (VSMCs) in human atherosclerotic plaques41. 
Intranasal vaccination with HSP65 protein has been shown 
to reduce the development of atherosclerosis42.

Interleukins (ILs) have been widely investigated in 
this regard. Vaccination against IL-1α which is a powerful 
proinflammatory cytokine resulted in robust and consistent 
decrease of atherosclerotic plaque formation in mice 
model43. Furthermore, vaccination against IL-12 (a key 
inducer of Th1 cells which contributes to the development 
of atherosclerosis), IL-15 (a pro-inflammatory cytokine 
expressed in atherosclerotic plaques), and IL-17 (a 
proinflammatory cytokine with pleiotropic effects on 
atheroma-associated cell types) have been associated with 
significant reduction of atherosclerotic plaques burden44-46. 
Conversely, vaccination against P28 subunit of IL-27 has 
been accompanied with the aggravation of atherosclerosis 
clarifying the anti-atherogenic properties of P28 subunit of 
IL-27 via balancing between T helper (Th) 17 cells and T 
regulatory (Treg) cells46.

The retention of LDL in the arterial wall through 
interaction between ApoB100 protein of LDL and 
extracellular matrix is a key and early step in the 
development of atherosclerotic lesion. Fibronectin as an 
extracellular matrix has been investigated as a potential 
antigen for vaccination by Duner, et al. They showed that 
immunization with fibronectin has been associated with 

significant decrease of atherosclerotic plaque development 
in mice47.

β2- glycoprotein I (β2GPI) which is a highly glycosylated 
plasma protein has been found to bind apoptotic cells, 
serving as transporter regulator of cellular traffic and has 
been implied in atherogenesis48,49. In this regard, George, 
et al examined the human carotid atherosclerotic plaques 
and observed abundantly expression of β2GPI within 
subendothelial regions and intimal-medial border50. 
Vaccination of mice against β2GPI by Haro, et al showed 
a significant difference in aortic wall thickness between 
vaccinated and control groups in favor of vaccinated 
group48.

C5a, a potent protein fragment generated by innate 
immunity complement component C5, has proinflammatory 
properties when it binds with C5a receptor. Vaccination 
against C5a receptor in mice diminished the atherosclerotic 
lesion development51,52.

DNA vaccination

Oral DNA vaccination has been considered as an exciting 
vaccination approach in which an expression plasmid 
encoding the antigen transfers the genetic material from 
the carrier to the host phagocytes in the gastrointestinal 
tract, and then is expressed on the MHC molecule53.

Using this method, Hauer and his colleagues used 
live attenuated bacterium Salmonella. Typhimurium 
containing vascular endothelial growth factor2 (VEGFR2) 
encoding plasmid resulting in the significant reduction of 
atherosclerosis in mice54.

Another DNA vaccination approach which has been 
associated with success in mice was performed by Zhou, 
et al55. They immunized mice with intramuscular injected 
vaccine targeted to Fractalkine (CX3CR1) which is an 
essential chemokine in macrophages recruitment during 
the pathogenesis of atherosclerosis in both mice and 
human, and enhanced by dendritic cell targeting using DEC-
205 single chain variable region fragment. A Significantly 
reduced atherosclerotic plaque was observed in vaccinated 
mice, along with less macrophage infiltration, and less lipid 
deposition in the plaques. 

An intra-nasal delivery of DNA vaccine was developed 
by Yuan, et al in rabbit model of atherosclerosis. For this 
purpose, they chose chitosan as a gene carrier to prepare 
the plasmid pCR-X8-HBc-CETP (pCETP) -loaded chitosan 
nanoparticles, and investigated the potential of chitosan/
pCETP nanoparticles to elicit serum anti-CETP IgG 
antibodies. They reported a significant detected serum 
anti-CETP antibody, a significant lower atherogenic index, 
and significant lesser extent of aortic atherosclerotic 
lesions in vaccinated rabbits56.
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Plant-based vaccination
Plant-based vaccination as a potential method of 

vaccination against atherosclerosis, is based on the 
integration of transgene into the plant cells through direct 
(introduction of DNA or RNA) or indirect (the employment 
of plant bacteria and viruses) methods57.

 Plant-based vaccines in comparison with traditional 
vaccines have simpler storage, easier rout of administration, 
more ability to produce more complex proteins with 
anticipated biological effects, are more cost-effective, 
and more capable to produce vaccine for a large scale of 
population57.

Few studies showed the efficacy of plant-based 
vaccination against atherosclerosis in animal models. In 
this regard, a chimeric protein was obtained in transgenic 
N. tabacum consisting of C-terminal of cholera toxin B 
(CTB) composed with ApoB100 and CETP epitopes (CTB: 
p210: CETPe) to aim both the p210 epitope of ApoB100, 
and amino acids 461-476 at the C-terminal of CETP. The 
mice were subcutaneously immunized with biomass 
from the transgenic plants producing CTB: p210: CETPe, 
and humoral responses against both ApoB100 and CETP 
epitopes plus human serum proteins were attained59.

Whole cell vaccination
 Macrophage foam cells (FCs) play a key role in the 

initiation and progression of atherosclerosis. Reducing the 
formation or the removing induction of FCs could ameliorate 
atherosclerosis. In this regard, Wang and his colleagues 
have studied the effect of whole cell vaccine using FCs on 
the development of atherosclerosis in mice model58. They 
observed that subcutaneous injection of the vaccine to mice 
with atherosclerosis overtly reduced atherosclerotic lesions 
via raising effective polyclonal antibodies which might 
selectively bind to the FCs, and induce the antibody-mediated 
immune response and augment the clearance of FCs in the 
lesions and subsequently reduce the plaque formation.

Conclusion and Future Perspectives
Vaccination strategy is an exciting approach to face 

atherosclerosis and its consequences. However, taking 
this approach into the routine clinical setting in human 
includes many challenges. It appears that DNA vaccination 
in the form of oral or nasal route is a promising strategy 
from its efficacy and cost point of views. It is expected that 
in the next couple of years, this form of vaccination would 
be much more focused. Furthermore, it seems that the first 
clinical trials will be performed to examine the efficacy and 
safety of these vaccines in human. Plant-based vaccines 
are expected to be more lionized in the future to provide 
cheaper vaccines in a large scale of population. Using 
a cocktail of antigens to produce powerful multivalent 
vaccines seems to be a valuable approach.

Finally, vaccination against atherosclerosis is still 
a myth for a lot of people, and designing clinical trials 
with a sufficient number of volunteers, a stable financial 
support, considering an accurate, precise, and preferably 
non-invasive assessment of atherosclerosis development, 
determining the age of volunteers to test vaccines, and the 
period of follow up could convert this myth to reality.
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