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ABSTRACT 
Atherosclerosis is the main pathology behind most cardiovascular diseases. 
It is a chronic inflammatory disease characterized by the formation of 
lipid-rich plaques in arteries. Atherosclerotic plaques are initiated by the 
deposition of cholesterol-rich LDL particles in the arterial walls leading to 
the activation of innate and adaptive immune responses. Current treatments 
focus on the reduction of LDL blood levels using statins; however, the 
critical components of inflammation and autoimmunity have been mostly 
ignored as therapeutic targets. The restoration of immune tolerance towards 
atherosclerosis-relevant antigens can arrest lesion development as shown 
in pre-clinical models. In this review, we evaluate the clinical development 
of similar strategies for the treatment of inflammatory and autoimmune 
diseases like rheumatoid arthritis, type 1 diabetes or multiple sclerosis and 
analyse the potential of tolerogenic vaccines for atherosclerosis and the 
challenges that need to be overcome to bring this therapy to patients. 
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INFLAMMATION AND AUTOIMMUNITY IN ATHEROSCLEROSIS 
Atherosclerosis is the main underlying cause of acute cardiovascular events such 
as myocardial infarction or stroke1. Traditionally, atherosclerosis has been primarily 
considered a pathology related to dyslipidaemia, therefore lipid-lowering therapies 
such as statins have been the mainstream option for prevention of cardiovascular 
events. However, in recent years several lines of evidence have highlighted the 
importance of the immune component of atherosclerosis2. The development of an 
atherosclerotic lesion initiates with the infiltration of lipoproteins, mainly low-density 
lipoproteins (LDL), from the blood into the intima of the arteries. The infiltration 
and accumulation of LDL particles into the arterial intima leads to the chemical 
modification of some components of the lipoprotein and the formation of modified 
LDL, mainly oxidized LDL (oxLDL). The presence of oxLDL in the sub-endothelial 
space of the artery triggers an inflammatory response that involves both the innate 
and the adaptive arms of the immune system3.

The initial accumulation of oxLDL leads to the over-expression of adhesion 
molecules in endothelial cells, promoting the infiltration of monocytes from the 
blood. These monocytes will differentiate into macrophages, which phagocyte LDL 
particles and eventually become foam cells, characterized by the presence of large 
cholesteryl esters deposits in the cytoplasm and the secretion of pro-inflammatory 
cytokines like IL-1β4.

Other innate immune cells such as dendritic cells (DCs) play an important role in the 
development of the plaque. DCs, a subset of antigen-presenting cells, are the link 
between the innate and the adaptive immune responses. DCs in the atherosclerotic 
plaque phagocyte antigens such us LDL from the environment, process them and 
present small ApoB100-derived peptides bound to Major Histocompatibility Complex 
(MHC) molecules in their surface. These cells mostly migrate to draining lymph 
nodes, present ApoB100 peptides to naïve T cells and stimulate their differentiation 
and expansion into antigen-specific effector T cells. In the plaque, these effector T 
cells will recognize the antigens presented by antigen-presenting cells, releasing 
pro-inflammatory cytokines such as IFN-γ that contribute to the development of 
the lesion5, 6.

There are several subsets of effector T cells with a role in atherosclerosis. 
T helper (Th) CD4+ cells form a major population in the plaque next to CD8+ T 
cells7. The different subsets of Th cells might have completely different roles in the 
development of atherosclerosis. For instance, Th1 cells have a pro-atherogenic 
effect due to the secretion of pro-inflammatory cytokines, mainly IFN-γ8. On the 
other hand, T regulatory cells (Tregs) are a subset of Th cells that are thought to 
have anti-atherogenic functions as lower frequency and functional impairment of 
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Tregs have been observed in patients with coronary artery disease9, 10. Tregs can 
suppress effector T cells, such as Th1 cells, and therefore control inflammatory 
responses.

The important role of LDL in the initiation of atherosclerotic lesions, the presence 
of both auto-reactive T and B cells as well as anti-oxLDL antibodies has led to the 
notion of the autoimmune component of atherosclerosis11, 12. Interestingly, there is 
a well-defined correlation between autoimmune disorders and the development 
of atherosclerosis13. For instance, rheumatoid arthritis patients have a higher risk 
of cardiovascular disease and have a 1.5 to 2-times higher rate of cardiovascular 
events than the general population14.

The importance of the immune component of atherosclerosis is evidenced by the 
presence of residual cardiovascular risk in a significant percentage of patients 
undergoing lipid-lowering therapies, highlighting the need of novel approaches in 
the treatment of cardiovascular diseases (CVD) 15.

ANTI-INFLAMMATORY THERAPIES IN CLINICAL TRIALS 
Despite the widespread use of statins, cardiovascular diseases are still the number 
1 cause of death globally. This can be partially explained by the presence of the 
significant residual cardiovascular risk observed in patients even under intensive 
statin treatment and low levels of LDL16. Randomized clinical trials have shown 
that the frequency of cardiovascular events is lower in patients with low levels of 
high-sensitivity C-reactive protein (hsCRP), a biomarker of inflammation17. These 
observations suggest that targeting inflammation in atherosclerosis might contribute 
further to the reduction in cardiovascular risk18.

Targeting pro-inflammatory cytokines to reduce the residual inflammatory risk 
of cardiovascular events is a strategy that has been studied in clinical trials. 
The CANTOS (Canakinumab Antiinflammatory Thrombosis Outcome Study) trial 
assessed the efficacy of the anti-IL1β human monoclonal antibody canakinumab 
to prevent vascular events in patients with previous history of myocardial infarction 
and presenting high levels of hsCRP marker. IL-1β, a pro-inflammatory cytokine, 
triggers the upregulation of inflammatory markers and adhesion molecules in 
endothelial cells, promotes the recruitment of immune cells to the atherosclerotic 
plaque and induces smooth muscle cell proliferation19, 20. Altogether, this contributes 
to the initiation and development of atherosclerosis plaques21. Patients included 
in the CANTOS trial had undergone aggressive secondary prevention therapies 
including high dose of statins. The results showed that the treatment with 150 mg 
of Canakinumab once every 3 months leads to a 15% reduction in the incidence of 
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non-fatal myocardial infarction, non-fatal stroke or cardiovascular death compared 
to placebo. The results also showed a significant reduction in the inflammatory 
biomarkers hsCRP and IL-6 but no effects on LDL or HDL levels, therefore the 
clinical benefit could be attributed to the attenuated inflammation22. The results from 
this study point out to the importance of targeting the cardiovascular risk associated 
to inflammation in addition to the reduction of LDL cholesterol levels.

Similarly, results from COLCOT (Colchicine Cardiovascular Outcomes Trial) have 
shown that low doses of colchicine (0.5 mg/day), a potent anti-inflammatory drug, 
led to a significant reduction in the risk of death from cardiovascular causes, 
resuscitated cardiac arrest, myocardial infarction, stroke and angina compared to 
the placebo group23.

Another approach to target inflammation in atherothrombosis is the use of low doses 
of methotrexate. Low-dose methotrexate is already used in the treatment of certain 
inflammatory conditions and observational studies have associated this treatment 
with lower frequency of cardiovascular events24. However, in the Cardiovascular 
Inflammation Reduction Trial (CIRT), low-dose methotrexate did not reduce the 
levels of inflammatory biomarkers IL-1β, IL-6 or CRP in patients with previous history 
of myocardial infarction or coronary disease and did not reduce the frequency of 
nonfatal myocardial infarction, nonfatal stroke, cardiovascular death or unstable 
angina25.

The apparent contradictory results from CANTOS, COLCOT and CIRT studies 
highlight the complexity of the inflammatory pathways involved and the importance 
of taking this into consideration when designing anti-inflammatory interventions for 
cardiovascular diseases. 

ANTIGEN-SPECIFIC TOLERANCE IN INFLAMMATORY AND AU-
TOIMMUNE DISEASES 
The presented therapeutic strategies induce a systemic anti-inflammatory state that 
can have important side effects in the long term, such as higher risk of infections, as 
shown in both the CANTOS and the COLCOT trials22, 23, 26. An alternative approach to 
the use of systemic anti-inflammatory molecules could be the induction of antigen-
specific tolerance towards disease-specific autoantigens. This approach has been 
translated into clinical trials for diseases such as rheumatoid arthritis (RA), type 1 
diabetes (T1D) and multiple sclerosis (MS) but has not been clinically applied for 
treatment of CVD. Lessons learned from these clinical trials can help to advance 
the application of this strategy in CVD.
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Two main approaches for the induction of antigen-specific immune tolerance have 
been studied so far in clinical trials. One is the administration of tolerogenic dendritic 
cells (tolDCs) or Tregs with capacity to induce immune tolerance. Another approach 
is the administration of autoantigens at low doses, together with tolerogenic 
adjuvants or using tolerogenic administration routes. 

An example of the former is a phase I clinical trial that studied the safety of the 
administration of tolDCs loaded with autoantigens from synovial fluid for treatment 
of RA27. For this trial, tolDCs were differentiated from peripheral blood mononuclear 
cells (PBMCs) from patients in the presence of dexamethasone and vitamin D328. 
Safety assessment was made based on the proportion of patients experiencing 
flares in the target knee within 5 days after administration of tolDCs. None of 
the patients reported aggravated symptoms indicating that the therapy is safe. 
Furthermore, an exploratory efficacy assessment showed symptoms resolution in 
2 out of 3 patients receiving the highest cell dose.

In another phase I clinical trial, the safety and biological activity of autologous 
tolDCs loaded with the citrullinated peptides relevant for RA were administered 
intradermally to RA patients29. The safety of the treatment was confirmed as only 
mild adverse effects were detected. Furthermore, the results showed a decrease in 
the levels of CRP and pro-inflammatory cytokines and a reduction in the population 
of effector T cells. Unfortunately, clinical efficacy was not evaluated in this trial, 
mainly due to the low number of patients included in the trial. This limitation was 
related to the high costs associated to the manufacture of autologous tolDCs, one 
of the main drawbacks of cell-based therapies.

The administration of autologous tolDC also appeared to be safe and well-tolerated 
in a phase I clinical trial in T1D30. Safety was evaluated not only based on the 
presence of adverse reactions, but also by measuring the presence in serum 
of autoantibodies and cytokines different to those usually present in T1D and 
following changes in immune cell populations with flow cytometry. Patients received 
intradermal injection of 1 × 107 cells either not manipulated or differentiated into 
tolDCs. The results from the trial did not show any noticeable adverse effect on 
patients, neither significant change in immune cell populations.

Another cell-based strategy to induce tolerance is the administration of Tregs. 
In a phase I clinical trial for T1D, the administration of autologous polyclonal Tregs 
showed that the therapy was well tolerated, and no major adverse reactions were 
observed31. Clinical parameters like c-peptide levels, insulin use and haemoglobin 
A1c levels were included as secondary outcomes in the study. However, due to the 
reduced number of patients enrolled in the study (16 patients in 4 dose cohorts), no 
assessment of the clinical efficacy of the treatment could be done. Previous reports 
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have highlighted potential problems with Treg cell therapies regarding phenotypic 
changes in the Tregs, switching from an anti-inflammatory to a pro-inflammatory 
phenotype or the contamination with effector T cells that could aggravate the 
disease32, 33. Therefore, in this study, the stability of the Treg phenotype after in 
vitro expansion and the suppressive activity of the Tregs before the administration 
had to be closely monitored.

The other approach for the induction of antigen-specific tolerance is the use of 
peptides. A clinical trial in RA have studied the efficacy of tolerance induction 
towards heat-shock proteins (HSP). HSP are naturally produced by cells under 
certain stress situations such as inflammation. The release of HSP by stressed 
cells induces an anti-inflammatory response mediated by HSP-specific Tregs in 
order to control the inflammatory process34. In a phase II trial, RA patients received 
an oral dose of the HSP40-derived peptide dnaJP1 to induce mucosal tolerance. 
The peptide dnaJP1 has been previously identified as an important T cell epitope in 
RA35. The results showed a significant improvement in clinical response, defined by 
a reduction in swollen joints, pain, disability and/or acute phase reactant levels, in 
the group treated with dnaJP1 compared to placebo. Furthermore, this improvement 
was accompanied by a reduced production of pro-inflammatory TNFα in ex vivo 
re-stimulated PBMCs36.

Results of clinical trials for peptide-based treatments in T1D are also promising. In a 
phase Ib trial, the intradermal administration of a proinsulin peptide to T1D patients 
showed to be safe and well tolerated37. The results showed a less pronounced loss 
of insulin production capacity in the treatment groups compared to the placebo 
group. Consequently, no significant increase in average insulin doses was observed 
in the treatment groups while a progressive increase was seen in the placebo 
group. Furthermore, treated patients showed higher levels of anti-inflammatory IL-10 
production when CD4+ T cells were ex vivo stimulated with proinsulin.

In the context of MS, the application of tolerogenic vaccines has provided mixed 
results regarding their efficacy and tolerability. A phase II clinical trial in 2005 
showed that the intravenous administration of the synthetic peptide MBP8298, 
derived from myelin basic protein (MBP), had a beneficial effect only in a subgroup 
of MS patients presenting HLA haplotypes DR2 and/or DR4. Patients receiving 
MBP8298 also showed a reduction in the level of anti-MBP autoantibodies, 
indicating tolerization towards the antigen38. However, in a phase III trial, the same 
peptide and dosage failed to show a significant reduction in disease progression 
in HLA-DR2+ and/or HLA-DR4+ patients39.

Cocktails of different peptides derived from MBP have performed better in clinical 
trials. In phase Ib and IIa clinical trials, the administration of a cocktail composed 
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of 4 peptides derived from MBP led to a reduced number of brain lesions compared 
to baseline. The trial design included a dose escalation period of 8 weeks, with 
peptide doses increasing from 25 µg to 800 µg followed by a full-dose (800 µg 
peptide cocktail) period in order to avoid unwanted T cell activation and systemic 
pro-inflammatory cytokine release, a common concern in these peptide-based 
therapies40.

Other clinical trials have highlighted the importance of the administration route for 
the induction of tolerance. Oral, sublingual, nasal and dermal administration routes 
are the most commonly used due to the natural role of mucosal and skin immunity 
in tolerance induction41. For instance, the transdermal administration route has 
shown to be optimal to induce tolerance towards myelin peptides in MS patients. 
A clinical trial studied the administration of a mixture of three peptides derived 
from MBP, proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein 
(MOG), to MS patients using a transdermal skin patch. Skin biopsies showed an 
increase in activated Langerhans cells, a type of antigen-presenting cells found in 
the skin, and an increase in DCs in draining lymph nodes in patients receiving the 
peptides mixture compared to the placebo group. The treatment also attenuated 
the proliferative response of CD4+ T cells, an increased production of IL-10 and 
a decrease in IFN-γ production upon ex vivo re-stimulation with the peptides. 
The study however did not include any clinical endpoints to assess the effect of 
the treatment in the progression of the disease42.

Overall, the clinical trials have shown that tolerance induction is a feasible approach 
that can attenuate some of the pro-inflammatory responses present in diseases 
such as RA, T1D or MS but they have also shown the limitations of both peptide-
based and cell-based therapies (Table 1). Peptide-based approaches present 
advantages such as relatively straight-forward development of stable formulations 
of peptides thanks to the extensive work carried out in the formulation of subunit 
vaccines for infectious disease as well as the lower cost of manufacture compared 
to cell-based therapies and often admit more convenient administration routes 
such as oral or intradermal. But this strategy also presents some disadvantages, 
for instance the dose should be carefully selected as too high doses can induce 
unwanted pro-inflammatory responses while too low doses will not have the 
desired tolerogenic effect. Furthermore, the proteolytic degradation of the peptide 
in biological fluids should also be taken into account when choosing the peptide 
dose. Lastly, appropriate HLA-peptide interaction is a prerequisite for the effectivity 
of peptide-based immunotherapies therefore HLA typing of patients is often required 
in this type of therapies, as described in the clinical trial with MBP8298 peptide38. 
The main advantage of cell-based therapies is that the administration of tolDCs 
or Tregs can directly induce immune tolerance through expansion of antigen-
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specific Tregs or induction of anergy in effector T cells, respectively. However, 
these therapies often involve the isolation of autologous cells from patients, the 
induction of a tolerogenic phenotype ex vivo and the subsequent reinfusion to the 
patient, which is costly and time-consuming43. Furthermore, there are concerns over 
the variability and stability of the tolerogenic phenotype induced ex vivo.

Table 1. Main advantages and disadvantages of peptide-based and cell-based strategies 
for the induction of tolerance. 

Peptide-based therapies Cell-based therapies

Advantages Disadvantages Advantages Disadvantages

Lower cost of 
manufacture

HLA genotyping often 
required

Direct tolerance 
induction

Expensive and 
time-consuming 
manufacture

Stable peptide 
formulations are 
relatively straight-
forward

Peptides subject to 
proteolytic degradation

Variability of 
tolerogenic phenotype

Easier administration Doses need to be 
carefully selected

The formulation of peptide-based vaccines is crucial not only for stability of the 
peptide but also for the induction of tolerance. The use nanoparticles as delivery 
systems for immune modulation is currently under investigation and has the 
potential to overcome some of the problems associated with peptide and cell-based 
therapies. For instance, the delivery of peptides using nanoparticles can prevent 
degradation by proteases in biological fluids, allow the specific delivery to target 
cells such as DCs, include tolerogenic adjuvants to induce the desired tolerogenic 
phenotype in vivo and these nanoparticle formulations can be manufacture in high 
volumes at lower cost than cell-based therapeutics.

TOLEROGENIC VACCINES IN ATHEROSCLEROSIS 
Despite the strong evidence supporting the role of inflammation and autoimmunity 
in the development of atherosclerosis, to the best of our knowledge no clinical 
trials have been carried out to study the safety, tolerability, feasibility, or efficacy 
of antigen-specific tolerance induction to halt the development of atherosclerosis. 

One of the obstacles in the development of vaccines for atherosclerosis is the 
lack of well-defined epitopes responsible for the initiation and maintenance of the 
inflammatory responses in atherosclerosis. However, several reports have shown 
that the induction of tolerance towards oxLDL and HSP attenuate atherosclerosis 
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in pre-clinical models44-46. Therefore, peptides derived from ApoB100 or HSP have 
been the main focus of attention in the search of relevant epitopes in atherosclerosis. 

ApoB-100P45 P6 P18 P210 P3500

ApoB661-680 ApoB978-992 ApoB3030-3044 ApoB3136-3155 ApoB3500-3514

P45 + alum P6 + Squalene oilP6 + CFA
P18 + CFA
P18 + IFA P210 + alum P3500 + 

anionic liposomes

 Tregs

Atherosclerosis

Th1

Atherosclerosis

Tregs

Atherosclerosis

Tregs

Atherosclerosis

Tregs

Atherosclerosis

Tregs

Atherosclerosis

Figure 1. Summary of the effect of immunization with ApoB100-derived peptides and different adju-
vants reported in literature. Alum, aluminium salt; CFA, complete Freund ś adjuvant; IFA, incomplete 
Freund´s adjuvant; Tregs, T regulatory cells; Th1, T helper cell 1. 

Oral administration of oxLDL or malondialdehyde-treated LDL induced Treg-
mediated tolerance in LDLr−/− mice, accompanied by a significant reduction 
in atherosclerotic lesions initiation and progression45. This report indicates the 
potential of ApoB100-derived antigens as candidates for peptide-based vaccination 
strategies in atherosclerosis. Figure 1 summarizes the effect on atherosclerosis of 
immunization with different ApoB100-derived peptides and adjuvants. Immunization 
of LDLr−/− (LDLr tm1Her) mice expressing human ApoB100 with P210 (human 
ApoB1003136-3155) has shown to reduce atherosclerosis in pre-clinical studies and the 
mechanism of action of this therapeutic strategy has been related to the induction of 
Tregs. The administration of peptide P45 (human ApoB100661-680) or P210 together 
with alum salts adjuvant has shown to reduce the area of atherosclerotic plaques 
by 66 and 55% respectively compared to control. The authors also speculate with 
the activation of Tregs as the mechanism of action mediating this anti-atherogenic 
effect47, 48. In another study, the administration of P210 without any adjuvant led to a 
30% reduction in plaque size compared to control group and abrogated the growth 
of advanced atherosclerotic lesions. Furthermore, this effect was associated with a 
30% increase in the Treg frequency in lymph nodes and Treg depletion abolished 
the atheroprotective effect of the immunization49.
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The immunization with peptide P6 (ApoB100978-992) together with Complete Freund's 
adjuvant (CFA) has shown to promote atherosclerosis in murine models while the 
same peptide can have atheroprotective effects when administered with a different 
immunization regime consisting in a prime immunization with P6 in CFA followed by 
4 booster immunization with Incomplete Freund's Adjuvant (IFA), known to induce 
suppressive immune responses50-52. The same P6 peptide in combination with 
the squalene oil-based adjuvant Addavax also induced a 52% reduction in aortic 
lesion area in ApoE-/- mice compared to peptide alone53. These results highlight 
the importance of the careful selection of adjuvants to achieve atheroprotection.

The selection of atheroprotective peptides to be used in a tolerogenic vaccine 
should also consider the binding affinity to different HLA haplotypes. Peptides 
that can bind to a wide range of HLA haplotypes, such as peptides P265 and 
P295 from human ApoB100 described by Gisterå et al. would cover most of the 
world population54. Similarly, peptide P18 (human ApoB1003030-3044) was identified 
in silico and in vitro as a strong binder to the most common HLA-DR haplotypes. 
Immunization of ApoE−/− mice with P18 showed an induction of Tregs and a 35% 
reduction in atherosclerosis lesion size55. These studies underline the importance 
of taking into account the wide variability of HLA haplotypes from early phases of 
pre-clinical research.

The use of nanoparticles with intrinsic tolerogenic capacity, such as specific 
liposomal formulations, to deliver ApoB100 peptides has also shown promising 
results in murine models of atherosclerosis. The use of a liposomal formulation 
containing 1,2-distearoyl-sn‑glycero-3-phosphoglycerol (DSPG) to deliver the 
peptide P3500 (ApoB1003500-3514), similar to P3 peptide (ApoB1003501-3515) previously 
reported to induce atheroprotection by Ley’s group, showed to reduce lesion size 
by 50% compared to control51, 56.

Other antigen candidates for immunomodulatory vaccines for atherosclerosis are 
HSP-derived peptides. These proteins are over-expressed under cellular stress, 
and they are involved in several inflammatory and autoimmune diseases including 
atherosclerosis57, 58. HSP-specific Tregs could halt inflammation in atherosclerosis 
in a by-stander manner due to the constitutive over-expression of HSP in inflamed 
tissue. Therefore, the induction of HSP-specific Tregs could circumvent the problem 
of the lack of well-defined primary antigenic trigger in atherosclerosis34. Vaccination 
studies with HSP have provided mixed results, with some showing an increase 
in atherosclerosis upon immunization while others showed an anti-atherogenic 
effect59-63. A key difference between these studies might be the adjuvant used. 
In the studies showing a pro-atherogenic effect of HSP immunization, the protein 
was administered together with CFA or IFA. Contrarily, the studies showing an 
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anti-atherogenic effect of the immunization with HSP proteins or peptides either 
use tolerogenic adjuvants, such as the combination of alum salts and anti-CD45RB 
antibodies, or are administered without adjuvants, and the effects have been linked 
to the induction of Tregs. Therefore, the election of the appropriate adjuvants and 
administration route to promote tolerance seems to be critical.

Overall, pre-clinical data supports effectiveness of tolerance induction towards 
atherosclerosis-relevant peptides to halt the development of atherosclerosis. 
The delivery of these antigens in the absence of TLR stimulation or in the presence 
of molecules that promote tolerance, can induce the expansion of Tregs and reduce 
the pro-inflammatory responses in atherosclerosis49, 53.

Most of the studies have focused on arresting the development of growing 
atherosclerotic plaques, however the majority of clinical manifestations of 
atherosclerosis occur at advanced stages of the disease. Therefore, the 
induction of atherosclerosis lesion regression and/or plaque stabilization is 
clinically most relevant. The potential of Tregs to induce plaque regression and 
stabilization has been shown in pre-clinical animal models. It has been reported 
that the administration of CD3 antibodies combined with a reduction in non-HDL 
cholesterol levels can increase the Treg to effector T cells ratio and induce 25% 
regression in plaque size in a mouse model of atherosclerosis. Furthermore, this 
effect was abolished upon Treg depletion, indicating a critical role of Tregs in the 
atherosclerosis regression64. In another study, Tregs were induced in a LDLr-/- 
mouse model by administration of an IL-2 and anti-IL-2 antibody complex, achieving 
a 10-fold increase in Tregs. This Treg expansion led to stabilization of advanced 
atherosclerotic lesions established before starting the treatment65. These results 
show the potential of tolerogenic vaccines inducing Tregs expansion to stabilize 
and prompt regression of atherosclerotic lesions.

CLINICAL TRANSLATION 
Despite considerable pre-clinical research carried out in the field of tolerogenic 
vaccination for atherosclerosis, the promise of an atherosclerosis vaccine remains 
unfulfilled. There are several challenges in the translation from pre-clinical models 
to clinical trials. First of all, the animal models to study atherosclerosis exhibit 
important difference with the human situation. For instance, ApoB100 expressed 
in mice undergoes different post-translational modifications and has a different 
structural conformation than human expressed ApoB100, and therefore can trigger 
different immune responses66. Furthermore, the immune system of mice presents 
considerable differences with human, such as several cytokines and immune 
receptors67. The use of humanized mice that resemble more closely the human 
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situation, for instance expressing human ApoB100 or with humanized immune 
system, can overcome some of these challenges47, 68.

A prerequisite for the clinical translation of this therapeutic strategy is the selection of 
antigen or antigens for vaccination. It is not clear whether there is a common driving 
antigen for all HLA haplotypes in atherosclerotic patients. Furthermore, specific 
subtypes of HLA, such as HLA-DRB1×01, have been associated with increased 
risk of coronary artery disease and myocardial infarction69. This can be important 
in the selection of antigens for potential vaccine as it might be interesting to select 
peptides with strong binding affinity for those HLA haplotypes more prevalent in 
atherosclerosis patients. Therefore, it is yet to be determined if a broadly applicable 
vaccine can be developed or a personalized strategy should be followed instead.

The selection of the vaccine formulation is another important point to carefully 
consider. Initially, the most obvious formulations would include the peptide or 
peptides and the appropriate adjuvants, resembling formulations of subunit 
vaccines that have been widely investigated. Further developments should include 
nanoparticle formulations such as delivery systems with intrinsic tolerogenic 
capacity56.

The next step is the design of clinical trials for a tolerogenic vaccine against 
atherosclerosis, and this will require a careful selection of the target population. 
Should only patients with high inflammatory risk be admitted or should any patient 
with clinically confirmed atherosclerosis be eligible? For this decision we should 
consider what design will better show the potential for this therapeutic approach. 
For instance, patients presenting high inflammatory risk would potentially benefit 
the most from the therapy and perhaps should be the focus of the first trials. 

Finally, another parameter that can be challenging is the selection of the endpoints 
of the clinical trials. This requires the definition of biomarkers for atherosclerotic 
progression, regression, and cardiovascular risk. The assessment of the 
atherosclerotic plaque morphology, size or parameters related to plaque stability 
could be done using imaging techniques such as tomography, however this would 
represent a significant technical challenge in large clinical studies. Due to the 
immune-modulating nature of the therapeutic approach, the monitoring of both 
humoral and cellular adaptive immune responses, as well as the antigen-specificity 
of those responses would be necessary. Furthermore, the levels of inflammatory 
biomarkers like CRP or pro-inflammatory cytokines like IL-6 or IL-1β, have shown 
to be good predictors of cardiovascular risk and should be used to monitor the 
efficacy of an atherosclerosis vaccine70.



34

Chapter 2 

CONCLUSIONS 
Cardiovascular diseases and their main underlying pathology, atherosclerosis, 
remain amongst the top causes of mortality globally. High levels of LDL cholesterol 
were once considered the only driving force underlying the formation and progression 
of atherosclerotic plaques. However, despite the broad use of lipid-lowering 
therapies, a significant proportion of patients remains at risk for cardiovascular 
complications. Recent evidence shows the importance of inflammation and a 
possible autoimmune component in the aetiology of atherosclerosis, but no 
therapies have been developed yet to target this key component of the disease. 
The induction of immune tolerance towards the self-antigens driving the deleterious 
immune responses in atherosclerosis is a promising new strategy. This can be 
achieved by inducing antigen-specific Tregs, which have the capacity to arrest 
pro-inflammatory responses and restore immune balance. In certain aspects, 
atherosclerosis resembles other inflammatory and autoimmune diseases like 
rheumatoid arthritis, multiple sclerosis, or type 1 diabetes therefore the lessons 
learnt in clinical trials of immune modulating vaccines for these diseases can 
be used to advance in the development of similar strategies for atherosclerosis. 
Although there are still challenges to overcome in the clinical translation of pre-
clinical results, immune-modulating vaccines for atherosclerosis can represent a 
leap forward in the treatment of CVD. 

OUTSTANDING QUESTIONS 
There are several questions that still need to be addressed in order to advance in 
the clinical development of tolerogenic vaccines for cardiovascular disease. To start, 
it is still not clear what aspects and how should we improve pre-clinical models 
to test the efficacy of this therapeutic approach and facilitate clinical translation. 

Regarding the design of vaccine formulations for tolerance induction, the most 
optimal tolerogenic adjuvant for human use still needs to be defined. 

On the other hand, there are still aspects of immune responses in atherosclerosis 
that need to be elucidated, for example, is there a single antigenic determinant 
driving immune response? The answer to this question will determine if we can 
develop a widely applicable tolerogenic vaccine or if we should follow a personalised 
strategy instead. 

Related to the design of clinical trials, the preferred target population for a 
tolerogenic vaccine against atherosclerosis needs to be determined as well as the 
endpoints of these studies. Should this strategy be aimed only to patients with high-
inflammatory risk or to the general population of atherosclerosis patients? Can we 



35

Tolerogenic vaccines against CVD

2

design large-scale clinical trials with endpoints that rely not only on general markers 
of cardiovascular disease but also on plaque morphology and immunophenotyping? 

SEARCH STRATEGY AND SELECTION CRITERIA 
References for this review were identified using PubMed database. Only references 
related to clinical trials were included for the search terms “rheumatoid arthritis”, 
“multiple sclerosis”, “type 1 diabetes” in combination with “vaccine”, “tolerogenic 
vaccine”, “T regulatory cells”, “tolerogenic dendritic cells”. Other search terms used 
were “atherosclerosis”, “cardiovascular disease” in combination with “vaccination”, 
“tolerance”, “immune response”, “antigens”, “T regulatory cells”, “tolerogenic 
dendritic cells” “nanoparticles”, “adjuvants”. For this second part the search was 
not limited to clinical trials. Only articles published in English were included with 
preference for articles published in the past 10 years. 

AUTHORS CONTRIBUTION 
FLV, JK and BS designed the concept and outline of original draft. FLV wrote the 
original manuscript, JK and BS reviewed and supported the editing of the original 
manuscript. FLV, BS and JK edited final manuscript. 

DECLARATION OF COMPETING INTEREST 
The authors have nothing to disclose. 

FUNDING 
FLV is supported by Health Holland and Samen Werkende Gezondheidsfondsen 
(SGF), grant no. LSHM18056-SGF. The funding source had no role in the preparation 
of this manuscript. 



36

Chapter 2 

REFERENCES 

1.	 Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology of 
Atherosclerosis and the Potential to Reduce the Global Burden of Atherothrombotic 
Disease. Circ Res. 2016;118(4):535-46. 

2.	 Libby P, Ridker PM, Hansson GK, Leducq Transatlantic Network on A. Inflammation in 
atherosclerosis: from pathophysiology to practice. J Am Coll Cardiol. 2009;54(23):2129-38. 

3.	 Gistera A, Hansson GK. The immunology of atherosclerosis. Nat Rev Nephrol. 
2017;13(6):368-80. 

4.	 Chistiakov DA, Melnichenko AA, Myasoedova VA, Grechko AV, Orekhov AN. Mechanisms 
of foam cell formation in atherosclerosis. J Mol Med (Berl). 2017;95(11):1153-65. 

5.	 Witztum JL, Lichtman AH. The influence of innate and adaptive immune responses on 
atherosclerosis. Annu Rev Pathol. 2014;9(1):73-102. 

6.	 Stemme S, Faber B, Holm J, Wiklund O, Witztum JL, Hansson GK. T lymphocytes from 
human atherosclerotic plaques recognize oxidized low density lipoprotein. Proc Natl Acad 
Sci U S A. 1995;92(9):3893-7. 

7.	 van Duijn J, Kuiper J, Slutter B. The many faces of CD8+ T cells in atherosclerosis. Curr 
Opin Lipidol. 2018;29(5):411-6. 

8.	 Gronberg C, Nilsson J, Wigren M. Recent advances on CD4(+) T cells in atherosclerosis 
and its implications for therapy. Eur J Pharmacol. 2017;816(NA):58-66. 

9.	 Zhu Z, Ye J, Ma Y, Hua P, Huang Y, Fu X, et al. Function of T regulatory type 1 cells is 
down-regulated and is associated with the clinical presentation of coronary artery disease. 
Hum Immunol. 2018;79(7):564-70. 

10.	 Hasib L, Lundberg AK, Zachrisson H, Ernerudh J, Jonasson L. Functional and homeostatic 
defects of regulatory T cells in patients with coronary artery disease. J Intern Med. 
2016;279(1):63-77. 

11.	 Wolf D, Ley K. Immunity and Inflammation in Atherosclerosis. Circ Res. 2019;124(2):315-27. 

12.	 Fredrikson GN, Hedblad B, Berglund G, Alm R, Ares M, Cercek B, et al. Identification of 
immune responses against aldehyde-modified peptide sequences in apoB associated with 
cardiovascular disease. Arterioscler Thromb Vasc Biol. 2003;23(5):872-8. 

13.	 Sanjadi M, Rezvanie Sichanie Z, Totonchi H, Karami J, Rezaei R, Aslani S. Atherosclerosis 
and autoimmunity: a growing relationship. Int J Rheum Dis. 2018;21(5):908-21. 

14.	 Crowson CS, Liao KP, Davis JM, 3rd, Solomon DH, Matteson EL, Knutson KL, et al. 
Rheumatoid arthritis and cardiovascular disease. Am Heart J. 2013;166(4):622-8 e1. 

15.	 Ridker PM. Clinician's Guide to Reducing Inflammation to Reduce Atherothrombotic Risk: 
JACC Review Topic of the Week. J Am Coll Cardiol. 2018;72(25):3320-31. 

16.	 Murphy SA, Cannon CP, Wiviott SD, McCabe CH, Braunwald E. Reduction in recurrent 
cardiovascular events with intensive lipid-lowering statin therapy compared with moderate 
lipid-lowering statin therapy after acute coronary syndromes from the PROVE IT-TIMI 22 
(Pravastatin or Atorvastatin Evaluation and Infection Therapy-Thrombolysis In Myocardial 
Infarction 22) trial. J Am Coll Cardiol. 2009;54(25):2358-62. 

17.	 Li Y, Zhong X, Cheng G, Zhao C, Zhang L, Hong Y, et al. Hs-CRP and all-cause, 
cardiovascular, and cancer mortality risk: A meta-analysis. Atherosclerosis. 
2017;259(NA):75-82. 



37

Tolerogenic vaccines against CVD

2

18.	 Ridker PM, Cannon CP, Morrow D, Rifai N, Rose LM, McCabe CH, et al. C-reactive protein 
levels and outcomes after statin therapy. N Engl J Med. 2005;352(1):20-8. 

19.	 Bevilacqua MP, Pober JS, Wheeler ME, Cotran RS, Gimbrone MA, Jr. Interleukin-1 
activation of vascular endothelium. Effects on procoagulant activity and leukocyte adhesion. 
Am J Pathol. 1985;121(3):394-403. 

20.	 Eun SY, Ko YS, Park SW, Chang KC, Kim HJ. IL-1beta enhances vascular smooth muscle 
cell proliferation and migration via P2Y2 receptor-mediated RAGE expression and HMGB1 
release. Vascul Pharmacol. 2015;72(NA):108-17. 

21.	 Libby P. Interleukin-1 Beta as a Target for Atherosclerosis Therapy: Biological Basis of 
CANTOS and Beyond. J Am Coll Cardiol. 2017;70(18):2278-89. 

22.	 Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. 
Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N Engl J Med. 
2017;377(12):1119-31. 

23.	 Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al. Efficacy and Safety 
of Low-Dose Colchicine after Myocardial Infarction. N Engl J Med. 2019;381(26):2497-505. 

24.	 Micha R, Imamura F, Wyler von Ballmoos M, Solomon DH, Hernan MA, Ridker PM, 
Mozaffarian D. Systematic review and meta-analysis of methotrexate use and risk of 
cardiovascular disease. Am J Cardiol. 2011;108(9):1362-70. 

25.	 Ridker PM, Everett BM, Pradhan A, MacFadyen JG, Solomon DH, Zaharris E, et al. 
Low-Dose Methotrexate for the Prevention of Atherosclerotic Events. N Engl J Med. 
2019;380(8):752-62. 

26.	 Bernatsky S, Hudson M, Suissa S. Anti-rheumatic drug use and risk of serious infections 
in rheumatoid arthritis. Rheumatology (Oxford). 2007;46(7):1157-60. 

27.	 Bell GM, Anderson AE, Diboll J, Reece R, Eltherington O, Harry RA, et al. Autologous 
tolerogenic dendritic cells for rheumatoid and inflammatory arthritis. Ann Rheum Dis. 
2017;76(1):227-34. 

28.	 Harry RA, Anderson AE, Isaacs JD, Hilkens CM. Generation and characterisation 
of therapeutic tolerogenic dendritic cells for rheumatoid arthritis. Ann Rheum Dis. 
2010;69(11):2042-50. 

29.	 Benham H, Nel HJ, Law SC, Mehdi AM, Street S, Ramnoruth N, et al. Citrullinated peptide 
dendritic cell immunotherapy in HLA risk genotype-positive rheumatoid arthritis patients. 
Sci Transl Med. 2015;7(290):290ra87. 

30.	 Giannoukakis N, Phillips B, Finegold D, Harnaha J, Trucco M. Phase I (safety) study 
of autologous tolerogenic dendritic cells in type 1 diabetic patients. Diabetes Care. 
2011;34(9):2026-32. 

31.	 Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta S, Hellerstein MK, et al. 
Type 1 diabetes immunotherapy using polyclonal regulatory T cells. Sci Transl Med. 
2015;7(315):315ra189. 

32.	 Putnam AL, Brusko TM, Lee MR, Liu W, Szot GL, Ghosh T, et al. Expansion of human 
regulatory T-cells from patients with type 1 diabetes. Diabetes. 2009;58(3):652-62. 

33.	 Kmieciak M, Gowda M, Graham L, Godder K, Bear HD, Marincola FM, Manjili MH. Human 
T cells express CD25 and Foxp3 upon activation and exhibit effector/memory phenotypes 
without any regulatory/suppressor function. J Transl Med. 2009;7(1):89. 



38

Chapter 2 

34.	 van Eden W. Immune tolerance therapies for autoimmune diseases based on heat shock 
protein T-cell epitopes. Philos Trans R Soc Lond B Biol Sci. 2018;373(1738):20160531-NA. 

35.	 Albani S, Keystone EC, Nelson JL, Ollier WE, La Cava A, Montemayor AC, et al. Positive 
selection in autoimmunity: abnormal immune responses to a bacterial dnaJ antigenic 
determinant in patients with early rheumatoid arthritis. Nat Med. 1995;1(5):448-52. 

36.	 Koffeman EC, Genovese M, Amox D, Keogh E, Santana E, Matteson EL, et al. Epitope-
specific immunotherapy of rheumatoid arthritis: clinical responsiveness occurs with 
immune deviation and relies on the expression of a cluster of molecules associated with 
T cell tolerance in a double-blind, placebo-controlled, pilot phase II trial. Arthritis Rheum. 
2009;60(11):3207-16. 

37.	 Alhadj Ali M, Liu YF, Arif S, Tatovic D, Shariff H, Gibson VB, et al. Metabolic and immune 
effects of immunotherapy with proinsulin peptide in human new-onset type 1 diabetes. Sci 
Transl Med. 2017;9(402). 

38.	 Warren KG, Catz I, Ferenczi LZ, Krantz MJ. Intravenous synthetic peptide MBP8298 
delayed disease progression in an HLA Class II-defined cohort of patients with progressive 
multiple sclerosis: results of a 24-month double-blind placebo-controlled clinical trial and 
5 years of follow-up treatment. Eur J Neurol. 2006;13(8):887-95. 

39.	 Freedman MS, Bar-Or A, Oger J, Traboulsee A, Patry D, Young C, et al. A phase III study 
evaluating the efficacy and safety of MBP8298 in secondary progressive MS. Neurology. 
2011;77(16):1551-60. 

40.	 Chataway J, Martin K, Barrell K, Sharrack B, Stolt P, Wraith DC, Group A-MS. Effects of 
ATX-MS-1467 immunotherapy over 16 weeks in relapsing multiple sclerosis. Neurology. 
2018;90(11):e955-e62. 

41.	 Tlaskalova-Hogenova H, Stepankova R, Hudcovic T, Tuckova L, Cukrowska B, Lodinova-
Zadnikova R, et al. Commensal bacteria (normal microflora), mucosal immunity and chronic 
inflammatory and autoimmune diseases. Immunol Lett. 2004;93(2-3):97-108. 

42.	 Jurynczyk M, Walczak A, Jurewicz A, Jesionek-Kupnicka D, Szczepanik M, Selmaj K. 
Immune regulation of multiple sclerosis by transdermally applied myelin peptides. Ann 
Neurol. 2010;68(5):593-601. 

43.	 Yoo S, Ha SJ. Generation of Tolerogenic Dendritic Cells and Their Therapeutic Applications. 
Immune Netw. 2016;16(1):52-60. 

44.	 Palinski W, Miller E, Witztum JL. Immunization of low density lipoprotein (LDL) receptor-
deficient rabbits with homologous malondialdehyde-modified LDL reduces atherogenesis. 
Proc Natl Acad Sci U S A. 1995;92(3):821-5. 

45.	 van Puijvelde GH, Hauer AD, de Vos P, van den Heuvel R, van Herwijnen MJ, van der 
Zee R, et al. Induction of oral tolerance to oxidized low-density lipoprotein ameliorates 
atherosclerosis. Circulation. 2006;114(18):1968-76. 

46.	 van Puijvelde GH, van Es T, van Wanrooij EJ, Habets KL, de Vos P, van der Zee R, et al. 
Induction of oral tolerance to HSP60 or an HSP60-peptide activates T cell regulation and 
reduces atherosclerosis. Arterioscler Thromb Vasc Biol. 2007;27(12):2677-83. 

47.	 Fredrikson GN, Bjorkbacka H, Soderberg I, Ljungcrantz I, Nilsson J. Treatment with apo 
B peptide vaccines inhibits atherosclerosis in human apo B-100 transgenic mice without 
inducing an increase in peptide-specific antibodies. J Intern Med. 2008;264(6):563-70. 



39

Tolerogenic vaccines against CVD

2

48.	 Wigren M, Kolbus D, Duner P, Ljungcrantz I, Soderberg I, Bjorkbacka H, et al. Evidence 
for a role of regulatory T cells in mediating the atheroprotective effect of apolipoprotein B 
peptide vaccine. J Intern Med. 2011;269(5):546-56. 

49.	 Herbin O, Ait-Oufella H, Yu W, Fredrikson GN, Aubier B, Perez N, et al. Regulatory 
T-cell response to apolipoprotein B100-derived peptides reduces the development and 
progression of atherosclerosis in mice. Arterioscler Thromb Vasc Biol. 2012;32(3):605-12. 

50.	 Shaw MK, Tse KY, Zhao X, Welch K, Eitzman DT, Thipparthi RR, et al. T-Cells Specific for 
a Self-Peptide of ApoB-100 Exacerbate Aortic Atheroma in Murine Atherosclerosis. Front 
Immunol. 2017;8(NA):95. 

51.	 Tse K, Gonen A, Sidney J, Ouyang H, Witztum JL, Sette A, et al. Atheroprotective Vaccination 
with MHC-II Restricted Peptides from ApoB-100. Front Immunol. 2013;4(NA):493. 

52.	 Zamora A, Matejuk A, Silverman M, Vandenbark AA, Offner H. Inhibitory effects 
of incomplete Freund's adjuvant on experimental autoimmune encephalomyelitis. 
Autoimmunity. 2002;35(1):21-8. 

53.	 Kobiyama K, Vassallo M, Mitzi J, Winkels H, Pei H, Kimura T, et al. A clinically applicable 
adjuvant for an atherosclerosis vaccine in mice. Eur J Immunol. 2018;48(9):1580-7. 

54.	 Gistera A, Hermansson A, Strodthoff D, Klement ML, Hedin U, Fredrikson GN, et al. 
Vaccination against T-cell epitopes of native ApoB100 reduces vascular inflammation and 
disease in a humanized mouse model of atherosclerosis. J Intern Med. 2017;281(4):383-97. 

55.	 Kimura T, Kobiyama K, Winkels H, Tse K, Miller J, Vassallo M, et al. Regulatory CD4(+) T 
Cells Recognize Major Histocompatibility Complex Class II Molecule-Restricted Peptide 
Epitopes of Apolipoprotein B. Circulation. 2018;138(11):1130-43. 

56.	 Benne N, van Duijn J, Lozano Vigario F, Leboux RJT, van Veelen P, Kuiper J, et al. 
Anionic 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG) liposomes induce antigen-
specific regulatory T cells and prevent atherosclerosis in mice. J Control Release. 
2018;291(NA):135-46. 

57.	 Sedlackova L, Nguyen TT, Zlacka D, Sosna A, Hromadnikova I. Cell surface and relative 
mRNA expression of heat shock protein 70 in human synovial cells. Autoimmunity. 
2009;42(1):17-24. 

58.	 Almanzar G, Ollinger R, Leuenberger J, Onestingel E, Rantner B, Zehm S, et al. 
Autoreactive HSP60 epitope-specific T-cells in early human atherosclerotic lesions. J 
Autoimmun. 2012;39(4):441-50. 

59.	 George J, Shoenfeld Y, Afek A, Gilburd B, Keren P, Shaish A, et al. Enhanced fatty streak 
formation in C57BL/6J mice by immunization with heat shock protein-65. Arterioscler 
Thromb Vasc Biol. 1999;19(3):505-10. 

60.	 Xu Q, Dietrich H, Steiner HJ, Gown AM, Schoel B, Mikuz G, et al. Induction of arteriosclerosis 
in normocholesterolemic rabbits by immunization with heat shock protein 65. Arterioscler 
Thromb. 1992;12(7):789-99. 

61.	 Klingenberg R, Ketelhuth DF, Strodthoff D, Gregori S, Hansson GK. Subcutaneous 
immunization with heat shock protein-65 reduces atherosclerosis in Apoe(-)/(-) mice. 
Immunobiology. 2012;217(5):540-7. 

62.	 Long J, Lin J, Yang X, Yuan D, Wu J, Li T, et al. Nasal immunization with different forms 
of heat shock protein-65 reduced high-cholesterol-diet-driven rabbit atherosclerosis. Int 
Immunopharmacol. 2012;13(1):82-7. 



40

Chapter 2 

63.	 Zhong Y, Tang H, Wang X, Zeng Q, Liu Y, Zhao XI, et al. Intranasal immunization with 
heat shock protein 60 induces CD4(+) CD25(+) GARP(+) and type 1 regulatory T cells and 
inhibits early atherosclerosis. Clin Exp Immunol. 2016;183(3):452-68. 

64.	 Kita T, Yamashita T, Sasaki N, Kasahara K, Sasaki Y, Yodoi K, et al. Regression of 
atherosclerosis with anti-CD3 antibody via augmenting a regulatory T-cell response in 
mice. Cardiovasc Res. 2014;102(1):107-17. 

65.	 Foks AC, Frodermann V, ter Borg M, Habets KL, Bot I, Zhao Y, et al. Differential effects 
of regulatory T cells on the initiation and regression of atherosclerosis. Atherosclerosis. 
2011;218(1):53-60. 

66.	 Wang X, Chauhan V, Nguyen AT, Schultz J, Davignon J, Young SG, et al. Immunochemical 
evidence that human apoB differs when expressed in rodent versus human cells. J Lipid 
Res. 2003;44(3):547-53. 

67.	 Mestas J, Hughes CC. Of mice and not men: differences between mouse and human 
immunology. J Immunol. 2004;172(5):2731-8. 

68.	 Proto JD, Doran AC, Subramanian M, Wang H, Zhang M, Sozen E, et al. 
Hypercholesterolemia induces T cell expansion in humanized immune mice. J Clin Invest. 
2018;128(6):2370-5. 

69.	 Paakkanen R, Lokki ML, Seppanen M, Tierala I, Nieminen MS, Sinisalo J. Proinflammatory 
HLA-DRB1*01-haplotype predisposes to ST-elevation myocardial infarction. 
Atherosclerosis. 2012;221(2):461-6. 

70.	 Soeki T, Sata M. Inflammatory Biomarkers and Atherosclerosis. Int Heart J. 2016;57(2):134-
9. 



41

Tolerogenic vaccines against CVD

2


