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Abstract

Therapeutic options in atherosclerosis have largely been limited to the control of risk factors, such 

as hypercholesterolemia, hypertension, or diabetes. However, atherosclerosis is a chronic 

inflammatory disease in which dyslipidemia and inflammation are equally involved in disease 

pathogenesis. Moreover, abundant epidemiological and experimental evidence point to an 

important modulatory role of innate and adaptive immunity in atherogenesis, providing novel 

therapeutic targets for this disease. Indeed, there is now accumulating data in animal models 

demonstrating the potential for immunotherapeutic approaches to treat atherosclerosis. These 

include both general and antigen-specific ways of modulating immune functions, and they show 

great promise for the development of alternative and/or adjuvant therapies for atherosclerosis.
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Introduction

Clearly, hypercholesterolemia is a key pathogenic factor in the initiation and progression of 

atherosclerotic lesions [1]. Nevertheless, there is now ample evidence that certain aspects of 

innate and adaptive immunity play an important role in atherogenesis [2,3]. Importantly, the 

recruitment of monocyte/macrophages is a rate limiting step in atherosclerosis and 

macrophages are not only hallmark cells of atherosclerotic lesions but of innate immunity as 

well. Thus, innate immune functions are central in the pathogenesis of atherosclerosis. On 

the other hand, adaptive immune functions are not obligatory for disease development, as 

atherosclerosis-prone mice that lack both functional B- and T-cells still develop 

atherosclerotic lesions [4–7]. However, lesion formation in these mice was found to be 

significantly decreased compared to immunocompetent apoE–/– and LDLR–/– mice, 

indicating an overall pro-atherogenic role for adaptive immunity; though protective 

properties of adaptive immunity are clearly present as well. Importantly, when plasma 
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cholesterol levels were sufficiently high in these mice, the differences between lymphocyte 

deficient and immunocompetent mice disappeared. Thus, under certain conditions adaptive 

immune functions can have a profound impact. However, when the atherogenic pressure of 

hypercholesterolemia is sufficiently high, adaptive immune functions may no longer be 

active. Nevertheless, modulation of certain immune functions in mouse models of 

atherosclerosis through genetic and other approaches have indicated a critical role for 

different components of the immune system, and these data were instrumental in the 

identification of targets for potential therapeutic interventions.

Although immunotherapeutic approaches may also include immune based strategies to 

interfere with lipoprotein metabolism and vascular cell function, this review will focus on 

the modulation of specific immune responses relevant to atherogenesis at various levels (Fig. 

1). Specifically, the effectiveness of general immune modulation by interference with 

cytokine and chemokine signalling and T-cell activation will be discussed, as well as 

antigen-specific approaches including active vaccination and tolerization, and passive 

immunization strategies.

Interference with cytokine and chemokine signalling

In analogy to other chronic inflammatory diseases, certain cytokines have been 

demonstrated to modulate the development of atherosclerotic lesions. In addition, the 

chemotactic recruitment of monocyte/macrophages is a hallmark of atherosclerotic lesion 

formation.Thus, a number of pro- and anti-atherogenic cytokines and chemokines have been 

identified as potential therapeutic targets. Although the administration of specific agents that 

provide functional blockage of immune signals may be inappropriate for a disease such as 

atherosclerosis, certain clinical settings or specific agents may favour their chronic use in 

spite of the risk of chronically impairing host defense functions. Table 1 lists selected agents 

that show promise in protecting from atherosclerosis by targeting cytokine and chemokine 

signalling.

General immune modulation

The fact that certain adaptive immune responses have been found to modulate atherogenesis, 

suggested the possibility for therapeutic interventions by interfering with specific effector 

functions of the immune system. While some immune responses such asTh1- and in 

particular IFNγ-mediated responses have been found to promote lesion formation, others 

such as B-cell associated responses have been suggested to be protective [3]. Thus, the 

general interference with immune functions bears the risk that such strategies may 

potentially inhibit protective effects to the same extent as pro-atherogenic ones. 

Nevertheless, approaches targeting T-cell mediated immune responses have been successful 

in murine atherosclerosis, and may qualify as useful therapies for short term interventions in 

certain conditions.
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Anti-CD3 antibodies

Anti-CD3 antibodies act as potent immunosuppressive agents by modulating the CD3/T-cell 

receptor (TCR) complex. They have been used in patients to prevent short term allograft 

rejection and were also shown to induce long-term remission of autoimmune diabetes in 

nonobese diabetic (NOD) mice [8]. Administration of nonmitogenic anti-CD3 antibodies in 

LDLR–/– mice fed a high cholesterol diet reduced the development of atherosclerotic lesions 

but also slowed the progression of established lesions. Treatment markedly boosted the 

production of TGFβ and increased the expression of Foxp3 mRNA in lymph nodes and 

spleen cells, suggesting the induction of a regulatory immune response though the number 

of CD4+CD25+ Tregs was not increased after the treatment [9]. Of great relevance is the fact 

that these profound effects were observed even though only a short term treatment regimen 

was used.

Co-stimulatory signals

In analogy, co-stimulatory signals of T-cell activation also present suitable targets for 

immunological interventions. For example, the co-stimulatory molecules CD40 and CD40L 

have been shown to play a central role in atherosclerosis progression. CD40 and CD40L are 

co-expressed on numerous cell types within atherosclerotic lesions, including endothelial 

cells, macrophages, smooth muscle cells and T-cells. Treatment of LDLR–/– mice with an 

anti-CD40L antibody and fed a high cholesterol diet for 12 weeks significantly reduced 

atherosclerotic lesion formation. Furthermore, fewer macrophages and lymphocytes were 

found in lesions of treated mice [10]. Importantly, while anti-CD40L treatment of LDLR–/– 

mice with established atherosclerosis did not reduce the size of atherosclerotic lesion, it 

triggered a change in lesion composition to a more stable plaque phenotype with reduced 

content of lipids and macrophages and a relative increase in collagen content and smooth 

muscle cells [11]. Similar results were obtained by Lutgens et al. in apoE–/– mice, in which 

anti-CD40L treatment did not show an effect on lesion size but did alter the morphology of 

lesions towards more lipid-poor, collagen-rich stable plaques [12]. Thus, interference with 

co-stimulatory signals has also the important potential to alter plaque phenotypes towards 

more stable less vulnerable and rupture-prone ones. Another example are the co-stimulatory 

molecules OX40 and OX40L of the TNF/TNFR family, which are expressed on activated 

CD4+ and CD8+ T-cells and APCs and endothelial cells, respectively [13]. In a genomic 

association study OX40L was identified as a putative pro-atherogenic gene within a locus on 

chromosome 1, which is associated with aggravated atherosclerosis [14]. Indeed, OX40L–/– 

mice were found to show smaller atherosclerotic lesion size and overexpression of OX40L 

led to a larger atherosclerotic lesion compared to controls [15]. Consistent with this, 

treatment of LDLR–/– mice with anti-OX40L antibody induced a more than 50% decrease in 

atherosclerotic lesion formation [16].

Antigen-specific immune modulation

Several potential antigens have been suggested to trigger immune responses that modulate 

atherosclerotic lesion formation [2,3,17,18]. These include bacterial and viral antigens, such 

as Chlamydia pneumonia, CMV, as well as (altered) self antigens such as, heat shock protein 
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60 (including cross-reactive microbial mHSP65 and cHSP60), β2gpI and oxidized LDL. 

Immune responses to most of these antigens have been found to modulate disease 

progressions to different degrees. Therefore, current immunological interventions to prevent 

atherogenesis aim at dampening pro-atherogenic responses or boosting protective ones 

(Table 2).

Active immunization

When LDL is trapped in the artery wall it undergoes progressive oxidative changes that lead 

to the generation of pro-inflammatory oxidized lipid moieties on OxLDL, which is taken up 

by macrophage scavenger receptors leading to foam-cell formation [1]. OxLDL also 

contains multiple “oxidation-specific” epitopes that are recognized by specific immune 

responses. For example, when the most abundant phospholipid of LDL phosphatidylcholine 

(PC), which contains an oxidation-prone sn-2 polyunsaturated fatty acid, undergoes 

oxidation, highly reactive breakdown products such as malondialdehyde (MDA), 4-

hydroxynonenal (4-HNE) and the remaining “core-aldehyde”, 1-palmitoyl-2-(5-

oxovaleroyl)-sn-glycero-3-phosphatidylcholine (POVPC) are generated [19]. These 

aldehydes form covalent adducts with amino-groups of proteins and lipids and are 

recognized by specific antibodies in a hapten-specific manner. An array of innate pattern 

recognition receptors recognize these and many other oxidation-specific epitopes as PAMPs 

[20]. Moreover, both IgG and IgM antibodies to models of OxLDL (e.g. MDA-modified 

LDL and copper-oxidized LDL) are present in lesions and plasma of humans and animal 

models of atherosclerosis, respectively [21,22]. In atherosclerosisprone apoE–/– or 

cholesterol-fed LDLR–/– mice IgM antibodies to OxLDL are increased and dominate the 

humoral immune response to oxidation-specific epitopes. In humans many but not all 

epidemiological studies have demonstrated an association of OxLDL-specific autoantibody 

titers with disease progression or clinical events (reviewed in [23]). More recently, emerging 

data suggest an inverse correlation of OxLDL-specific IgM but not IgG titers with CVD 

[24,25], suggesting a protective role for IgM antibodies. There is, however, too limited data 

available to fully support a pro- or anti-atherogenic role for endogenous anti-OxLDL 

antibodies in humans, and epidemiological studies need to further address potential 

differences between anti-OxLDL responses of different Ig subclasses. In addition, T-cells 

with specificity for OxLDL have been documented in atherosclerotic lesions, and OxLDL-

specific Th1 cells are thought to be responsible for the local production of IFNγ in 

atherosclerotic lesions [26]. Thus, OxLDL-specific immune responses have likely a complex 

and dual role in atherosclerosis.

Homologous oxidized LDL

In a seminal study the laboratory of Dr. Witztum made the surprising observation that 

immunization of LDLR deficient rabbits with homologous MDA-LDL suspended in 

complete Freund's adjuvant (CFA) and subsequent booster immunizations of antigen in 

incomplete Freund's adjuvant (IFA) at monthly intervals for 6 months markedly reduced the 

extent of atherosclerosis compared to the controls. All MDA-LDL immunized animals 

developed high and specific anti-MDA-LDL IgG titers and this demonstrated the potential 

for immunological modulation of the atherogenic process, though the mechanism by which 
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immunization led to a protective effect remained unclear [27]. Similarly, Nilsson et al. 

performed an immunization study in which NZW rabbits received only two injections of 

either native LDL or copper-oxidized LDL and demonstrated a significant reduction of 

lesion formation in LDL-immunized rabbits after 16 weeks of cholesterol-feeding [28]. 

Likely LDL immunization resulted in the oxidative modification of the native LDL, as after 

16 weeks of diet IgG titers to OxLDL were significantly increased by twofold and similar to 

the titers achieved with OxLDL immunization. Using an analogous protocol the same 

authors showed a protective effect of copper-oxidized LDL immunization on neointima 

formation in a balloon injury model of NZW rabbits [29]. These original studies in rabbit 

models paved the way for a number of subsequent studies that further corroborated the 

protective effect of OxLDL immunization in mouse models of atherosclerosis providing 

increasing insight into potential mechanisms. Indeed, immunization with homologous 

MDA-LDL emulsified in CFA/IFA has been shown to decrease atherosclerotic lesion 

formation in both apoE–/– and LDLR–/– mice [30,31]. Remarkably, the protective effect in 

LDLR–/– mice was found despite extremely high plasma cholesterol levels of around 1400 

mg/dl. In the same study the authors demonstrate the induction of robust T-cell dependent 

IgG1 and IgG2a antibodies to MDA-LDL, but also IgGs to other epitopes of OxLDL, 

including CuOx-LDL, oxidized cardiolipin, oxidized cholesterol, oxidized cholesterol 

linoleate. Moreover, IgM titers to some of these also continuously increased in response to 

immunization with MDA-LDL. Interestingly, the authors also reported a protective effect of 

immunization with native LDL, which was associated with a minimal but significant 

increase of IgG titers to oxidation-specific epitopes [31]. These data suggested that 

atheroprotection may not only be due to the induction of high titered antibodies. Zhou et al. 

also confirmed the protective effect of immunization with MDA-LDL, which they found 

associated with a robust induction of anti-MDA-LDL IgG. Moreover, they could document 

increased activation of CD69+CD4+ and CD8+ T-cells in lymph nodes from immunized 

mice after in vitro incubation with MDA-LDL [32]. However, in a later study the authors 

demonstrated that the protective effect of MDA-LDL immunization does not depend on the 

presence of CD4+ T-cells, as immunization was still protective in CD4–/–apoE–/– mice; 

although the importance of CD4+ T-cells for atherogenesis was demonstrated by the fact that 

CD4–/–apoE–/– developed significantly less lesions than apoE–/–-mice. Anti-MDA-LDL 

antibodies were significantly elevated in MDA-LDL immunized apoE–/– and CD4–/–apoE–/– 

mice as compared with PBS-immunized ones. However, antibodies of the IgM, IgG2a, and 

2b subclasses were significantly lower in CD4–/–apoE–/– mice than in apoE–/– animals. 

Therefore, the protective effect of immunization may primarily involve other mechanisms 

than the induction of CD4+ T-cells and these effects seem to target atherogenic events that 

do not involve CD4+ T-cells [33]. To obtain better mechanistic insights into the protective 

effect of immunization, we analyzed in more detail the immune response induced by 

immunization with MDA-LDL. Immunization with MDA-LDL, led to the preferential 

induction of IL-5 secreting T-cells associated with a rise of Th2-cytokine dependent IgG1 

titers but also IgM titers to MDA-LDL. Moreover, plasma levels of IL-5 were also found 

significantly increased in MDA-LDL immunized LDLR–/– mice. Importantly, immunization 

with MDA-LDL was also found to increase the levels of the atheroprotective natural IgM 

T15/EO6 (see below), which specifically recognize the phosphocholine group of oxidized 

phospholipids, in an IL-5 dependent manner.Thus, MDA-LDL immunization induces a 
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specific Th2-type response that is dominated by IL-5, which provides non-cognate help for 

the expansion of natural IgM Abs by B-1 cells [34]. Importantly, we have recently 

demonstrated that a large percentage of B-1-cell derived natural IgM have specificity for 

different oxidation-specific epitopes, and such natural IgM may mediate important house-

keeping functions in defending against the impact of accumulating oxidation-specific 

epitopes, as it is the case in atherosclerosis [35,36]. However, the absolute role of IL-5 or 

IgM in the protective effect of this immunization still needs to be established. Similarly, the 

in vivo role of IgG antibodies with specificity for OxLDL has not been established. Unlike 

IgM, IgG are recognized by specific Fcγ-receptors and in vitro studies have shown that IgG-

containing OxLDL-immune complexes promote lipid accumulation and pro-inflammatory 

responses in macrophages [37]. Thus, OxLDL-specific IgG antibodies (or certain 

subclasses) may well have proatherogenic effects. Additional protective mechanisms of 

these immunizations may also include the induction of regulatory immune responses. 

Though, no evidence has been provided in this regard so far.

Phosphocholine (PC)

An important issue regarding the design of atheroprotective vaccinesis the identification of 

relevant epitopes. OxLDL is a complex and large particle that contains numerous lipid-

peroxidation products that are recognized as oxidation-specific epitopes. Phosphocholine 

(PC) of oxidized phospholipids such as POVPC of OxLDL is the best studied one of them. 

This is largely due to the characterization of the monoclonal IgM antibody EO6, which was 

cloned from the spleens of cholesterol-fed apoE–/– mice and subsequently found to be a 

germline encoded natural IgM and identical to the prototypic B-1-cell clone T15. T15 is 

specific for PC linked to cell wall polysaccharides of pathogens such as S. pneumoniae and 

provides optimal protection against pneumococcal infections in mice. Thus, the same natural 

antibody binds to PC of OxPL as well as to PC of the CPS of S. pneumoniae. Based on this 

molecular mimicry, we immunized cholesterol-fed LDLR–/– mice with heat inactivated PC-

containing pneumococci that led to the induction of high titers of IgM antibodies against 

OxLDL. In fact, the rise in anti-OxLDL IgM was conferred primarily by a near monoclonal 

expansion IgM antibodies with the T15 idiotype and significantly decreased lesion 

formation. Consistent with the thymus independent (Tl-2) character of the response, there 

was only a minimal induction of TI IgG3, but not of T-cell dependent (TD) IgG titers to 

OxLDL. Thus, the anti-PC IgM EO6/T15 that binds OxLDL mediate atheroprotection, and 

likely mediate this effect by neutralizing pro-inflammatory effects of OxPL on endothelial 

cells [38] and macrophages [39] and/or by preventing foam-cell formation [40]. Indeed, 

plasma of immunized mice had an enhanced ability to inhibit the binding of OxLDL by 

macrophages in vitro [41]. In a subsequent study, the impact of PC-based immunizations 

was tested in apoE–/– mice that were immunized with PC-KLH using CpG as adjuvant. This 

approach led to more than 40% reduction in lesion format on compared to mice immunized 

with KLH alone or with PBS. In contrast to the previous study using pneumococcal extracts, 

both IgM and IgG titers to PC were increased with this immunization protocol, though the 

contribution of the induced IgG titers in the protective effect is unclear [42]. While IgM 

antibodies provide profound neutralizing effects, IgG Abs may – depending on the induced 

isotype – provide further modulatory effects.
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Native and MDA-modified apoB-100 peptides

During the oxidation of LDL reactive aldehydes such as MDA are generated, which can 

form covalent and immunoreactive adducts with apoB-100. In addition, during this process 

apoB100 is also fragmented likely leading to the generation of other neoepitopes. Fredrikson 

et al. synthesized a library of native and malondialdehyde-modified polypeptides covering 

the complete apoB-100 sequence and demonstrated autoantibodies against these in human 

plasma [43]. To investigate the immune response against these peptides, apoE–/– mice were 

immunized with peptides linked to BSA. Immunization with apoB-100 peptides resulted in 

reduction of atherosclerosis by about 60% compared to controls given carrier and adjuvant 

alone. Interestingly, only IgG but not IgM titers against the MDA-peptides increased in 

immunized mice [44]. In a subsequent study the efficacy of three different MDA-apoB100 

peptides (P45, P74, and P240) were tested in apoE–/– mice. Only immunization with P45 

had a significant effect on early lesion formation in the descending aorta, while both P45 and 

P74 decreased the macrophage content in atherosclerotic plaques. Immunization increased 

IgG1antibodies specific for each peptide more than 50-fold, whereas the levels of specific 

IgM and IgG2a were only slightly affected. Though plaque INFγ expression was not down-

regulated, the increase in IgG1 suggested a predominant Th2 response [45]. As all apoB100 

sequences were derived from human apoB100, it was important to test the efficacy of this 

approach in a mouse model that would exclude potential immune reactions to non-self apoB. 

Using human apoB-100 transgenic LDLR–/– mice the authors confirmed this protective 

effect using the peptides P45 and P210, respectively. P45 immunization resulted in 

significantly reduced lesion formation while the reduction achieved by P210 did not reach 

significance. Interestingly, in this model the immunization with P45 in particular primarily 

induced IgM but not IgG antibodies against native LDL and CuOx-LDL [46]. Thus, in 

summary studies using apoB-peptide vaccines result in atheroprotection, but the exact 

mechanisms of the protective effect is still elusive. Again, humoral immune responses may 

be responsible for part of it.

Passive immunization

As most of the active immunization approaches were found to induce high titered antibodies 

against the respective model antigens, the therapeutic potential of isolated antibodies in 

atherosclerosis has been tested.

Anti-PC IgM

Most prominently, PC-specific EO6/T15 IgM antibodies are hypothesized to partially 

mediate the protective effect of OxLDL immunizations. Indeed, four weekly intraperitoneal 

injections of purified T15-idiotype positive IgM antibodies in apoE–/– mice significantly 

reduced lesion formation in a carotid artery vein graft derived from the V. cava of 

homologous mice. However no significant effect was observed on native established aortic 

lesions in the aortic sinus, likely due to the short duration of therapy with the purified 

antibody [47]. Nevertheless, this study demonstrated that administration of purified anti-PC 

IgM has the potential to directly decrease atherosclerotic lesion formation and further 

supports a protective function of anti-OxLDL IgM antibodies.
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Anti-MDA-peptide IgG1

The effectiveness of passive immunizations was also tested using recombinant human IgG1 

antibodies specific for MDA-modified apoB-100 peptides, which were identified from 

single-chain antibody-fragment library that was screened with different peptides. One 

antibody, termed IEI-E3, indeed showed an protective effect on lesion formation in apoE–/– 

mice when administered weekly during the last 4 weeks of a 19 week feeding period. The 

authors also demonstrated that the same antibody had the capacity to increase OxLDL 

binding and uptake by monocytes in vitro [48]. In a follow-up study using Apobec-1–/–/

LDLR–/– mice with established atherosclerosis the authors tested the potential of two human 

antipeptide antibodies to stimulate regression. After 20 weeks of high fat diet, regression 

was induced by changing to regular chow diet for a 5-week period. During this time, mice 

received three weekly injections of two MDA-peptide specific (IEl-E3 or 2D03) or a control 

IgG1, respectively. Both specific IgG1 promoted the regression significantly, and 2D03 also 

stimulated the expression of ABCA-1 in the plaques, suggesting that the antibody may 

mediate induction of cholesterol efflux [49]. Moreover, Goncalves et al. demonstrated the 

presence of 2D03-reactive epitopes in human plaques [50]. Thus, human anti-MDA-peptide 

IgG1 have a protective capacity in mouse models of atherosclerosis. As the functional 

properties of human IgGs are difficult to assess in murine models, interpretation of the exact 

mechanism by which these antibodies mediate protection is difficult.

Mucosal tolerance

Unlike active immunization approaches that aim at the induction of protective immune 

responses, tolerization approaches aim at the weakening or suppression of cellular and/or 

humoral immune response to endogenous antigens. Depending on the dose, time and route 

of antigen administration, potential effects include the clonal deletion [51] or anergy [52],

53] of specific T-cells, or the induction of different types of regulatory T-cells [54]. The 

latter of which has been successfully employed to attenuate different autoimmune-mediated 

diseases in experimental models [55]. In murine atherosclerosis mucosal tolerization 

approaches have also shown success.

Heat shock protein 60/65

For example, both nasal or oral administration of hsp65 but not of control proteins in 

LDLR–/– mice have been shown to significantly reduce atherosclerotic lesions induced by 

atherogenic diet [56,57]. The best indicator for a successful tolerization are the induced 

changes in endogenous auto-immune responses. For example, Maron et al. documented a 

successful mucosal tolerization of endogenous anti-hsp60/65 responses as indicated by 

decreased proliferation of splenocytes in response to hsp65 and decreased anti-hsp65 IgG 

titers. In this study, nasal administration resulted in decreased lesional macrophage and T-

cell content, reduced expression of IFNγ and increased IL-10 expression, as well increased 

Th2 dependent anti-hsp65 IgG1 titers. However, despite an atheroprotective effect such 

differences in cellular lesion content of tolerized mice or hsp65-specific immune responses 

were not seen in the study by Harats et al. In a later study, van Puijvelde etal. carried out a 

similar tolerization experiment by orally administering hsp60 or a 16aa peptide of hsp60 
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(253 to 268) to LDLR–/– mice that were subsequently fed an atherogenic diet [58]. These 

treatments resulted in a 27% reduction in plaque area at the aortic root (hsp60) and a 80% 

reduction of lesion formation in carotid arteries following collar placement (hsp60 and 

hsp60 peptide). Moreover, increased Levels of CD4+CD25+Foxp3+ regulatory T-cells in the 

lymphoid organs and blood were found. Lymph node cells from hsp60 tolerized mice 

produced increased amounts of IL-10 and TGFβ when stimulated in vitro with hsp60, but no 

changes of endogenous anti-hsp60 Abs were seen. Thus, hsp60/65 represent an appropriate 

and effective target for mucosal tolerization. However, evidence on the actual suppression of 

endogenous and pro-atherogenic responses in atherosclerotic mice using these approaches is 

limited. In fact, such effects were to a large extent reported only when immune responses 

were induced by immunization following the tolerization protocol. In analogy to hsp60/65, 

oral administration of β2-glycoprotein I (β2GPI) in LDLR–/– mice has also been shown to 

significantly reduce early atherosclerotic lesion formation [59].

Oxidized LDL

Although the induction of immune responses against OxLDL by active immunization 

strategies mediates atheroprotection, pro-atherogenic responses specific for OxLDL have 

been suggested to exist as well. For example, transfer of CD4+ T-cells from mice immunized 

with MDA-LDL induced significantly more atherosclerosis in recipient apoE–/–SCID mice 

than T-cells from control immunized mice. These responses are hypothesized to be mostly of 

the Th1 phenotype and IFNγ -secreting Th1 cells are thought to mediate pro-inflammatory 

effects in lesions. In light of this, Pujvelde et al. employed an oral tolerization strategy using 

human CuOx-LDL and MDA-LDL as antigens, respectively. Interestingly, only LDLR–/– 

mice that received CuOx-LDL through oral administration developed significantly less 

atherosclerosis, while MDA-LDL feeding did not have an effect. Oral administration of 

CuOx-LDL also led to a significant increase of CD4+CD25+Foxp3+ cells in spleens and 

mesenteric lymph nodes, and lymph node cells from tolerized but not control mice 

stimulated in vitro with CuOx-LDL produced high amounts of TGFβ [60]. No effects were 

observed in antibody titers to CuOx-LDL. Thus, similar to mucosal tolerization approaches 

with hsp60/65 the induction of Treg populations is associated with the decrease in 

atherogenesis, though direct immunological suppression of endogenous responses have not 

been well documented.

Adjuvant effects

Finally, it is noteworthy to mention the atheroprotective effect of simple adjuvant 

administration, which were originally identified as chance findings of well controlled 

experiments. Adjuvants are defined as a group of structurally heterogenous compounds that 

enhance immunogenicity of co-administered antigens, in part by promoting efficient 

recruitment and function of antigen presenting cells. Indeed, a number of studies have 

demonstrated that administration of adjuvants alone (i.e. without antigen) in apoE–/– or 

LDLR–/– mice induces atheroprotection. In these studies, experimental groups of mice 

received an initial injection of complete Freund's adjuvant (CFA) followed by subsequent 

boosts with incomplete Freund's adjuvant (IFA) to control for adjuvant effects in various 

antigen-specific immunization approaches. Surprisingly, these control experiments revealed 
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a robust atheroprotective effect of FA [33,41,61]. Nicoletti et al. then formally tested the 

effect of various commonly used adjuvant preparations, including CFA/IFA, IFA alone, 

Alum, and CpG DNA, on lesion formation in ApoE–/– mice [62]. With the exception of 

CpG, administration of all other adjuvants led to significantly decreased atherosclerosis. The 

fact that different adjuvant preparations conferred atheroprotection, suggest that general 

immune activation can lead to the induction of protective immune responses. The exact 

mechanism of this effect remains unclear. However, it is noteworthy that in some studies 

reduced plasma cholesterol levels were found associated with administration of Freund's 

adjuvant. Moreover, some evidence points to the fact that adjuvant administration leads to 

the activation of protective IgM responses. For example, we showed that CFA/IFA 

administration in LDLR–/– mice resulted in increased titers of IgM Abs against MDA-LDL 

and CuOx-LDL, as well as increased levels of circulating IgM-apoB immune complexes 

[41]. Consistent with these findings, Khallout-Laschet et al. found that both CFA, IFA, but 

also Alum, induced anti-MDA-LDL IgM titers. They also suggested that the mineral oil 

component in Freund's adjuvant may be responsible for mediating this atheroprotection [62]. 

Further mechanistic insight was provided in a study by Zhou et al., who demonstrated that 

CD4+ T-cells were required for the atheroprotective effect of adjuvant administration, as in 

CD4 deficient apoE–/– mice the effect of CFA/IFA administration on lesion formation was 

abolished. In their report, injections of adjuvant also significantly increased anti-MDA-LDL 

IgM titers in CD4–/–apoE–/–when compared to untreated mice but was lower when 

compared to treated apoE–/–[33]. Thus, the protective effect of CFA/IFA seems to be 

dependent on CD4+ T-cells, which may also be needed for efficiently promoting protective 

anti-MDA-LDL IgM Abs; for example via IL-5. Dissecting the mechanistic details of this 

protective effect may be of particular interest, as the use of adjuvants such as Alum that 

shows an atheroprotective capacity in mice are approved for clinical use in humans.

Summary

A number of different strategies have demonstrated the effectiveness of immunotherapeutic 

interventions to decrease the extent of atherosclerosis or alter the plaque phenotype to a 

more stable one. While the general interference with certain immune functions may not be 

useful for long-term therapeutic purposes, as required by the inherently long period until 

clinically relevant lesions develop, such approaches may be especially useful for acute 

conditions with disease acceleration. The potential adverse effects of interfering with 

immune signalling and cell function in general (e.g. an increased susceptibility to infections) 

may otherwise outweigh the potential benefits on atherogenesis in case of long-term 

interventions.

By targeting antigen-specific responses, therapeutic interventions provide much higher 

disease specificity. Indeed, both active immunization as well as tolerization approaches have 

been successful. However, despite extensive experimental evidence mechanistic insight from 

these studies is surprisingly limited. This is largely influenced by the fact that in most cases 

experiments were designed to prove the principle of a given intervention, rather than to 

identify how these may work. Nevertheless, more detailed insights will be necessary in order 

to further optimize such intervention strategies but also to identify appropriate biomarkers 
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that could allow the monitoring of successful immunotherapeutic interventions and act as 

surrogates for the protective effect in the vessel wall.

While immunotherapeutic interventions have been largely successful in animal models of 

atherosclerosis, the utility of such approaches in humans is still unclear. Although the 

approaches discussed above to not aim at the interference with lipoprotein metabolism, it is 

important to point out that atherosclerosis in rodents exhibits differences to the human 

disease, which are partially based on differences in lipoprotein metabolism. Moreover, the 

homologous genetic background in animal models certainly does not reflect the different 

disease-modifying genetic variances found in humans. However; despite these caveats 

possibilities to translate the experimental immunotherapeutic approaches for atherosclerosis 

to humans are worthwhile to be explored. A number of issues will be critical to allow this 

translation to humans. First, the optimally protective antigens/epitopes need to be identified, 

which should also provide better insights into the protective mechanisms. Secondly, reliable 

biomarkers for successful interventions need to be defined. These are an absolute 

requirement for successful monitoring of such interventions, given the chronic character of 

atherosclerosis before clinical events occur. Likely, an in depth understanding about the 

mechanism by which a given intervention mediates atheroprotection will identify 

measurable immune responses that reflect the protective activity.Asthe regulation of the 

immune system in humans differs from the murine system at various levels, the exact 

definition and corroboration of immune mediated atheroprotective mechanisms need to be 

scrutinized vigorously in humans. For example, certain OxLDL-specific antibody responses 

in humans seem to be dominated by IgG antibodies, and strategies would need to be 

developed to selectively induce potentially protective IgM antibodies. Lastly, future studies 

should also focus on interventions that either induce lesion regression of established 

atherosclerosis or alter plaque phenotype, as such strategies will more likely meet the 

clinical needs and possibilities. Thus, much work remains to be done before a new 

generation of atheroprotective therapeutics will be available. Nevertheless, given the great 

success of “biologicals” in other chronic inflammatory diseases such as rheumatoid arthritis, 

there is a realistic chance that immunological interventions may oneday become an 

additional tool in fighting heart disease. Be it as therapeutic vaccines for long lasting 

immune modulation or as monoclonal antibodies for short term interventions during special 

clinical settings.
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Figure 1. Immunotherapeutic strategies for atherosclerosis.
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