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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 IFNy-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 TGFP 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 mMHSP65 and cHSP60), p2gpl 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 1gG 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 1gG 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 Thl cells are thought to be responsible for the local production of IFN-y 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

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Amir and Binder

Page 5

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 1gG 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 1gGs 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, 1gG2a, 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/E06 (see below), which specifically recognize the phosphocholine group of oxidized
phospholipids, in an IL-5 dependent manner.Thus, MDA-LDL immunization induces a

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Amir and Binder

Page 6

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 I1L-5 or
IgM in the protective effect of this immunization still needs to be established. Similarly, the
in vivo role of 1gG antibodies with specificity for OXLDL has not been established. Unlike
IgM, 1gG are recognized by specific Fcy-receptors and in vitro studies have shown that 19gG-
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 (TI-2) character of the response, there
was only a minimal induction of TI 1gG3, 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 1gG titers to PC were increased with this immunization protocol, though the
contribution of the induced 1gG 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 1gG 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
IgGlantibodies specific for each peptide more than 50-fold, whereas the levels of specific
IgM and 1gG2a were only slightly affected. Though plaque INF+y expression was not down-
regulated, the increase in 1gG1 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 1gG1
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 (IEI-E3 or 2D03) or a control
1gG1, 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 IFNy 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 I1L-10 and TGF 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 p2-glycoprotein | (32GPI) 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 IFNvy -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 TGF [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 |gM 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.

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 1gG 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. Immunother apeutic strategies for atherosclerosis.

Clin Immunol. Author manuscript; available in PMC 2019 March 15.

Page 16




Page 17

Amir and Binder

[t1 800z “Ie
19 [looJueAN UBA

[02] s00z “Ie
18 ll00JuBAN UBA

[69] 00z “Ie
19 uabeyulag

[89] 900z “Ie
19 18yosnuay
-196ing

[29] v002
““|e 18 Jagqoyos

[99] v002
“1e 39 pIeIsA

[s9] s00z
““le 19 JaneH

[#9] v00z
“|e 18 usuelg

191p adA} uBISOAN

191p 9dA) UIBISHN

181p d1usabolayy

131p MOYD [BWION

191p o1usbolayly

181p |04815913Y2 YbIH

191p 8dA3 UIBISHNN

181p MOYD [BWION

I _,_y41Q7 afewe

(#1102 w2)
301w _,_41Q7 efewaS

30l _,_Jode

801w _,_Jode

(vo
Yo u1 Aunfur paonpui
alm) ‘_,_Jode ajews-

0IW _,_471d71 3N

(4e1100 WO [esatel1q)
301W _,_41Q7 alewad

301w _,_Jode s[e|

vNyw | ‘eare ,gd-491 |
‘(e1i0® UL 1 9€G 1001 d1}0E
ul 1 9/g) 9zIs uoise ¢

eale ,A-4N|

* %86 'SI199-L €A 1 %S6
‘OljeJ UBWIN| BWINUI 1 %95
‘Ol BIpaW-BWAUI 1 %61
'3Z1S UOIS3| P110JeDd 4 989

SEx]
-1 ,£aD pue sabeydoioew
+ ‘(1001 21010R)

sanbe|d onoJsjosolayre
Bunsixs-aid Jo uoissaiboy

9dg3/0

pue unr-2-oydsoyd “107AD
10 uoissaldxa uiajoid
+‘2T-T1 pue ANL ‘2-dNIN
‘T-INVDI JO uoissaldxa
VNYW 1 ‘enbejd anuoe

ul 4 Jueaiyiubis-uou J[ews

(99T "sA %82)

| 8dAy uabejjod jewnuloau
| (%€T 'SA %) VINS™® |
s1189 Wweoy ,z-9.N 1 ‘(%2S
"SA 9%92) SI189 ,T-9eN 1

uoissaldxe YNYW Z4DD
pue G429 1 ‘Uolssaidxa

6-dININ 1 ‘uafe|[0d

pue sQINS | “,¥AdD

+ %E8 L T-08N + %EY
‘e1I0® JeuIWOpge-09eIoy]
1 %8G 1001 OILOB 1 %EY

s|199
A-N4I 1 ‘usuod ushe|jod
ur | ploj-g 'sQINS Ut | plo}
-7 ‘SISOUS]S JO Junowe ay) ul
1 %8S ‘OleJ eIpaw/ewnul 4
%.9 ‘ease BWNUL UL 1 %69

sanbe|d
8y} Ul BaJR paurels ,ead
ul | 'ezIs uoiss| Ul 1 %G/,

(y6112900,¥A0

| ‘46G2AD+¥AD 40 | Yum) sapou
ydwA| Buiurelp ui sisquinu |18

1 %¥9 ‘€4OXD J0 wsiuobeuy

uag|ds ut -1 ‘2T ‘T-dO
‘2402 ‘S400 40 WNYHW | ‘(sspou
ydwAj pue poojq ur 1) s|j89-1
+8a9D ‘(ussyds ur | ‘sapou ydwA|
pue poojq ut 1) s|I92-L .¥AD
‘€4OXD pue G4ID J0 Wsiuobey

uonoesaul 24OXO/4IN
a6ex00]q 1INl 40 UonEZIjEINEN

uaBouniqy 1 ‘971 winies 1+ 41N
wnJss 4 ‘411Nl Jo uonezifesnaN

D4NL pue 0T-11 '9-11 ‘-1 ‘2=l
wnJas | ‘1INl Jo uopezifesnaN

Buijfeubis

S3LNWY bBuyolq Aq uoneane
]192-1 pue SIXeIoWay? [|39-1

pue abeydoioew/aifoouow sywi

A

-N41 wniss 1 ‘(ezobl ‘TO6I) sav
ZT-711 ue Jo uonanpui Ag uonauny
2T-11 snouabopua Buyoo|g

01 Jo Aouspus) ‘D-1 pue
D-4NL JO uonigiyur pauiquiod

(1s1uoBeiue £40X0) 0EEYL-1GN

(3s1uoBeue £40X0 pue §40D)
6.2V ‘Jonqiyur Aus AlH

Apogue jeuojoouow HJA-RUY

Apogue jeuojoouow HJA-RUY

Apogiue [euojoouow 4 N-1RUY

(1s1uoBejue Joydadal
S3LNVY) STLNVY BN

x31dwod IHAVd
=ZT-TT1 Ynm uoneziunwuwj

(s10118d) 94/14-4NLS dLBWIYD

€40X0

€40X0 pue G400

dIN

dIN

41N

l0)deoas STINVH/STOD

¢t

D 4NL

80U ;B JoY

®Iq

ppow feluawiedx3

SISO0.B[3S0BYle uo 19443

19948 910 B/ [ed1BojouNWIW |

JuswIes 1|

wpbre)

T alqeL

® Europe PMC Funders Author Manuscripts

'SOUIOWRBYI pUR SSUI01AD

® Europe PMC Funders Author Manuscripts

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



Page 18

Amir and Binder

‘3 uidoidodijode

‘Jody ‘101dadal (@) uteroidodi) Alisusp-mol ‘41@T S puebi) (Jnow D—-) aunjowsyd'(§10I)SILNWVY ‘ulslold suelquiawisuel) 93epNS |99 J1419ads-TyL ‘€-wil “(2120D)T-ulsiold onoeiowsy
a1fo0uow ‘TN 103d3281 (JrI0W D-0) BUIOWYD *YDD 101d8dal BUBOWBYD DXD *YIXD ‘puebl] 0¥AD 10¥AD 'z 8sepidado|[elsi XLrew ‘ZdINIIA ‘T 8|NJ3J0IAl UoISBYPY Je|nfjad-Jalul ‘T-INVOI ‘2
usBnue sbeydoioew ‘g-oe ‘T usbnue sbeydoloew ‘T-0B\ ‘URJE 8j9sNW Yloows eyde yAISD 1030} A10)gIyul uoltesBiw ‘IN ‘ewweb uoapiaiul ‘A-N-| ‘S]199 8]asnW Y1oows ‘DINS ‘umjnaiaul ‘1 ‘ob|
uewiny Jo juawifel) 94 Y pasny 14-4NL auLINW JUBUIGWOal ‘04/14-4N.L duswiy) ‘eydpe uixojoydwA| ‘-1 ‘eydje 10198} SIS0I08U JOWN) ‘D 4N L ‘AIsR P1I0Jed ‘v {|0481S3|0Y9 [€10) ‘DL SUOIRIASICYY

T-dON

/27102 pue 6429 ‘2400
10 YNYw 1 ‘uabeyjoo

| 'SOINS | ‘6-dIN

[c2]1 800z "2 18

+ ‘sabeydouoew 1 ‘s||a9
@2 4 ‘(1001 o10e pue
BLIOR [RUILLOPQER-09RI0})
sanbe|d o11043195048Y1e

(sa1890us)ds) £-NI1L 40 uolssaldxa
VNYW 1 ‘DANL pue ANS|
JO UOI}3II3S 4 ‘S|9SSaA ‘01I3)UasaW

ur 1sause pue Buijjol a14o0xna]  STLNVH-[5 VNIl STLNVY

Jaynaisiaunesg  3181p |081sa8YD YBIH NIW _, HTAT3BIN  payslgelss ul 8zis uoisaT 4 1 ‘SILNWY Jo uonigiyul snousBopua Jo Jonqiyu] S31NVY
(A1aure pnoJed ul) y-v 110
‘Gz@D'edxo4 Jo uoissaidxe

20 PPy »Ia ppow [ejuswiedx3 SIS0.8|3s0.JBYye uo 199443 1094J8 d1j00e W/ [Eed1fojounww | ewEs 1| T

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



Page 19

Amir and Binder

(%25 'SA %9€ ‘euoe
[eUILIOPQE ‘%6/ "SA

[22] %/ "EHOR 210810y} pUB
G66T "'l 18Ip Moyd SNHqQed THHM  yade ‘0489 "SA 0481 ‘elIoe (961) saipoqnue 71a71-vaw snobojowoy
19 Disuled [eWwIoN -~-471Q77 3[ews) pue e a1nua) azIs uolss| uj 4 T1d71-vAWN-iue Jo uononpuj UHM uoleZIUNWW | IaT1-vamw
V11D pue gdxo4 ‘5zdd T1dTIX0 yum uolrejnwins
10 uoissaldxe YNYW -3J Ja)e S|189 apou ydwi|
[09] 9002 | ‘(1001 911108 1 %SY) urd-491 40 | pjo-9 ‘sapou
“le1s uoissalBoid pue (Alsne ydwA| oususssw pue uas|ds
apjaalind 191p 8dA) (Je1102 vO+) PIOJED 4 95T/ 100) u1 s|199-L ,£dx04,52A2,¥AD a1 pazipixo
UBA UJS]ISaN IW _,H1AT  21OR 1 %0€) uoneniu] 4 4 '80UBJ8|0] JO UONINPU| uewny Jo uolessiuiwpe [eiQ 1a1X0
(1d9zd auinoq $1192 apou
UM 1 9%/6G ‘I1d9zd  ydwAj ur uononpoud oT-11 | pue
[6s] uewiny Ynm 1 9Gy) 7-1140 | “1@7TX0 03 Auanoes.
002 “'Ie 181p 8dAy IW - ¥1aT SUOIS3| D11013[2S0JaY}e pue |d9zg 01 uonesasijoid apou 1d9-gd auinoq pue
19 961089 UIBISHN alews4 AlJes Jo uoissaiddng ydwaA| 4 ‘souess|o) Jo uononpu| uewINy J0 UoIeASIUIWpPE [BI0 1d9-29
(0-1a@71'0-1aH '01) spidyy
wnias 4 ‘s[|8o-1 Aq uononpoud
[e9] OT-T1 Ul | PloJ-/ *(§9dSH
6002 e 10481S8|0Yd (9%ET 01 %E9 Woly) 0] uonesayljoud selkoousyds 1) G9dSH
18 Buorx ybiH sugqged MZN afelN BJIOR Ul 9ZIS UOISaT] 4 30UEJ3|0} JO UONINPU| 10 UoIRISIUIWPE [eSEN G9dSH
gdxod ‘5edd
‘P-¥1.LD JO uoissaldxa
YNYW | ‘(%¥.—«09dSH sapou dwiA|
pUR 9469—-09dSH) Onel JJJajuasaw pue uas|ds ‘poojq
uswinjfewnul 4 ‘(%e8 ut 1199 ,£dx04,5200,¥AD
[8s] 2ooz —%09dSH '%T8-09dSH) | 's1199 apou ydwA| susjussaw
‘R (Je1109 ¥O+) Aseyre proseo urpue  Ag 0T-11 pue g-491 | ‘(09dSH
aplanfing 191p 8dA) 801w - ¥1aT (1 %L¢—09dSH) uibio 0} uonesaytjoud salkoouayds 1) (892-€52) x09dSH
ueA UIBISOPN afelN 9[1I0€ Ul 8ZIS UOISaT 1 30UEJ3|0} JO UONONPU|  ‘09dSH 4O UOIRASIUIWPE [BIO 09dSH
SOINS
pue safieydoloew yim
0T-711 40 UOIIeZI[€0]-02 1961 | pue 96|
‘(N) uoissaidxa 0T-11 | G9dSH-1IUe 1 ‘(G9dSH 01 (N)
pue A-N4I 1 ‘(N)s|199-1 s1190 apou ydwA| Ag uonanpoud
[26] @D pue sabeydoioew 0T-T1 Ut | pue uoionpoud
2002 “[e  191p |0431S3I0YD NIW _,-Y1ad1 1 ‘(N‘O) youe A-N4I ‘uonesajijold 1) G9dSH 40 uonens
18 UoJe ybiH aeway 9[1I0€ Ul 8ZIS UOISaT 1 30UEJ3|0] JO UONINPU| utwpe (N) Jeseu Jo (O) [e10 G9dSH
901W paziunwiwi
[9s] pUE P3J-G9dSH Ul 5[99 apou
2002 “'Ie 181p 8dAy IW - ¥1Ad7T  uiblio J110E Ul UOIEW.IO) ydwA| Ag -1 Jo uononpoid
19 SjeteH uIeIS3M aeweo Means Ay Ul 1 %T9 | PIOJ-p ‘92URI3|0} JO UONONPU]  GOdSH JO UOHRASIUILIPE [BI0 G9dSH
S0 BRY »Id jopow [eewiedXy  SKS0.8[0S0.8YTe U0 1084F 10948 d1jogeew/eaibojounwiw | Juswres | wpbre]

® Europe PMC Funders Author Manuscripts

¢ 9lqeL

® Europe PMC Funders Author Manuscripts

‘suoITeziunwiwi aAssed pue aAlde ‘10

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



Page 20

Amir and Binder

(a1nx1w
apndad G) azis uoIss| ul 4
ou ‘(0Tzd ‘ev1d) senbed

[¥¥] €002 JeInAjeAgns ul usbejod sapndad sapndad gotgode
“le1d 191p MOY2 | ‘eyoe Buipusdsap ootgode paiipow-vyan palIpoW-YYAIN pue sAleu
uos)1pald JewioN 301w _,3ode 3N ul 8z1S UoIS3| 1 %09 pue aAfjeu Jsutebe sqy 96| | JUBIBYIP UM uoneziunww|  sapidad poTgode paiipow-vaiN
S191SN|9][99-9 ‘SAV,,
[ev] Looz PSTL 4o douasaid ‘[|OHIN s|190- g
“le1d 181p MOY2 Jo uoissaidxe 1 ‘(uibio  aunjew opusids | ‘(96 pue NBI)
unibifed [EWION 0lw _,-Jode s[ewsad  onJoe) 9zIS U0ISST %0F 4 SAV TATIXO-NUE pue Dd-Huy | HTX-0d Ynm uoneziunwuwi HIY-0d
_-3o0de _~Jode 'sn _, Jode__yaD
[e€] 104 8215 UOIS3| 1 %EZ PUB Ul Jewd GzOb| ‘eg9b| ‘B Jemoj
5002 “Ie 191p MOYD aolw _Jode  _, gode_, D Joj (uibLio ‘(M qv ez9b61<T1961 <qzob| 1@71-vaw snobojowoy
13 noyz [ewioN pue . Jode _, ¥ S[EWS]  OI1IOE) 8ZIS UOISAT 1 %6E ‘W6I) 961 1aT1-van-nuy | LM uoneziunwiw | aa1-vaw
saxa|dwod
aunwwi gode/NB]| ewseld
| 'WBI pIGTL | ‘sauqoiho gyl
[vel 014193ds 1@ T-VAIN JO U0NRI3S
¥00Z “'Ie 181p [0J81S9IYD (wbuo | ‘g-1ewsed | ‘(ezobi<< 196) a1-vaw snobojowoy
19 Japuig ybiH 0IW _,- YA 9ewsd  211I0R) BZIS UOIST 1 %SGC ‘INBI) sqv 1aT-VAW-huy | YHM uolreziunwwy| 1ai1-vawnw
(mourew
auoq pue uaa|ds) |90 Bunaidss
INBI PISTL 94193ds-1A1XO
1 '(BI ,p1ST 1) NBI 1@T1X0
[1¥] -nue | ‘“1Q1X0 pueseiuownsud 190000wWnaud
€00Z e 19Ip |0431S8]0Yd (uibrios ‘S UdaMIag A1o1Wiw Jejnosjow Buiurejuoa-od paeAndeul
19 Japuig ybiH AIW - H1AT8BIN  2110R) 8ZIS UOISAT 1 %L ‘sqy 214199ds-0d J0 uonanpu| 183y LM uoneziunwiwi| sadonds Od
1d71-va yum
s1199 ,8Q0 + ‘uIblio S[199 apou ydwA| Jo uoneAnoe
[zel anoe ul (Q1-van) ‘|0J81S3[0YD WINI8S 4 YIM T1d1-vAaW pue sajeusbowoy
T00Z “'Ie 1 %9 (areuabowoy) uoneldosse pue 96| uidijoipsed anbeyd snobojowoy a1
18 hoyz 191 UIBISIMN 301w _Jode s[e| 9Z1S UOIS3T 1 %6E -nue pue 96| 1QT-VAW-IUY | YIM uoleziunwwy| -WwAW pue sajeuabowoy anbejd
(aa
(la1ym  -3NHP pue 1@1-X0Nnd 03) NG
[te]l 8661 1 %.€ pue 1QT-VAW | ‘sedondaosu aAepIXo 1ayio 0}
“le1s  19Ip [0J2IS9|0Yd unm 1 9%9y) uiblio 9B | pue (sav ezobi pue TOB)
Buebiaiy ybiH NIW - 471dT 3N Jl1I0e 9ZIS UoIsa] 4 40 1) 961 1@T-VAW-BUY | 1dT7-VAN Yim uoreziuntug 1d71-vanw pue 1an
[62] (a7 yum a1
866T “[e 19Ip |0181S3I0Yd (Aanfur uoojjeq Asope 1 %6T “1ATX0 Yum 4 (961 1@1X0  -xOno pue 1@ snobojowoy
19 UOSS|IN ubIH [elowsy) sHAqes MZN B[N 98S) Bale [eWNUIoaN 1 1sureBe sa1pognue Jo uonoNpu| N uofteziunww| 7a71X0 pue 1@
[og]
866T “Ie 191p Moyd (ubuo (961) saipogqnue 1a71-va snofojowoy
19 ab1089 [euLION a0lw _,-Jode d[ewas  onJoe) 9ZIS UOISST 1 %ES 7Q7-vaIN-Nhue Jo uonanpul ylM uoreZIUNWW] 1a1-vaw
[sz] (7a71-xon2) %8y 1an
966T ""[e  13Ip |0J3IS8l0YD pue (1a1) %L euoe (961) 1a1X0 -XOnY pue a7 snobojowoy
19 1]owy ybiH sHgges MZN 8[eN [ewixoud ul 8zIs uoisa 4 Jsutefie sa1pogiiue Jo UonoNpU| YUM uoleziunwiw| 71d71X0 pue 1a
20U BRY »IA ppow [elewRdX3  SI0.8[0s0JoYTe U0 1994)TF 1094 dljogeew/fedibojounwiw | JuewIIes I | pbre]

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



Page 21

Amir and Binder

1edwod0isiy Jofew ‘QHIA ‘ulueAdowsay Jadwi| ajoyhsy ‘HIY ‘aurjoysjAioydsoyd
‘Dd ‘saxa]dwod aunwiwi ‘S| ‘T-8]NI3JOW UOISBYPE [|32 JeJNIseA ‘T-INVIA 1a71 PaIpoW [eUBUOUAXOIPAU-¥ “1AT-INHY 1@ pazipixo-1addod “1g1-xon) ‘olwapidijiadAy ajgentay ageueiem
“THHM 1@ payipow-apAyaplepuolew 1QT-VAIN ‘eaq 10308} Yimoib Buiiojsuel ‘g-491 a7 PazIpIXO 1A XO ‘I uta101dodk|B-zd ‘1d9-zd !s|ie0-L AoyeinBas ‘|jeo | gdxod, GzAd, ¥AD

'(89z-95¢) apndad 09dSH ‘x09dSH ‘|0Ja1s9j0yd uteroldodi| Alsuap-mol *O-1@ T ‘Josisajoyd utalododi) Asusp-ybiy ‘O-1aH BHUM puelesz MaN ‘MZN :uls1oid 3o0ys sy ‘dSH :SsuoleIARIqaY

[e/] “BW13UI08U UO 3dUdNUl 1A PaZIPIXO JO S|and| (e0ag)
1002 e 181p MOYd (4e1100 WD) 0U ‘SIS0J9[2S0J3Y1e ewseld 1 ‘sia T96] goTgode 1961 apndad goTgode-yan
19 WoNs [eWwIoN ++00Tgode vewny/_, 41a1 paanpul-Ainful + %56 payipow- YQIA--1ue uewnH | -llUe UBWINY JueulqWOday  sapndad poTgode palyipow-yan
uolssaldxa
1Ip T-v0gaVv | ‘sebeydosoew
[6¥] Moy [ewsou +'(€3-131 - %9¢ (e0az pue €3-131)
L00Z “le  pue |0I8)se|oyd ‘20Ae — %05) senbeyd s1a1 196 gotgode 96| apndad poTgode-van
19 ndo1yas ybiH  8dIW _, Y1QT/--T-99q0dY B[eIN  paysi|gess JO uoissaiboy payipow- YQIA-nue uewny | -1JUe Uewny Jueulquiodsy apndad ppTgode paiipow-van
[8v] €3-131 Ut 1 ‘safeydo.oew (€3-131)
¥00Z “le  131p |018)S8|0Yd + ‘(emoe Buipusosap) s1a1 196 gotgode  T9B) apndad poTgode-van
19 ndoiyos ybiH 301w _Jode s[e| aZIS UOISA| 1 %TY payyIpow- YQIN-Iue uewnH | -ljue Uewny Jueulquoday  apndad poTgode payipow-yAalN
uibuo
211108 Ul SIS0J3[IS0JaYe
payst|qelss
U0 1933 OU “JUBJU0I
1190 Alojewiwejjul
[2v] 9002 1 ‘sSUNDIY}
“le1d 191p 2dA) (1spow Jewnuloau 4 ‘az1s
0loN-elreS UJBISa/ yeib utan) solw _,_Jode s\ uoIS3| 1yeub UIdA 1 %EY s1am WB| Od-uy | INBI Od-nue ,pIGT1 suuniy sadoyds Od
sqv 61 40 961 1@
[ov] 8002 (oted -VAN-nue ul abueyd ou ‘0Ted
“le1s 901w 00T-9 YUM 4 %6S ‘Gizd Yim UMM pual} Jejiwis ‘Gyd ul NG (0TZd pue Gvd) sepndad
uos)1pal4 ode uewny/_,41a afen 1 9699) 9ZIS uoISa] 4 1Q1XO-1ue pue 1Q1-IUY | o0otgode yum uoneziunww|  sapndad poTgode paiipow-yaw
JUBU0D
[sv] o0z abeydosoew + ‘(y.2d (0v7ed 104u0d '/ d pue Gyd)
“le UM 1 %TE ‘Sid UM (v2d 'Svd) sapndad goTgode payipow
uos)upaly 9ol . Jode 1 %8Y) 921S UoIsd 1 1961 apndad-nue | pjoj-05 “YAN ynm uoneziunww|  sapndad goTgode palyipow-vYaw
20U BRY »IA ppow [elewRdX3  SI0.8[0s0JoYTe U0 1994)TF 1094 dljogeew/fedibojounwiw | JuewIIes I | pbre]

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Clin Immunol. Author manuscript; available in PMC 2019 March 15.



	Abstract
	Introduction
	Interference with cytokine and chemokine signalling
	General immune modulation
	Anti-CD3 antibodies
	Co-stimulatory signals
	Antigen-specific immune modulation
	Active immunization
	Homologous oxidized LDL
	Phosphocholine (PC)
	Native and MDA-modified apoB-100 peptides
	Passive immunization
	Anti-PC IgM
	Anti-MDA-peptide IgG1
	Mucosal tolerance
	Heat shock protein 60/65
	Oxidized LDL
	Adjuvant effects
	Summary
	References
	Figure 1
	Table 1
	Table 2

